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PREFACE 

Our a i m  i n  t h e  p resen t  volume i s  t o  descr ibe  t h e  i n n e r  

working of a  v a r i e t y  of programming languages, e s p e c i a l l y  from 

the  po in t  of view of the  compilers which t r a n s l a t e  these  

languages from t h e i r  o r i g i n a 1  "source" form i n t o  executable  

machine code. While t h i s  aim w i l l  of course make i t  necessary 

f o r  us t o  desc r ibe  i n  s o m e d e t a i l  t h e  e x t e r n a l  form of each of 

t h e  1angua.ges which we s h a l l  study, no more d e t a i l  w i l l  be given 

than i s  s t r i c t l y  neeessary i n  o rde r  t o  make i t  p o s s i b l e  f o r  t h e  

reader  t o  ga.in a  c l e a r  view of t h e  machine code forms i n t o  which 
t h e  language w i l l  be t r a n s l a t e d  and of t h e  problems t h a t  a 

compiler f o r  t h e  language must handle. However, i n t e r n a 1  
d e s c r i p t i o n  of t h e  languages s tudied  w i l l  be c a r r i e d  r a t h e r  f a r .  
Thus t h e  a t t e n t i v e  reader  of the  present  work should gain a  

r a t h e r  good idea  of the  methods which can be employed t o  w r i t e  

a  compiler f o r  a giyen language. On t h e  o t h e r  hand, he cannot 

expect t o  f i n d  i n  t h i s  book t h e  d e t a i l e d  account af t h e  source 

conventions f o r  any language whiqh he would need t o  use t h e  

language . 
The present  work aLso aims t o  t r e a t  t he  s p e c i f i c  i s s u e s  

involved i n  t h e  cons t ruc t ion  of p a r t i c u l a r  languages only 

r a t h e r  broadly,  a,nd does not  Ciiscuss those  i s s u e s  of language 

design which, while they may con t r ibu te  i n  s i g n i f i c a n t  ways t o  

the  convenience o r  elegance of a p a r t i c u l a r  language, l i e  a t  a  
l eve1  of r e l a t i v e  d e t a i l .  The reader  w i l l  t h e r e f o r e  f i n d  t h a t  

t h e  languages which we d iscuss  a t  l eng th  c o n s t i t u t e  a  c o l l e c t i o n  

of elements maximally d i s t i n c t  from each o the r  i n  form, purpose 
and s p i r i t .  Thus, f o r  example, among t h e  major a l g e b r a i c  
languages, only one, FORTRAN, i s  discussed i n  any d e t a i l .  

From the  s tandpoin t  of the  present  volume, t h e  d i f f e rences  which 
sepa ra te  FORTRAN f rom ALGOL and from o the r  s i m i l a r  languages a r e  

s u f f i c i e n t l y  smull a s  t o  make a  d iscuss ion  of more than one of 

these a lgebra ic  languagesssuperfluous.  For t h e  same reason, we 
do no t  d iscuss  MAD, JOVIAL o r  ~ t h e r  languages of t h i s  kind i n  



any d e t a i l .  On t h e  o t h e r  hand, we do d l scuss  SNOBOL, LISP, 
SIMSCRIPT, e t c .  

Our sequence of ~ h a p t e r s  i s  as follows. A f i r s t  chap te r  
sketches t h e  compil@tion process i n  gene ra l  and d iscusses  t h e  
main i s sues  a r i s i n g  i n  language design,  t h e  genera l  l o g i c a 1  

funct ion  of a source language, and s i m i l a r  mat te rs .  Chapter 2 

contains  a sys temat ic  d i scuss ion  of - topdown, syntax d i r e c t e d  

compilation.  --v The i s s u e s  a r i s i n g  i n  top-down compilation a r e  

described us ing  var ious metalanguages, der ived from t h e  so-ca l led  
Backus n o m a l  forrn, which se rve  f o r  the  formal d e s c r i p t i o n  of t h e  
flow of compilation.  Various subs id ia ry  i s s u e s  a r i s i n g  i n  t h e  

design of s y n t a c t i c  metalanguages a r e  discussed.  Chapter 2 ends 
with a formal d iscuss ion  of the  Dartmouth a l g e b r a i c  language 
BASIC which, because of t h e  s i m p l i c i t y  of i t s  syntax and cemantics, 
provides a good l abora to ry  example for t h e  d e t a i l e d  development 

of var ious s i g n i f i c a n t  po in t s .  

In t he  t h i r d ,  r e l a t i v e l y  b r i e f ,  chapter ,  t h e  l e x i c a l  scan process,  
which genera l ly  forms t h e  f r o n t  s e c t i o n  of a compiler system, i s  

discussed. Since t h e  l e x i c a l  scan process i s  q u i t e  simple, 
Cha.pter 3 3 s  r a t h e r  s h o r t .  A t  i t s  e ~ d  we d i scuss  procedures f o r  
the  incorpora t ion  of simple macro handling f e a t u r e s  i n t o  a l e x i c a l  
scan program. 

Chapter 4 completes our  d iscuss ion  of t h e  syntax ana lys i s  of 
mechanical languages by desc r ib ing  o the r  schemes than t h e  top-down 
scheme avai la .ble  t o  the  compiler W r i t e r .  These inc lude  var ious 
bounded context  s y n t a c t i c  -- ana lys i s  methods which, when appl icable ,  
a r e  normally f a s t e r  and more e f f  i c i e n t  than top-dow:n procedures . 
Techniques p e ~ i t t i n g  t h e  combination of bcunded context ana lys i s  
with top-down recur s ive  ana lys i s  a r e  discussed.  The var ious 

bottom-up s y n t a c t i c  methods are  then compared with t h e  top-down method. 
The f i r s t  f o u r  chapters  have a h ighly  pragmatic charac ter ;  

t h e o r e t i c a l  cons idera t ions  e n t e r  them only t a n g e n t i a l l y .  Whereas 
t h i s  pragmatic f l a v o r  is t h a t  genera l ly  intended f o r  t h e  present  
work, Cha.pter 5 aims t o  preGent excessive me-sideaness  i n  t h i s  
regard by developing a f ew f ormal t h e o r e t i c a l  r e s u l t s  concerning 
s y n t a c t i c  ana lys i s  which, i n  t h e  a u t h o r l s  b e l i e f ,  con t r ibu te  





algorithms have been sight-checked by the . I  quthor,, . I none of them 
a r e  " c e r t i f i e d " ;  these  a l g o r i t h x s  e r e  avai leble  fo,r use a t  userfs 

r i s k .  The euthor  w i l l  of course be glad  t o  obtain correctips 
t o  and c e r t i f i c a t i o n s  of t h e s e  algorithms, a s  well a s  s p e c i f i c a -  
t i o n s  of the  algorithma i n  mschine-available programming 
languages . 

It should be noted tha* t h i s  volume c o n s i s t s  of a highly 

prel iminary s e t  of no tes .  A s  such, it. does no t  cover al1 of 

the  topics  i n  cornpiler design t h a t  must be discussed.  

kirtherinore, t h e  d iscuss ions  included a r e  n e c e s s e r i l y  incomplete. 

An attempt t o  mi t iga te  both of these  f a u l t s  w i l l  be made i n  
subsequent e d i t i o n s .  



It i s  s t r o n g l y  hoped by the authors  t h a t  c l - rcula t ion  
of t h e  present  notes i n  t h e i r  h ighly  unfinished form will 
eneourage knowledgea.b l e  readers to cornment on def iciencies 
and poss ib le  improvernents i n  the  notes .  Detailed t e c h n i c a l  
comments are espec ta l ly  hoped tor'. I n  c e r t a i n  cases an 

e f f o r t  has been made t o  survey t h e  l i t e r a t u r e ,  w i t h  the  
I I r e s u l t s  contained in the  s e c t i o n s  of Notes and ~omments" 

wi th  whi-ch t h i s  second vernion of t h e  notes  a r e  suppl ied.  
Z e a d e r s  aware of significant papers not cominented upon, 
o r  d i f f e r i n g  s e r i o u s l y  wtth t h e  emphases given i n  t h e  cornments 
inade a r e  also  asked  t o  coimnunicate w L t h  t h e  a.uithors. 

Ve wish t o  thanlr a nimber of f r i e n d s  for t h e i r  a c t i v e  
e s s i s t a n c e  i n  br inging  our  work t o  i t s  present  level. 
?atyicfa  ?undal1 of the  IBM Corpora.tlon siippli.ed us  w i t h  

many c w r e c t l o n c  and helped very a c t i v e l y  in the develop- 
nient o f  the  "n'otes a.nd ~omments"  s e c t i o n  appended t o  
e  . Sheldon Drst or' 9 e c - s 7  on Systens Incorporated 
%]-SO contributed to this sect?.on, Chris 2arnest of 
Coinputers Sciences Corporatl on contri.buted very s i g n i f -  
i c a n t l y  t o  the w w k  on opt.l.mizo.tion described in Chapter 5.  
\/a.luabzble advice on ?Ai- s sect Lon was &!.so cont r ibuted  3y 
1Win A.l.len ?.n6 -;tula Memman of tne 133i Corporation. To 
a,l-l 0.t" m c m ,  arid ko al1 mese others who suppliecl u s  with 

2dvLc2 and eorrect  lons we exSend ow tharìks. 



CHAPTER 1. OVERVXEW -- 

l. Introduct ion.  The L i n g u i s t i ~  Approach t o  Progranunin@;. 

To program i s  t o  specify,  i n  a l 1  necessary d e t a i l ,  the  s t eps  

required f o r  the computer r e a l i z a t i o n  of some des i red  funct ion.  
But, i f  the funct ion i s  elaborate ,  the  pa t t e rn  of s t eps  required 
rnay be highly complex. Thus t he  "programming problem" i s  the  
problem of expressing complex sequences of i n s t ruc t i ons  and of 

ver i fy ing t h e i r  correctness.  Now, an information s t r u c t u r e  i s  
complex t o  the extent  t h a t  i t s  most concise representa t ion  i s  
long; t h i s  length  (measured i n  number of charac ters  o r  b i t s  
required)  i s  the  information content of the  information 
s t ruc tu r e  i n  the  sense of Kolmogorov. Since a  pa t t e rn  of 
information, brought i n t o  conjunction with a computer, may be 
used t o  generate a  longer pa t t e rn  of information, the  minima1 

representa t ion  of any pa t t e rn  P i s  i n  f a c t  the  sho r t e s t  program 

which can be run on a computer t o  produce P. 

The above very genera1 considerat ions have d i r e c t  app l ica t ion  
t o  the programming problem. The d i f f i c u l t y  of completing, 
correc t ing ,  and t e s t i n g  a  program i s  a t  l e a s t  proport ional  t o  
the  length of the  program. This d i f f i c u l t y  even may be propor- 
t i o n a l  t o  the square o r  t o  a higher -power of the  length  of the  
program i f  the  program i s  highly "coherent". In t h i s  context 
we may define the  average coherence of a  program, informally 
but i n  a manner s u f f i c i e n t  f o r  our purposes, a s  the  number of 
o ther  ins t ruc t ions  t o  which the  "average" ' ins t ruct ion  i n  the  
program stands i n  d i r e c t  l og i ca l  r e l a t i on .  If the  coherence 
of the  program, taken i n  t h i s  sense, i s  low, i . e .  i f  each 
i n s t ruc t i on  has a r e l a t i v e l y  well  defined small l o g i c a l  
environment within the  program, the d i f f i c u l t y  of completing 
the program may simply be proport ional  t o  i t s  length.  If ,  on 
the  o ther  hand, the  coherence of the  program i s  high, so t h a t  
the  l og i ca l  environment of each i n s t ruc t i on  cons i s t s  of nurner- 
ous o ther  i n s t ruc t i ons  sca t t e red  through the  program, then the  



d i f f i c u l t y  of completing the  program may be p ropor t iona l  t o  

t h e  square o r  t o  a h ighe r  power of i t s  length .  

The above r e f l e c t i o n s  i n d i c a t e  t h e  g r e a t  importante, i n  

programming a  given funct ion ,  of reducing t h e  l e n g t h  of t h e  

required program and of r e s  t r i c t i n g  t h e  l o g i c a 1  environment 

of t h e  i n s t r u c t i o n s  c o n s t i t u t i n g  i t  a s  much a s  i s  f e a s i b l e .  

Minimal expression implies  s u i t a b l e  language; and thus the  
l i n g u i s t i c  method appears a s  a  p r i n c i p a l  t001 f o r  the  e f f i c i e n t  

d e s c r i p t i o n  of complex funct ion .  However, a  more p r i m i t i v e  

s t e p  must precede t h e  choice of a  language. This s t ep ,  which 

i t s e l f  con t r ibu tes  t o  the  des i r ed  minimization, i s  the  expres- 
s ion  of the  required func t ion  i n  terms of s impler  s u b f w c t i o n  

p a t t e r n s  which a r e  a s  few i n  nwnber and a s  s tereotyped a s  

poss ib le .  In t h i s  sense,  e f f e c t i v e  programming depends f i r s t  
of a l 1  on t h e  e f f e c t i v e  choice of s tandardized subrout ines .  

Stereotypy br ings  with it a  nwnber of h ighly  s i g n i f i c a n t  

advantages. In t he  f i r s t  p lace ,  u s ing  only a  few b a s i c  
elements repeatedly,  one becomes f a m i l i a r  with them, accura te  

i n  t h e i r  use,  and i n  t h i s  way proceeds more r ap id ly  and 

c o r r e c t l y  i n  w r i t i n g  any des i r ed  program. But beyond t h i s ,  

and more s i g n i f i c a n t l y ,  s te reotypy has t h e  c r u c i a l  advantage 

of pe rmi t t ing  second l e v e 1  mechanization. That i s ,  s i n c e  t h e  
s tereotyped elements i n  terms of which a  program may a t  f i r s t  

be expressed a r e  r e p e t i t i v e  i n  form, they may themselves be 

generated from a more condensed rep resen ta t ion  by another  
program. Proceeding i n  t h i s  way one takes  a  l a r g e  s t e p  toward 

the  des i r ed  goal  of expression i n  minimal length ,  s i n c e  

( a )  a  funct ion  t o  be programmed i s  w r i t t e n  i n  terms of 
s tereotyped subuni t s ,  

( b )  everything which i s  t r u l y  s tereotyped can be generated 

mechanically, 

( C )  us ing  a  mechanica.1 s te reotype  generator, one needs only 
t o  express the  unstereotyped por t ion  of a  des i r ed  funct ion  
e x p l i c i t l y  i n  order  t o  program i t .  



We may remark i n  connection with t h e  above th 'a t  adherence 

t o  the  d i s c i p l i n e  involved i n  s te reotypy i s  h ighly  s i g n i f i c a n t .  

To v i o l a t e  t h i s  d i s c i p l i n e  i s  t o  in t roduce  a  l a r g e  mass of 

a d d i t i o n a l  information i n t o  t h e  expression of a func t ion  beyond 

wh& i s  minimally required f o r  i t s  d e f i n i t i o n .  

Such a d d i t i o n a l  information may of course have a  u s e f u l  r o l e  

t o  p lay .  Often, f o r  ins tance ,  information of t h i s  s o r t  i s  
introduced i n t o  a program f o r  purposes of program opt imizat ion.  

Consider, t o  i l l u s t r a t e  t h i s  i s s u e ,  a  given funcltion as expressed 

on t h e  one hand i n  a ~ r o b l e m  or ien ted  o r  source language, and, 
on the  o t h e r  hand, d i r e c t l y  i n  assembly o r  machine - language. The 

informa t i o n  content  of the  f i r s t  program i s  considerably smal le r  

than the  information content  of t h e  second program. From the  

assembly s tandpoint  the  source program c o n s i s t s  of a  sequence -- 
of "sketch" ind ica t ions  of the  opera t ions  t o  be performed. 

The assembly language program, i n  add i t ion  t o  represent ing  a 
sequence of operat ions,  a l s o  conta ins  a g r e a t  many s p e c i f i c a t i o n s  
concerning t h e  p a r t i c u l a r  machine r e g i s t e r s  o r  r e g i s t e r  types t o  

be used i n  performing these  operat ions;  t h e  p a r t i c u l a r  order  i n  

which the  necessary sequence of opera t ions  i s  t o  be s to red  wi th in  
the  machine; the  p a r t i c u l a r  manner i n  which d a t a  i s  t o  be s t o r e d  
within t h e  machine; the  d e t a i l e d  p a t t e r n  i n  which. in te rmedia te  

information i s  t o  be s t o r e d  and reloaded, e t c .  

A l 1  of t h i s  a d d i t i o n a l  mater ia1  accumulates t o  a  very 
considerable mass with which t h e  assembly language programmer 

i s  n e c e s s a r i l y  concerned and which t h e  source language programmer 

need no t  even consider .  The source language programmer r e l i e s  

on the  t r a n s l a t o r  o r  compiler (which, from h i s  source ind ica t ions ,  

i s  t o  produce a c t u a l  machine language) t o  handle a l 1  these  
problems i n  a  s tereotyped way. That i s ,  r e g i s t e r s  a r e  chosen 

i n  a  s tereotyped p a t t e r n  by a  compiler, temporary loads and 
s t o r e s  l ikewise;  s torage  i s  l a i d  ou t  and i n s t r u c t i o n s  a r e  chosen 

and ordered i n  some s tandard fashion,  e t c .  It i s  c e r t a i n l y  t r u e  

t h a t  the  compi le r t s  s tereotyped process may i n  c e r t a i n  cases  

y i e l d  a program which is longer  (perhaps) and l e su  e f f i c i e n t  



(perhaps)  than a  s p e c i a l l y  designed hand coded program provid- 
i n g  the  same funct ion .  (1t i s  t o  be noted, however, t h a t  a 
high q u a l i t y  code opt imizer  i s  i n  many cases  capable of 
producing code t h a t  i s  supe r io r  and perhaps even considerably 

super io r  t o  hand code.) Nevertheless,  f o r  t h e  programming of 

e l a b o r a t e  func t ions ,  s te reotypy of approach i s  an e s s e n t i a l  
requirement, s i n c e  a s u f f i c i e n t l y  complex program 

becomes completely unt ransparent  and impossible t o  complete 

and t e s t  i n  a reasonable lenght  of time. 
Another cons idera t ion  i l l u s t r a t i n g  t h e  manner i n  which an 

i l l - a d a p t e d  language can a c t u a l l y  penal ize  the  prograrnmer may 

be added t o  the  above. Often a  language ( l i k e  a  machine 
assembly language) which permits the  s p e c i f i c a t i o n  of informa- 

t i o n  beyond t h a t  s t r i c t l y  necessary t o  descr ibe  a  p a r t i c u l a r  
funct ion  no t  only permits but  r equ i re s  t h i s  information.  E.g., 

an assembly language normally no t  only permits d e t a i l e d  spec i -  

f i c a t i o n  of the  machine r e g i s t e r s  t o  be used t o  c a r r y  out  a 

sequence of opera t ions  but  r equ i re s  t h a t  t h i s  information be 

s p e c i f i e d  i n  a l 1  cases .  While the  prograrnmer us ing  such a  

language ga ins  e f f i c i e n c y  i n  c e r t a i n  p a r t s  of t h e  code through 

h i s  a b i l i t y  te spec i fy  such information,  he must pay the  p r i c e  

of spec i fy ing  i t  everywhere, t h a t  i s ,  even i n  those l e s s  

c r i t i c a 1  p a r t s  of code i n  which he would be content  with a  

l e s s  e f f i c i e n t  code which could be represented i n  a much 

s k e t c h i e r  way. Very o f t e n , e s p e c i a l l y  i n  long codes, t h i s  

p r i c e  w i l l  f a r  outweigh any advantage obtained. 

It i s  a l s o  worth no t ing  t h a t  the  use  of an i l l - chosen  

language may a l s o  cause a  s u b s t a n t i a l  i nc rease  i n  the  average 

coherence of the  program. Thus, f o r  ins tance ,  machine r e g i s t e r s  

a r e  normally e x p l i c i t  va r i ab les  i n  an assembly language, 

n e c e s s a r i l y  comrnon t o  a l 1  p a r t s  of an assembly-written code. 
This circumstance increases  the  s t r e n g t h  of log ica1  connection 

between a l 1  p a r t s  of the  code, in t roducing  a  whole c l a s s  of 

r e g i s t e r  content  e r r o r s  which do not  e x i s t  a t  a l 1  i n  a  source 



language i n  which t h e  machine r e g i s t e r s  a r e  hidden. By 

handl ing the  loading and unloading of r e g i s t e r s  i n  a  completely 

s tereotyped way, by providing methods f o r  t h e  l o g i c a 1  i s o l a t i o n  

of subsect ions of a  long program, and by reducing t h e  amount 

of information which must be s p e c i f i e d  i n  the  d e s c r i p t i o n  of 

a given funct ion ,  a  wel l  chosen programming language manages 

t o  avoid many of these  d i f f i c u l t i e s .  

The l i n g u i s t i c  method i n  programming begins with t h e  process  

of s te reotypy descr ibed above but  c a r r i e s  i t  f u r t h e r .  Stereo-  

typed information,  a s  has  been indica ted ,  can be mechanically 

generated from a r e l a t i v e l y  minimal s e t  of i n d i c a t i o n s  of i t s  

form. A good language a s s i s t s  t h i s  minimizatiun a s  fo l lows .  

Certain aspec ts  of the  p a t t e r n  of information ( o r  program 

expressing a  given func t ion)  t o  be generated a r e  r igorous ly  

determined by o t h e r  p a r t s  of t h e  information and c m  be 

ca lcu la t ed  from them. The minimal expression of such a  p a t t e r n  
the re fo re  c o n s i s t s  of t h a t  sma l l e s t  subpat te rn  from which a l 1  
t h e  r e s t  can be deduced. A soph i s t i ca t ed  language processor  

examines the  s t r i n g  of information submitted t o  it, f i n d s  

i n d i c a t i v e  subpat te rns  the re in ,  and, on d e t e c t i n g  these ,  
supp l i e s  the  omitted, con tex tua l ly  implied information which 

i s  required.  I n  t h i s  way, very considerable  econamies of 

expression become poss ib le ,  and i t  becomes f e a s i b l e  t o  program 

complex funct ions ,  otherwise very d i f f i c u l t  of ex:pression, 
r ap id ly  and e f f e c t i v e l y .  

The l i n g u i s t i c  approach t o  the  expression of complex func t ions  

o r  of groups of complex func t ions  belonging t o  a  given f i e l d  

and having a  c e r t a i n  over-al1 s i m i l a r i t y  of form may then  be 

descr ibed i n  t h e  fol lowing way: 

( a )  By d i r e c t  experimental  hand-analysis of the  func t ions  
r equ i red ,a r r ive  a t  a  wel l  chosen and maximally s tereotyped 

s e t  of elements s u i t a b l e  f o r  the  expression of these  

funct ions .  

( b )  Analyze r e p e t i t i v e  p a t t e r n s  i n  t h e  use of the  s tereotyped 



elements needed and-deve l sp  a convenient and r e l a t i v e l y  

minimal s e t  of i n d i c a t i o n s  from which t h e  fu11 s t r u c t u r e  
of element invocat ions can be derived. 

Design a  language processor  o r  compiler capable of expand- 

i n g  these  minimal i n d i c a t i o n s  i n t o  the  fu11 p a t t e r n  of 

information desc r ib ing  t h e  requi red  funct ion .  

Steps ( a ) ,  ( b ) ,  and ( C )  s u i t a b l y  c a r r i e d  out ,  w i l l  r e s u l t  

i n  t h e  design of an e f f e c t i v e l y  adapted problem or i en ted  

language. The requi red  func t ion  may then be expressed 
e f f e c t i v e l y  i n  t h i s  language. 

Addit ional  advantages accrue from t h e  use  of an appropr i a t e ly  

designed source language and from t h e  mechanization of i t s  

t r a n s l a t i o n  i n t o  machine code. The l e v e 1  of i n d i r e c t i o n  
introduced i n  such t r a n s l a t i o n  r e s u l t s  i n  a considerable  reduc- 

t i o n  i n  t h e  r o l e  played i n  any program by t h e  d e t a i l e d  f e a t u r e s  

of the  p a r t i c u l a r  machine on which t h e  program i s  t o  run. By 

v i r t u e  of t h i s  f  a c t  t he  source-language prograrnming process  

a t t a i n s  a  degree of machine independencewhich, while i t  may 

s t i l l  be q u i t e  imperfect ,  i s  neve r the les s  very high when compa.red 

t o  the  extreme machine dependence c h a r a c t e r i z i n g  assembly 

language code. By s u b s t i t u t i n g  one t r a n s l a t o r  f o r  another ,  i t  
becomes poss ib le  i n  p r i n c i p l e  t o  c a r r y  a  complex funct ion  over 

t o  a new machine without changing much i n  the  source-language 

symbolic desc r ip t ion  of the  funct ion .  To the  ex ten t  t h a t  the  
genera1 process  of prograrnming complex func t ion  a t t a i n s  machine 
independence, i t  gains  i n  con t inu i ty ,  and i s  f r eed  from t h e  

i n t o l e r a b l e  burden of cons tant  reprogramrning t h a t  would otherwise 
follow from rapid changes i n  machine technology and the  repeated 
re-design of machines which i s  a  consequence of these  advances. 

Since t h e  body of accumulated source language code can be very 
considerably l a r g e r  than the  l eng th  of the  compiler required t o  
t r a n s l a t e  a l 1  t h i s  code f o r  a  given machine, a  considerable  t o t a l  
advantage may r e s u l t  from adherence t o  the  use of a source 

language i n  progra.mming. 



A given language w i l l ,  a s  has been ind ica ted  above, ba 
adapted more o r  l e s s  c l o s e l y  t o  the  range of applications which 

played an e x p l i c i t  o r  i m p l i c i t  r o l e  i n  i t s  formulat ian.  A 

well-adapted language w i l l  permit  t h e  convenient invocat ion of 
the  s tereotyped elementary f u n c t i o n a l  processes  which have been 

found t o  be of most genera l  use  i n  t h e  intended a p p l i c a t i o n s  

a rea .  A t  t he  s imples t  l e v e 1  these  processes  may c o n s i s t  simply 

of s tereotyped schemes f o r  s to rage  a l l o c a t i o n ,  address  ca lcu la -  
t i o n ,  r e g i s t e r  use,  subprocess l inkage  and input-output;  t hese  

a r e  the  p r i n c i p a l  f e a t u r e s  of a  b a s i c  a lgebra ic  language l i k e  

FORTRAN. Languages s p e c i a l l y  intended f o r  a r e a s  r equ i r ing  

o the r  bas i c  opera t ions  may conta in  more s o p h i s t i c a t e d  elements. 
Thus, l i s t  processtng languages intended f o r  t h e  process ing  of 

da ta  s t r u c t u r e s  which develop dynamically i n  unpredic tab le  ways 

w i l l  normally include one o r  another  mechanism f o r  t h e  dynamic 

a l l o c a t i o n  and r e a l l o c a t i o n  of s torage .  Such languages may 

inc lude  pushdown s t acks ,  l i s t  space a reas  with automatic 
------P-- 

garbage c o l l e c t i o n ,  and o t h e r  dynamically varying s to rage  

types a s  b a s i c  elements. Languages e s p e c i a l l y  intiended f o r  
s t r i n g  processing may provide methods f o r  the  convenient and 

concise s p e c i f i c a t i o n  of var ious processes  of pattiern matching 

and subpat te rn  l o c a t i o n .  A language developing i n  the  context  

of a  p a r t i c u l a r  app l i ca t ion  w i l l  normally develop those  s p e c i f i c  
. d i c t i o n s  which a r e  most c ~ n c i s e  f o r  t h e  p a r t i c u l a r  a p p l i c a t i o n s  

most o f t e n  repeated,  This p r i n c i p l e ,  which has determined t h e  

growth of languages from a very anc ient  period,may be c a l l e d  
the  Masai p r i n c i p l e :  s i n c e  cows a r e  cornrnon and h ighly  s i g n i f i -  

cant  ob jec t s  on Masai c u l t u r e ,  any a d j e c t i v e  n o t  r e f e r r i n g  t o  

an e x p l i c i t  noun i s  understood i n  Masai t o  r e f e r  t o  t h e  i m p l i c i t  

noun cow . 
I n  the  present  m~nograph we s h a l l  apply t h e  genera l  l i n g u i s t i c  

mzthoiì described above t o  t h e  language t r a n s l a t i o n  process i t s e l f .  

That is ,  we s h a l l  e l abora te  a  language which i s  convenient f o r  the  

s p e ~ i f i c a t i o n  of language t r a n s l a t i o n  processes.  Having 



developed such a system, we s h a l l  apply i t  t o  descr ibe  t he  

s t m c t u r e  of a n W e r  of s p e c i f i c  t r ans l a to r s ,  including 

t r a n s l a t o r s  f ron a lgebra ic  source languages t o  machine 

language, f rom l i s  t oriented source languages t o  niachine 
language, and a l s o  including various more spec i a l  t r a n s l a t o r s  

which t r a n s l a t e  from specia l ized  condensed source languages 

i n t o  more genera1 expanded source languages intended f o r  

f u r t h e r  cornpila t ion .  We s h a l l  a l s o  consider the  r e l a  t i o n  

of the syn tac t i c  methods usèd i n  t r a n s l a t i o n  of mechanical 

languages t o  those which may be employed f o r  the  syn tac t i c  

analys is  of na tura1  languages l i k e  English. 

2 Genera1 Strutture of t he  Compilation Process 

The process of compilation, t h a t  i s ,  the  t r a n s l a t i o n  and 

expansion of one desc r ip t ion  of a given process i n t o  another 

more de t a i l ed  descr ip t ion ,  may be conveniently divided i n t o  
f i v e  substages.  Materia1 t o  be t r ans l a t ed  i s  normally 
presented t o  a computer a s  an information s t r i n g  within which 

c e r t a i n  key characters  and key words a r e  embedded; these  keys 
separa te  o ther  charac ter  pa t t e rns  which denote l o g i c a l  constants  

o r  var iables  of one o r  another type. 

The f i r s t ,  r a t h e r  simple, s tage  of the  t r a n s l a t i o n  process, 

the  so-cal led l e x i c a l  pass, cons i s t s  i n  the  scanning of t h i s  

input  s t r i n g ,  the  de tec t ion  i n  it of ' separator  marks, and t he  
recognit ion of elementary word i d e n t i f i e r s .  The l e x i c a l  scan 
r e s u l t s  i n  the  reduction of the  input  s t r i n g  t o  a s t r i n g  of 

atomic word designators ,  represent ing e s s e n t i a l l y  the  same 
information, but represent ing i t  i n  a more condensed form 

which can be used more e f f i c i e n t l y  by the  complex ana ly t i c  

s t eps  which a r e  t o  follow. 
The second l o g i c a l  s tage  of t he  t r ans l a t i on  process i s  

syn tac t i c  analys is .  Duringthis subprocess, the  l e x i c a l l y  
---p-- 



reduced input string is scmned t o  determine the rnanner in 
which the paragrapbs and sentences of the source string are 

to be decomposed into their constituent clauses m d  phrases. 

The result of this phase of the translation is a considerably 
transformed, syntactically analyzed form of the cource string 

in which the implicit grammatica1 strutture has been made 
completely explicit by transformation of the order of the 
source string and/or by the addition of any nececsary explicit 

marks, indicators or pointers. If ,' for instance:, one imagined 

such a process being applied to English language source text, 

the result would be an output in which the subject word of the 

sentence was explicitly flagged as ttsubject", the verb word of 

the sentence was explicitly flagged as "verb", any adjectives 

modifying the subject were supplied with explicit pointers 

referencing the subject, the scope of clauses was indicated 

by explicit insertion of parentheses, etc. Syntactic informa- 

tion can in principle be represented in a variety of equivalent 

ways. It can, as indicated above, be represented by addition 

to the source string of parentheses delimiting the various 

subclauses of the sentences and of marks indicatlng the type 

of each subclause. Equivalently we can represent the 

information developed by a syntactic.analyzer using a graph 

or tree in which the words constituting the origina1 sentence 

appear as twigs and in which every node represents some specific 

clause type. Such representations will be familiar to many 

readers from elementary courses in English.grammnr; they are, 
of course, logically equivalent to a parenthesized marking of 

the source sentence in the style described above, 

On completion of the explicit marking of the constituent 
subclauses of al1 sentences and of the types of these subclauses, 

the syntactic analysis phase of the translation process comes 

to an end. The third phase of the translation process is the 

explicit generation, from the fully marked tree structures 

produced by syntactic analysis, of target code. In principle 



t h i s  process  involves  an ordered t r a v e r s a 1  of t h e  a n a l y s i s  t r e e ,  

and t h e  a p p l i c a t i o n  a t  each node t r ave r sed  of an appropr i a t e  

s t r i c t l y  l o c a l  r u l e  concerning t h e  code t o  be generated when a  

node of t h a t  type i s  encountered, followed by an i t e r a t i v e  

s tepping  t o  the  next  node t o  be t r e a t e d .  The po in t  t o  be noted 

here  i s  t h a t  each of these  genera t ion  s t e p s  i s  __-p s t r i c t l i  -- l o c a l  

t o  an indiv idua1  node; the  p r e c i s e  po in t  of t h e  input  - strin&+tree --- 
-p 

t ransfo&nat ion perforrned i n  phase two of compilation by the  

s y n t a c t i c  ana lyzer  i s  t h e  development of a l 1  t h e  p o i n t e r s  necessary 

t o  reduce t h e  i n f  ormstion i m p l i c i t l y  and g loba l ly  indica ted  i n  
the  o r i g i n a l  s o x c e  s t r i n g  t o  an e x p l i c i t  and s t r i c t l y  l o c a l  form. 
The r e s u l t  of t h e  t h i r d  o r  code ~ n e r a t i o n  phase of t r a n s l a t i o n  

p--- ----m - 
i s  an output s t r i n g  c o n s t i t u t i n g  t h e  t a r g e t  code ve r s i an  of t h e  

o r i g i n a l  source program. This t a r g e t  code may be e i t h e r  an 
assembly language code, a  macro code s u i t a b l e  f o r  r e l a t i v e l y  

s t r a i g h t f  oriiard expansiori i n t o  assembly language coàe, or,  
a l t e r -na te ly ,  may be code w r i t t e n  i n  t h e  input  language of y e t  

another  t r a n s l a t o r .  
The t r a n s l a t i o a  prozess,  c a r r i e d  thro7dgh t o  t h e  end of the  

above t h i r d  s tage ,  can i n  p r i n c i p l e  be cornpleted by one simple 

a d d i t i o n a l  s t ep :  assembly, L e .  the  d e t a i l e d  laying-out  of 

i n s t r u c t i o n s  and da ta  and t h e  e x p l i c i t  c a l c u l a t i o n  of numerica1 
aiidresses.  However a  f o u r t h  rnajor process i s  o f t en  i n t e r p o l a t e d  

a f t e r  code generatioil  and before  f i n a l  assembly. Tnis f o u r t h  

phase of t r a n s l a t i o n ,  which forms a  conspicuous p a r t  of the  

mare soph i s t i ca t ed  t r a n s l a  t o r s ,  i s  an - o ~ t i m i z a t i o n  ---W-- phase i n  - - -- 
which the  algori thm expressed by the  compiled t e x t  i s  t r a n s -  

formcl via a  s e r i e s  of equivalent  algorithms i n  order  t o  

eliminate redundant ca lcu la t ions ,  t o  condense mul t ip l e  s t e p s  

i-nto s i n g l e  s t eps ,  t o  rep lace  slow processes by f a s t e r  processes ,  

t o  move i n s  t m c t i o n s  f rom f requent ly  t raversed  t o  l e s s  f requent ly  

t raversed code paths where p x s i b l e ,  e t c .  Only r a t h e r  e l abora te  
optimizers a t tempt  t o  perforin a l 1  of the  reduct ions descr ibed 
above; a  more p r i m i t i v e  opt imizer  may merely suppress unnecessary 



loads  and s t o r e s  and e l imina te  redundant i n s t m c t i o n s  on a 

l o c a l  b a s i s .  A good opt imizer  i s  on t h e  o t h e r  hand a very 
extensive mechanized rep resen ta t ion  of t h e  coding t r i c k s  

found i n  assembly-language coding experience t o  be valuable .  
Coding t r i c k s  which a r e  r e l a t i v e l y  s te reotyped can i n  t h i s  

way be suppl ied  mechanically, and t h e  q u a l i t y  of code improved 
t o  t h e  l eve1  of programmer-produced assembly code o r  beyond. 

The f i f t h ,  and f i n a l ,  s t a g e  of t h e  t r a n s l a t i o n  process  i s  

the  assembly phase. In t h i s  phase e x p l i c i t  c a l c u l a t i o n s  of 
t h e  s i z e  and layout  of a l 1  d a t a  and instruct ioin blocks a r e  
performed. The forma1 i d e n t i f i e r s  used to represent  t h e s e  
blocks dur ing  t h e  e a r l i e r  t r a n s l a t i o n  s t ages  a r e  e x p l i c i t l y  
converted t o  machine addresses .  A d e t a i l e d  choice of r e g i s t e r s  
may a l s o  be made a t  t h i s  s t age .  In a soph i s t i ca t ed  t r a n s l a t i o n  
system, a f i n a l  c l a s s  of opt imizat ions depending c l o s e l y  on t h e  
machine hardware may a l s o  be made. F ina l  rear-rangement of t h e  
order  of machine i n s t m c t i o n s  and f i n a l  & e c i f i c a t i o n  of t h e  
d e t a i l e d  l o c a l  p a t t e r n s  of  r e g i s t e r  use w i l l  be c a r r i e d  out .  
The output from t h e  assembly phase can be executable  machine 
code which a simple loade r  program can read i n t o  a computer 
f o r  immediate execution.  



Figure 1 diagrams t h e  compilation process which has 
been ou t l ined  above. 
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The above o u t l i n e  of t h e  compilation process  is somewhat 

over-schematic i n  t h e  d i s t i n c t i o n s  t h a t  i t  makes between t h e  

successive s t ages  of the  t r a n s l a t i o n  process .  Often var ious  

of t h e  phases which we have depicted a s  s e p a r a t e  a r e  combined 

i n t o  a s i n g l e  in t eg ra ted  subprocess of a t r a n s l a t o r .  This i s  
sometimes done f o r  purposes of e f f i c i e n c y  and sometirnes f o r  

purposes of convenience. 

In  c e r t a i n  cases  t h e  s p e c i f i c  conventions of the  language 

t o  be t r a n s l a t e d  r equ i re  the  union of severa1  t r a n s l a t i o n  

phases. Thus, f o r  example, t h e  f a c t  t h a t  s tandard FORTRAN 
does no t  use blanks a s  sepa ra to r s ,  so  t h a t  the  s t r i n g  

CALLAB(I,J) = K i s  a va l id  assignment statement, while t h e  

l e x i c a l l y  r e l a t e d  s t r i n g  CALLAB(I,J) i s  a v a l i d  c a l l  s t a t e -  
ment i n  which d i f f e r e n t  inter-word breaks a r e  t o  be made, 

r equ i re s  t h a t  the  l e x i c a l  and t h e  s y n t a c t i c  scans i n  FORTRAN 
be combined. 

It i s  a l s o  very cornrnon t o  combine t h e  s y n t a c t i c  and t h e  
code generat ion pass,  which we have depicted above ac s e p a r a t e  

p rocesses , in to  a s i n g l e  process .  This i s  particular1.y 

appropr ia te  i n  t h a t  t h e  s y n t a c t i c  a n a l y s i s  process produces t h e  
information required f o r  code genera t ion  i n  q u i t e  corivenient 

form; i t  i s  t h e r e f o r e  more e f f i c i e n t  and no more d i f f i c u l t  t o  

accomplish code genera t ion  a t  once r a t h e r  than t o  s t o r e  syntax 

t r e e s  and generate  code a t  a l a t e r  po in t  i n  time. Indeed, i n  

t h e  compilers descr ibed i n  t h i s  monograph, we w i l l  normally 
combine s y n t a c t i c  ana lys i s  and code generation, 'developing the  

me ta l ingu i s t i c  conventions which we s h a l l  use i n  accordance 

with t h i s  i n t e n t .  Therefore, r a t h e r  than speaking of a syntac- 

t i c  ana lys i s  process succeeded by a code genera t ion  process,  we 
s h a l l  come t o  speak of a s i n g l e  main subprocess accomplishing 

both s t e p s .  
I t  i s  not  even uncomrnQn f o r  a c o m p i l e r ~ s  code genera t ion  procedures 

and t h e  opt imizat ion pro-ess which i t * u s e s  t o  be combined i n t o  a s i n g l e  

i t e r a t e d  algorithm. Such combination o f t en  r e s u l t s  from t h e  judgment 



t h a t  t h e  opt imiza t ion  process  can make effettive use  of c e r t a i n  

information developed by t h e  s y n t a c t i c  ana lyzer  which it would 

be i n e f f i c i e n t  o r  clumsy t o  s t o r e .  Thus, f o r  example, a  FORTRAN 

~ P l o o p  i s  s l i g h t l y  ha rde r  t o  recognize a f t e r  code genera t ion  

than  dur ing  s y n t a c t i c  ana lys i s ,  and i t  i s  sometimes found 

convenient t o  b r ing  t h e  s y n t a c t i c  ana lyzer  and t h e  opt imizer  

i n t o  a  s u f f i c i e n t l y  c l o s e  r e l a t i o n s h i p  t o  enable t h e  f o m e r  

t o  s i g n a l  the  l a t t e r  a t  t he  beginning and end of loops.  

Sketch code generat ion and f i n a 1  assembly a r e  o f t e n  combined, 

and opt imizat ion may be combined with both of them. The combi- 

na t ion  of code genera t ion  and assembly i s  a  n o t  inf requent  

response t o  e f f i c i e n c y  cons idera t ions .  The prepara t ion  of 

ske tch  code output intended f o r  subsequent assembly r equ i res  

a  reasonably e l abora te  organiza t ion  of s u b f i e l d s  of information 
i n t o  machine words o r  i n t o  BCD p a t t e r n s .  A t  t he  beginning of 

the  assembly process  these  words o r  p a t t e r n s  must be picked 
a.part  once more. By combining code generat ion with assembly, 
one i s  a b l e  t o  avoid two in termedia te  processes ,  thereby 

ga in ing  i n  t r a n s l a t i o n  speed, perhaps even s u b s t a n t i a l l y .  
The t r a n s l a t i o n  process  a s  we have out l ined  i t  i s  sometimes 

e l ided  i n  var ious u s e f u l  ways. Ins tead  of genera t ing  machine 

code a t  a l l ,  i t  i s  poss ib le  t o  generate  sketch code i n  
appropr ia te  form and t o  end t h e  t r a n s l a t i o n  process  proper  with 

t h i s  sketch code. This code may then be executed i n t e r p r e t i v e l y  

r a t h e r  than d i r e c t l y .  Such an a l t e r n a t i v e  may f o r  in s t ance  be 
appeal ing f o r  codes t h a t  a r e  t o  be executed in f requen t ly  but 

whose s i z e  i s  a  cons idera t ion .  In  such circumstances, t he  ske tch  

code form can be s p e c i a l l y  chosen t o  permit  h ighly  dense s torage ,  

and t h e  r e s u l t i n g  t o t a l  program, cons i s t ing  of sketch code p lus  

i n t e r p r e t e r ,  may be considerably smal le r  i n  s i z e  than f u l l y  

expanded machine code. It i s  a l s o  poss ib le  t o  adapt the  t r a n s -  

l a t o r  no t  t o  produce any code o t h e r  than the  source code a t  a l l ,  
bu t  t o  combine the  syntax a n a l y s i s  process d i r e c t l y  with t h e  

i n t e r p r e t a t i o n  process .  This opt ion simply requi res  replacement 





language f o r  some p a r t i c u l a r  machine. O n  the o t h e r  hand, t h i s  

code may c o n s i s t  of a sequence of macros which is r e l a t i v e l y  

machine independent, and which, on subrnission t u  an appropr i a t e  

macro-expander program can be transformed i n t o  executable  code 

f o r  any one of a v a r i e t y  of d i f f e r e n t  machines. 

The var ious  p r i n c i p a l  phases of t h e  t r a n s l a t i o n  process  

have p a r t i c u l a r  f l a v o r s  which it i s  worth cornrnenting on.. 

The l e x i c a l  a n a l y s i s  pass is a r a t h e r  simple one and i s  
normally accomplished by a simulated f i n i t e  s t a t e  process .  
The s y n t a c t i c  a n a l y s i s  pass i s  h ighly  r ecur s ive  and t y p i c a l l y  

ma3kes u s e  e i t h e r  of i m p l i c i t  o r  e x p l i c i t  push-down s t acks .  

The code generat ion pass  i s  normaLly s t ra ight forward  and d i r e c t l y  
computational; t h e  computations of which it c o n s i s t s  a r e  o f t e n  

combined d i r e c t l y  with s y n t a c t i c  a n a l y s i s .  The code optimiza- 

t i o n  pass ,  i f  e l a b o r a t e l y  done, i s  r a t h e r  complex, amounting a s  

i t  does t o  a mechanization of a miscellaneous assemblage of 
prograrnrning t r i c k s .  It involves two p r i n c i p a l  f a m i l i e s  of 

subprocesses.  The f i r s t  family includes those  processes  which 

analyze program flow and at tempt  t h e  g loba l  e l imina t ion  of 
redundant i n s t r u c t i o n s  and t h e  g loba l  motion of i n s t r u c t i o n s  

from frequent  t o  l e s s  f requent  code pa ths .  The second main 

family of opt imizat ion processes  c o n s i s t s  of procedures which 

a r e  somewhast more l o c a l  i n  na tu re  and amount e s s e n t i a l l y  t o  

t h e  l o c a l  combination of mul t ip l e  i n s t r u c t i o n s  i n t o  s i n g l e  

i n s t r u c t i o n s  where a machine order  code s e t  permits  t h i s .  
The f i n a l  assembly process i s  s t ra ight forward  and 

e s s e n t i a l l y  a r i thmet i c .  It uses  two s e t s  of t a b l e s ,  one 
desc r ib ing  the  order  codes of the  machine f o r  which code i s  

being assembled and a second which i s  an i d e n t i f i e r  t a b l e .  

The i d e n t i f i e r  t a b l e  i s  used i n  a s t ra ight forward  way t o  
c a l c u l a t e  the  f i n a l  address  of each i d e n t i f i e r  i n  the  sketch 
code s t r i n g  produced by the  code genera tor  and t o  rep lace  a l 1  

occurrences of l o g i c a 1  i d e n t i f i e r s  by corresponding machine 

addresses ,  



The des ign  of  a compiler  no t  on ly  involven  q u e s t i o n s  concerno 

i n g  t h e  a lgo r i t hms  by which t r a n s l a t i o n s  a r e  e f f e c t e d  b u t  a l s o  

r e q u i r e s  d e c i s i o n s  as t o  how t h e  d a t a  on which t h e s e  a l g o r i t h m s  

o p e r a t e  i s  t o  be h e l d .  That i s ,  one must d e f i n e  t h e  

d a t a  s t r u c t u r e s  t o  be  used by t h e  compi le r .  

One d a t a  s t r u c t u r e  used by a lmost  a l1  compi le rs  i s  t h e  

symbol t a b l e  a l l u d e d  t o  above. Th i s  t a b l e ,  whose c o n s t r u c t i o n  

beg ins  d u r i n g  t h e  l e x i c a l  s can  phase ,  i s  used th roughout  t h e  

compi l a t i on  p roces s  f o r  t h e  g l o b a l  accumu1at:Lon of  i n fo rma t ion .  

A s  a gene ra1  r u l e ,  an  e n t r y  i s  made i n  t h e  symbol t a b l e  f o r  
each name found i n  t h e  i n p u t  s t r i n g  and f o r  each a u x i l i a r y  
name gene ra t ed  by t h e  compiler  i t s e l f  d u r i n g  t h e  compi l a t i on  
p r o c e s s .  The t a b l e  e n t r y  a s s o c i a t e d  w i t h  each of  t h e s e  names 

C O ~ S ~ S ~ S  o f  a  group o f  f i e l d s  used t o  r e c o r d  t h e  a t t r i b u t e s  
of  t h e  name as t h e s e  a r e  p r o g r e s s i v e l y  determined i n  t h e  

course  o f  compi l a t i on .  For  example, t h e  t y p e  o f  a v a r l a b l e  
( e . & ,  c h a r a c t e r  s t r i n g  o r  a r i t h m e t i c ;  sometimes broken down 
more f i n e l y ,  e . g . ,  f i x e d  o r  f l o a t ,  c h a r a c t e r  s t r i n g  of  l e n g t h  

n  e t c . )  i s  o f t e n  r eco rded .  One may r e c o r d  o t h e r  a t t r i b u t e s  -3 

a s  w e l l .  For  example, one may r e c o r d  whether o r  no t  t h e  name 
i s  used a s  a  s u b r o u t i n e  argument o r  whether o r  n o t  i t  
i d e n t i f i e s  a g l o b a l  (COMMON) v a r i a b l e .  I n  some compiler  

des igns  i t  a l s o  t u r n s  o u t  t o  be convenient  t o  admit a d d i t i o n a l  
symbol t a b l e  e n t r i e s  cor responding  t o  e lementary  o p e r a t i o n s  

( e . g . ,  A+B). Th i s  t echn ique ,  which we s h a l l  d e s c r i b e  more 
\ 

f u l l y  i n  a l a t e r  c h a p t e r ,  a l lows  one t o  t r e a t  v a r i a b l e s  and 
e lementary o p e r a t i o n s  i n  a uniform way and has  c e r t a i n  o t h e r  
t e c h n i c a l  advantages .  

Although almost  every  compiler  u s e s  a  symbol t a b l e ,  
t h e  way i n  which t h i s  t a b l e  i s  s t r u c t u r e d  v a r i e s  c o n s i d e r a b l y .  
For example, s i n c e  t h e  s i z e  of  t h e  symbol t a b l e  r e q u i r e d  
f o r  t h e  compi la t ion  of  one program may be q u i t e  d i f f e r e n t  
from t h a t  r e q u i r e d  f o r  a d i f f e r e n t  program, one must 
dec ide  how t o  a l l o c a t e  s t o r a g e  f o r  t h e  symbol t a b l e .  Should 
one a l l o c a t e  a f i x e d  amount of  s t o r a g e  a t  t h e  beg inn ing  
of  t h e  compi la t ion ,  o r  should  one I1acquire" s t o r a g e  from a 
cornrnon s t o r a g e  p001 a s  e n t r i e s  a r e  made i n  t h e  t a b l e ?  



Moreover, t h e  i n f o r m a t i o n  f ragments  a s s o c i a t e d  w i t h  one 

name may be q u i t e  d i f f e r e n t  from t h o s e  a s s o c i a t e d  w i t h  

a n o t h e r  name. For  example, i f  a nane i s  used as a 
s u b s c r i p t e d  v a r i a b l e ,  one must r e c o r d  b o t h  t h e  d i m e n s i o n a l i t y  

and t h e  bounds a s s o c i a t e d  w i t h  t h a t  name; on t h e  o t h e r  hand, 

i f  t h e  name r e p r e s e n t s  a s imple  i d e n t i f i e r  t h i s  i n fo rma t ion  
i s  n o t  needed.  This  r a i s e s  t h e  q u e s t i o n  of whether  t h e  

e n t r i e s  i n  t h e  t a b l e  should  be  uniform of  whether t h e  s i z e  

and in fo rma t ion  con ten t  o f  an  e n t r y  should  va ry .  The s t r u c t u r e  

of  t h e  language t o  be t r a n s l a t e d  w i l l  a l s o  a f f e c t  d e c i s i o n s  

r e g a r d i n g  t h e  symbol t a h l e  s t r u c t u r e  . For  example, many 

languages  permi t  a s i n g l e  name t o  be  used t o  r e p r e s e n t  

d i f f e r e n t  v a r i a b l e s  a t  d i f f e r e n t  p o i n t s  i n  t h e  same program. 
Th i s  f a c t  must be s u i t a b l y  r e f l e c t e d  i n  t h e  symbol t a b l e .  

Gene ra l ly  speaking ,  q u e s t i o n s  o f  t h i s  s o r t  have no unique 

b e s t  answers.  The form of  symbol t a b l e s  adopted w i l l  depend 
p a r t l y  on o t h e r  d e s i g n  c r i t e r i a  which the compi le r  i s  t o  meet 
and p a r t l y  on t h e  environment i n  which i t  must o p e r a t e  

( c h a r a c t e r i z e d ,  e . g . ,  by memory s i z e ) .  For  example, a 
com2i le r  t h a t  a t t e m p t s  t o  produce e s p e c i a l l y  good code 
may r e q u i r e  d i f f e r e n t  i n fo rma t ion  s t r u c t u r e s  t h a n  a compiler  

f o r  which fas t  t r a n s l a t 2 o n  t ime  i s  t h e  most impor tan t  g o a l .  

Fo r  r ea sons  o f  t h i s  s o r t ,  one cannot s p e c i f y  a unique 
gene ra1  s t r u c t u r e  f o r  a symbol t a b l e ,  a l though  comrnon 
t echn iques  can (and w i l l )  be  e l u c i d a t e d .  

The pu~h-down s t a c k  i s  a  t y p e  of  d a t a  s t r u c t u r e  tha t  i s  

f r e q u e n t l y  used by compi le rs .  Such a s t a c k  i s  c h a r a c t e r i z e d  
by t h e  f a c t  t h a t  an e n t r y  i s  made on ly  a t  t h e  " top"  of  t h e  

s t a c k .  C h a r a c t e r i s t i c a l l y ,  i n  u s i n g  a push-down s t a c k ,  
t h i s  t o p  element i s  acces sed  more f r e q u e n t l y  t h a n  o t h e r  
e lements  of  t h e  s t a c k .  When t h e  t o p  element of  a  s t a c k  i s  

removed, t h e  element immediately benea th  it becomes a c c e s s i b l e .  
S t acks  msy be implemented u s i n g  a r r a y s ,  as shown i n  F igu re  1. 



" f i l l e d "  
s t a c k  
l o c a t i o n s  

+ PDSTOP 

"emp t y TOP(X) is ~ ( P D S T O P )  

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

a .  Accessing t h e  TOP of  s t a c k  X .  

o t h e r  
f i l l e d f f  

l o c a t i o n s  

PDSTOP + 

o t h e r  
f  i l l e d "  

l o c a t i o n s  

ABC 
XY z 

b .  S t ack ing  an  element on s t a c k  X .  

o t h e r  
f i l l e d f f  I i o c a t i o n s  ( 

PDSTOP * v] 
o t h e r  

" f i l l e d t f  
l o c a t i o n s  

C .  Unstackina an element from s t a c k  X .  

S T A C K ( ~ X Y Z ~ , X )  

i s  
PDSTOP = PDSTOP+l 

X(PDST0P) = ' X Y Z t  

UNSTACK(X) 

i s  
PDSTOP = PDSTOP -1 

Figure  1. Typ ica l  use  o f  a pushdown s t a c k .  - 



For  example, two p r i n c i p a l  d a t a  s te ruc tures  used by a 
compiler-compiler  d e s c r i b e d  l a t e r  i n  t h i s  monograph a r e  

pushdown s t a c k s .  These a r e  t h e  r e c u r s i o n  c o n t r o l  s t a c k  

and t h e  argument s t a c k .  The r e c u r s i o n  c o n t r o l  s t a c k  i s  used 
f o r  sequencing t h e  r e c u r s i v e  r e c o g n i t i o n  procedures  and 

c o n t a i n s  machine a d d r e s s e s  ( o r  t h e i r  l o g i c a 1  e q u i v a l e n t s ) ,  

i n d i c a t i n g  t h e  p o i n t  from which a r e c o g n i t i o n  r o u t i n e  was 
c a l l e d .  I n  t h e  p roces s  o f  a n a l y z i n g  a  s y n t a c t i c  f ragment ,  

a r e c o g n i t i o n  r o u t i n e  may r e q u i r e  t h e  s e r v i c e s  o f  a n o t h e r  
such r o u t i n e .  When t h i s  o c c u r s ,  t h e  c u r r e n t  machine l o c a t i o n s  

i s  saved on t h e  r e c u r s i o n  c o n t r o l  s t a c k  and a  t r a n s f e r  t o  t h e  

r e q u i r e d  s u b r o u t i n e  i s  made. When t h i s  s u b r o u t i n e  i s  f i n i s h e d ,  

i t  r e t r i e v e s  t h e  add res s  A t o  which i t  i s  t o  r e t u r n  from t h e  

c o n t r o l  s t a c k ,  removes t h e  t o p  e n t r y  ( t h u s  making t h e  nex t  

lower e n t r y  a v a i l a b l e )  and t r a n s f e r s  t o  t h e  add res s  A. 
Thus t h e  t o p  of  t h e  c o n t r o l  s t a c k  always i n d i c a t e s  t h e  

a d d r e s s  t o  which t h e  c u r r e n t  r o u t i n e  i s  t o  r e t u r n  when i t s  

t a s k  i s  accomplished.  
The argument s t a c k  i s  used f o r  t h e  t r a n s m i s s i o n  of  

i n fo rma t ion  from one f ragmentary subprocess  o f  s y n t a c t i c  

a n s l y s i s  t o  a n o t h e r  and a l s o  f o r  t h e  t r a n s m i s s i o n  o f  
i n fo rma t ion  between t h e  s y n t a c t i c  a n a l y ~ i s  p r o c e s s e s  and 
i n t e r s p e r s e d  code g e n e r a t i o n  r o u t i n e s .  I t s  use  w i l l  be  

d e s c r i b e d  i n  more d e t a i l  l a t e r  i n  t h e  p r e s e n t  work. 



It i s  seen from the  above t h a t  the  i n foma t ion  which must be 

supplied t o  define the syn tac t i c  analys is  pass cons i s t s  of two 
pr inc ipa l  subportions: the syntax spec i f i ca t ion  describing 
the  phrase strutture of the  source language t o  be t rans la ted ,  
and the  symbol t ab l e  manipulating routines which a r e  invoked a t  

appropriate points  during the  analys is .  A source language t o  
be t rans la ted  may therefore  be complex e i t h e r  bec:ause the  syntax 
of the  language i s  complex i n  and of i t s e l f ,  o r  because t he  s e t  

of a t t r i b u t e s  being accumulated i n  the  symbol t ab l e  and the  
routines f o r  manipulating these a t t r i b u t e s  a r e  ccmplex. For 
an a lgebra ic  language l i k e  FORTRAN, possessing a f a i r l y  s t r a igh t -  

forward syntax, but admitting a r a the r  l a rge  family of var iable  
types and corresponding declarat ions,  the  symbol t ab l e  manipulat- 
ing routines w i l l  normaJly amount t o  a  mass of code a t  l e a s t  
equa1 i n  length t o  the  syntax spec i f i ca t ions  needed. 



CHAPTER 2 .  . THE PRINCIPAL SUBPROCESS. 

I n  t h i s  sec t ion  we s h a l l  describe methods used i n  analyzing 
sentences of a programming language and u l t imate ly  f o r  generat ing 

code f o r  these analyzed sentences.  Our aim w i l l  be t o  develop 

a language i n  which both of these prograrnming tasks can be 

performed comfortably. We w i l l  approach t h i s  goal  through a 
s e r i e s  of s teps ,  beginning with a well-known language t h a t  i s  

purely - descr ip t ive '  -- - - -9 i . e . ,  t h a t  describes,  i n  a concise and 

elegant way, a l 1  the lega1 sentences of the  language. We s h a l l  

show how a desc r ip t ion  wr i t t en  i n  t h i s  language re la tes ,  i n  a 

na tu r a l  way, t o  an algorithm f o r  recognizinq, these sentences 

i n  an input s t r i n g .  By a gradua1 (and, hopefully,  well-motivated) 

process of augmentation and modification we s h a l l  t u rn  t h i s  
language i n t o  one c lose r  t o  t h a t  u l t imate ly  required -- a language 
i n  which it i s  possible  t o  express both sentence analys is  and 

code generat ion i n  a na tu r a l  way. 



1. The Backus metalanguage. 

For the  e f f ec t i ve  descr ip t ion of language s tn  
require  a  specia l ized language-describing language, 

ure W 

o r  a  
nietalanguage. (0n the o ther  hand, s ince  a  reasonably designed 
metalanguage can describe i t s e l f ,  no meta-metalanguage w i l l  be 

required.) We s h a l l  i n  the  course of t h i s  sec t ion  and t h e  next 

have occasion t o  consider a  va r ie ty  of metalanguages, each with 
i t s  own p a r t i c u l a r  f l avor .  We s h a l l  begin our discussion with 

the elegant metalanguage originated by John Backus of the  

IBM Corporation, and ca l l ed  the  - Backus metalanguage o r  the 
Backus norma1 form i n  h i s  honor. We s h a l l  a t  f i r s t  approach 
t h i s  metalanguage somewhat informally, considering it  t o  
consis t  of a  s e t  of ru les  f o r  the  i t e r a t i v e  construct ion of 

the family of a l 1  grammatica1 sentences of a speci f ied  language. 
Each ru le  o r  de f in i t i on  of the Backus metalanguage cons i s t s  of 
a  l e f t  hand portion, the  definiens,  of an equa1 s ign separa t ing 
the l e f t  and the  r i gh t  hand port ion of the  ru le ,  and of a 
r i gh t  hand portion: the  def iner .  The definiens always cons i s t s  
of the name of the syn tac t i c  type being defined enclosed 
conventionally i n  pointed brackets a s  exemplified by: 

The form allowed f o r  a def iner  i s  somewhat more complicated. 
Most simply, a  de f iner  might consis t  of a  sequent ia l ly  
concatenated s t r i n g  of syn tac t i c  type names, each syn tac t i c  
type name being enclosed i n  pointed brackets.  Thus, f o r  
example, a  de f iner  might have the following form. 

The de f in i t i on  with the  f i r s t  displayed formula as  def in iens  

a,nd the second displayed formula as  def iner  would then be 



( 3 )  <story> = <beginning> cmiddle* <end> . 
Regarded as a  ru l e  f o r  the  production of t he  syn t ac t i c  element 

"story" t h i s  s t a t e s  t h a t  a s t o r y  may be constructed i n  any 

manner by the concatenation of a  "beginning", a  "middle", 

and an "end" . Of course, "beginning" , "middle" , "end" a r e  

themselves syn tac t i c  types requir ing f u r t h e r  de f in i t i on .  

The de f in i t i on  of "beginningtf might f o r  instance be 

Similar ly,  "middle" and "end" would require  def i n i t i ons ,  as 

would the syn tac t i c  types cons t i t u t i ng  the def iner  of the  

def in iens  "beginning", namely " t i t l e " ,  "f i r s t  subheading", 

and "introductory paragraph" . 
It i s  evident t h a t  the procedure as  so  f a r  out l ined can 

only lead from de f in i t i ons  t o  new de f in i t i ons  without end. 

In  order t o  enable the  constructions speci f ied  by the  Backus 

metalanguage t o  lead not only from syn tac t i c  types t o  o ther  

syn tac t i c  types but a l s o  from syn tac t i c  types t o  f i n a 1  sentences, 

one includes atomic symbol s t r i n g s  i n  the Backus metalanguage. 

These s t r i n g s  occur on t he  r i g h t  hand or  de f iner  s i de  of a  

de f in i t i on  and, by convention, may be concatenated i n t o  a  

de f iner  a t  any point.  They a r e  dist inguished from the syn t ac t i c  

types occurring i n  a  de f iner  simply by not  being included i n  

pointed brackets.  Thus f o r  instance we might include i n  our 
co l lec t ion  of de f in i t ions  some such de f in i t i on  as  the  following: 

f o r  the syn tac t i c  type " t i t l e " .  This hypothet ical  r u l e  s t a t e s  
t ha t  the only possible replacement f o r  " t i t l e "  i s  the l i t e r a l  

word HAMLET. O f  course, a  syn tac t i c  type which can only 

represent a  s ingle  l i t e r a l  word can as  well be omitted. That 
i s ,  the  logica1 e f f e c t  of ( 4 )  and (5 )  could equivalently be 



conveyed by the  fol lowing a l t e r n a t i v e  d e f i n i t i o n  of t h e  s y n t a c t i c  
11 type beginning" . 

(6) Xbeginningì = HAMLET <f i r s t  subheadingr 

4 n t r o d u c  t o r y  paragraph, . 
A more r e a l i s t i c  in s t ance  of t h e  above s o r t  of cons t ruc t ion  

i s  given by the  fol lowing d e f i n i t i o n .  

THEN < l i n e  numberr ,, 

taken from an a c t u a l  s e t  of language d e f i n i t i o n s  which we s h a l l  

consider  i n  some d e t a i l  Sa te r ,  namely t h e  me ta l ingu i s t i c  

d e f i n i t i o n s  f o r  t h e  a lgebra ic  language known a s  BASIC. 

Def in i t ion  ( 7 )  s t a t e s  t h a t  an <ifstaternent>- i n  the  BASIC 

language c o n s i s t s  of t h e  l i t e r a l  word IF, followed by any s t r i n g  

t h a t  can be s u b s t i t u t e d  d i r e c t l y  o r  i n d i r e c t l y  f o r  t h e  s y n t a c t i c  
type <expressionr,  followed by any s t r i n g  t h a t  may be s i m i l a r l y  
s u b s t i t u t e d  f o r  t h e  s y n t a c t i c  type ve la t ionop* ,  followed by y e t  

another  s t r i n g  which i s  s u b s t i t u t a b l e  f o r  <exprecsion>, followed 

by t h e  l i t e r a l  word THEN, followed f i n a l l y  by any s t r i n g  which 
may be s u b s t i t u t e d  f o r  t h e  s y n t a c t i c  type 4 i n e  riumber>. 

The d e s c r i p t i o n  which we have given of t h e  Backus metalanguage 

i s  s t i l l  incomplete i n  one e s s e n t i a l  regard.  The metalanguage 

permits de f ine r s  which r a t h e r  than descr ib ing  only a s i n g l e  
prescr ibed form f o r  a de f in iens ,  allow any one of a  nwnber of 

opt ions.  The options allowed a r e  convent ional ly  ind ica ted  

within t h e  sequence of symbols c o n s t i t u t i n g  the  d e f i n e r  by 

subsequences separated by v e r t i c a l  ba r s .  Thus, f'or example, 
i f  t he  s y n t a c t i c  type "beginning" were def ined by t h e  equat ion 

(8)  <beginning> = HAMLET <f i r s  t subheading> 4 n t r o d u c t o r y  para- 

graph> I MACBETH ~ i n t r o d u c  t o r y  paragraph> , 

then a "beginning" could be constructed e i t h e r  by following the  



l i t e r a l  word "HAMLET" by some s t r i n g  r ep resen t ing  a "f i r s t  
subheading" and some o t h e r  s t r i n g  c o n s t i t u t i n g  an " in t roductory  

paragraph", o r  a l t e r n a  t i v e l y  by f  ollowing the  l i t e r a l  word 

MACBETB with any s t r i n g  c o n s t i t u t i n g  an " in t roductory  paragraph". 

The number of a l t e r n a t i v e s  which may be included i n  a  Backus 

norma1 form d e f i n e r  i s  unl imi ted i  a s  ind ica ted  above, success ive  

a l t e r n a t i v e s  a r e  t o  be separa ted  by v e r t i c a l  bars .  

Given a  s e t  of m e t a l i n g u i s t i c  d e f i n i t i o n s  of t h e  f o m  

descr ibed above, one may choose a  d i s t ingu i shed  s y n t a c t i c  type,  

c a l l e d  t h e  --- b a s i c  - o r  root  de f in iens ,  o r  root  t n e .  A s e t  of - 
d e f i n i t i o n s ,  t oge the r  with a  designated roo t  type,  i s  c a l l e d  a  
context  f r e e  grammar o r  a  (s imple)  phrase s t r u c t u r e  grarnrnar* 
----P-- -p- ----p> 

t h e  s e t  of l i t e r a l  s t r i n g s  t h a t  can be generated from the  root  

type i s  c a l l e d  a  W r a s e  s t r u c t u r e  language. The s e t  of 
-------p 

d e f i n i t i o n s  descr ib ing  such a  language i s  sometimes c a l l e d  

t h e  Backus Norma1 Form o r  BNF d e s c r i p t i o n  of the  language. 

Such a s e t  of d e f i n i t i o n s  formally determines a  c o l l e c t i o n  of 
generated sentences i n  t h e  fol lowing way. Let x1 be t h e  one- 

element s e t  c o n s i s t i n g  of the  b a s i c  de f in iens .  If 2 i s  any s e t  
of s t r i n g s ,  l e t  ~ ( 2 )  c o n s i s t  of t h e  s e t  of s t r i n g s  i n  toge the r  

with every s t r i n g  which may be formed from t h e  s t r i n g s  i n  by 
rep lac ing  a  s y n t a c t i c  type by one of i t s  a l t e r n a t i v e  d e f i n i t i o n s .  

Clear ly ,  ~ ( 2 )  2 - 2.  Induct ive ly  wr i t e  

E, = ~ ( 5 )  ; 5 = ~ ( 2 ~ )  ; e t c .  

Let ZcD be t h e  union of a l 1  the  s e t s  En. L e t O  be t h e  c o l l e c -  

t i o n  of a l 1  s t r i n g s  i n  2 which conta in  no remaining s y n t a c t i c  

, types but only l i t e r a l  words. The family O of sequences of 

l i t e r a l  words generated i n  t h i s  way c o n s t i t u t e s  t h e  family of 
sentences of the  language defined by the  o r i g i n a l  f i n i t e  s e t  

of Backus d e f i n i t i o n s .  Nate t h a t  the  s e t  O w i l l ,  i n  general ,  
be i n f i n i t e .  This indeed i s  p a r t  of the  posser of the  Backus 

nota t ion;  i t  i s  a  method of descr ib ing  an i n f i n i t y  of sentences 

i n  a  f i n i t e  way. 



The i l l u s t r a t i v e ' d e f i n i t i o n s  above may be included i n  a 

complete, though miniature ,  grammar a s  f ollows : 

<s t o r y r  = <beginning* <middle <end> 

.;beginning> = HAMLET <f i r s  t subheading> 4.ntroductory 

pa ragraphr  I MACBETH <int roductory  paragraph> 

i in t roduc to ry  p a r a g r a p b  = ONCE UPON A TIME I ONCE LONG AGO 

K f i r s t  subheading> = CKAPTER 1 I PREFACE 

<middle> = BOY MET GIRL ( GIRL MET BOY 

<end> = AND LIVED HAPPILY EVER AFTER 

The reader  may review and t e s t  h i s  understanding of the  Backus 
metalanguage by genera t ing  var ious < s t o r y > ' s  belonging to the 

phrase s t m c t u r e  grammar descr ibed above. It i s  t o  be noted 

t h a t  even though a l 1  of the generated s t r i n g s  a r e  e n t i t l e d  

e i t h e r  HAMLET o r  MACBETH t h e i r  s t r u c t u r e s  a r e  p r imi t ive  and 
q u i t e  unshakespearian. A more i n t e r e s t i n g  language would of 

course r squ i re  a l e s s  rudimentary grarnmar f o r  i t s  d e f i n i t i o n .  

While the  Backus metalanguage, a s  descr ibed above, a l ready 

c o n s t i t u t e s  a use fu l  device f o r  t h e  d e s c r i p t i o n  of languages, 

i t  i s  convenient, e s p e c i a l l y  f o r  the desc r ip t ion  of mechanical 

languages, t o  add two nore f e a t u r e s  t o  i t .  The :Pirst a d d i t i o n  
i s  motivateci by t h e  fol lowing cons idera t ion .  Of-ten, i n  mechani- 
c a l  languages, r e p e t i t i v e  l i s t s  a r e  used, a s ,  f o r  example, i n  
the  FORTRAN declara  t i o n  s t a t e n e n t  

(9) INTEGER A,B,C,D,E,F 

It i s ,  i n  f a c t ,  pocs ib le  t o  def ine  r e p e t i t i v e  l i s t s  of the  

form oocurring i n  (9) d i r e c t l y  i n  terms of the  Beckus meta- 

language. The raquired me ta l ingu i s t i c  cons t ruc t ion  i s  merely 

Overfrequent use of such a recurs ive  form i s  sometimes clumsy. 
To provide a l e s s  clumsy me ta l ingu i s t i c  expressioln appl icable  



t o  t he  d e f i n i t i o n  of r e p e t i t i v é  l i s t s  we canint roduce t he  conven- 
t i o n  t h a t  i f  the  name of a  syn t ac t i c  type included i n  polnted 

brackets  i s  suff ixed with an . a s t e r i sk  then r epe t i t i on  of the  

syn t ac t i c  type any number of times, from zero t o  i n f i n i t y ,  i s  
intended. With t h i s  convention we can rewri te  the  syn t ac t i c  

d e f i n i t i o n  (10) a s  

The de f in i t i ons  (11) may be read informally a s  follows: 

a  l i s t  cons i s t s  of a  term followed by an a r b i t r a r y  number,perhaps zero, 

of "cterms"; a "ctermt' cons i s t s  of an occurrence of the  l i t e r a l  

"cornrna", followed by a "term". 

A second addi t ion  t o  the  Backus metalanguage has the 

following motivation. In some cases,  i t  i s  more e f f i c i e n t ,  

a s  well  a s  more convenient, t o  t r e a t  a few of the  simpler 

elements of a  language l ex i ca l l y ,  r a the r  than syn tac t i ca l ly .  

The d e t a i l s  of the l e x i c a l  scan process required t o  accomplish 
t h i s  a r e  given i n  Chapter 3 below; a  t heo re t i ca l  discussion 

ind ica t ing  the point a t  which the  boundary between the  l e x i c a l  

and the  syn tac t i c  may most appropriately be drawn w i l l  be 

found i n  Chapter 4. When such a  l e x i c a l  scan has been applied, 
, some of the  character  substr ings i n  the  source t e x t  a r e  

conglomerated i n t o  "words" which it i s  appropriate  t o  t r e a t  

i n  syn tac t i c  analys is  as  i nd iv i s ib l e  atoms. Each of these 
l e x i c a l  atoms w i l l  be designated by the  l e x i c a l  scanner a s  

having some p a r t i c u l a r  type. E.g., i n  standard FORTRAN the 

l e x i c a l  types: in teger ,  p name, - o c t a l  constant,  - Hol le r i th  

constant e tc .  would appear. A t  c e r t a in  points  i n  the  syn tac t i c  
descr ip t ion of a  sentence we would then wish t o  ind ica te  t h a t  

an atom of a  given type ( r a the r  than some f ixed l i t e r a l )  i s  

required. For t h i s  purpose we s h a l l  merely ind ica te  t he  type 



of a  r squi red  atom r i t h  a  pref ixed  a s t e r i s k  a s  follows: 

Adopting t h i s  convention, we a r e  a b l e  t o  w r i t e  s y n t a c t i c  

equations l i k e  

~ s u b r o u t  ine  s t a  tement > = SUBR~UTINE <*namr > 

(13) (-<*name> <namec*>) 

<namec> = , <*name> 

The s y n t a c t i c  d e f i n i t i o n s  (13) a r e  t o  be read a s  fol lows:  
a  %ubrout ine s t a  tement" c o n s i s t s  of the  l i t e r a l  word 

SUBROLJTINE, followed by an a ton ic  namo, followed by a  

l i t e r a l  l e f  t paranthes is ,  followed by another  atomic name, 

f o l l o s ~ e d  by an a r b i t r a r y  number of r e p e t i t i o n s  of t h e  

s y n t a c t i c  type " n a m d ' ,  f o l l o ~ e d  by a  l i t e r a l  r i g h t  

parenthes is .  The s y n t s c t i c  type "namec'l c o n s i s t s  of a  l i t e r a l  

coma followed by an atomic name. 
We conclude t h e  present  s e c t i o n  by not ing  t h a t  t h e  Backus 

metalanguage, l i k e  any o the r  reasonable metalanguage, may be 

used t o  iiefine i t s e l f .  In  doing s o  however we must avoid 

confusion between t h e  l i t e r a l  symbols o icu r r ing  i n  the  language 
being defined and t h e  markers used a s  me ta l ingu i s t i c  sepa ra to r s  

i n  t h e  d e f i n i t i 0 2  of t h i s  language. The only symbols having a  

s p e c i a l  meaning i n  t h e  Backus metalanguage, a s  we have descr ibed 
i t ,  a r e  the  lef t -hand pointed bracket ,  t h e  right-hand pointed 

bracket ,  the v e r t i c a l  bar ,  t h e  a s t e r i s k ,  and t h e  equal s ign .  

A l 1  ambiguity can be avoided merely by subs t i tu t i -ng  o the r  symbols 
f o r  these  symbols. The formulae belod then descr'ibe t h e  Backus 
metalanguage i n  terms of i t s e l f .  I n  w r i t i n g  them we have 
s u b s t i t u t e d  round brackets  f o r  pointed brackets ,  and a  s l a s h  

mark f o r  a  v e r t i c a l  bar .  As remarked above, t h i s  enables us 

t o  regard t h e  conventional BIW sepa ra to r s  a s  l i t e r a l s  r a t h e r  
than as  s y n t a c t i c  separa tors .  Since t h e  a s t e r i s k  and t h e  equal  

s ign  always occur i n  f ixed  loca t ions  r e l a t i v e  t o  the  o t h e r  
separa tors ,  th-y can cause no zonfusion an3 we need not  use 
another  symbol f o r  e i t h e i  of them. 



( w h o l e d e ~ c r i ~ t i o n )  =. (def ingroup*) 

(def ingroup) = (def i n i t i o n )  

(def i n l t i o n )  = <(mame)> = ( d e f i n e r s )  

(def i n e r s  ) = ( d e f i n e r )  / ( d e f i n e r )  (xtradefs* ) 
(x t radef  s )  = I ( d e f i n e r )  

(def i n e r )  = ( p a r t s * )  

The reader  should examine t h i s  s e t  of d e f i n i t i o n s  c l o s e l y  and 

note  t h a t  i n  i t s  b r i e f  compass i t  s p e c i f i e s  p r e c i s e l y  t h e  Backus 

metalanguage described informally i n  the  preceding paragraphs. 

The sequence of genera t ive  ac t fons  which lead  from t h e  

roo t  type of a  grammar t o  a  sentence v a l i d  i n  t h e  grammar 

may be represented i n  a  convenient and i l lumina t ing  graphica l  

form by t h e  use  of diagrarnmed pa r se  t r e e s .  Such a t r e e  i s  a  - - 
c o l l e c t i o n  of nodes p-' represented by po in t s ,  and of branches 

represented by l i n e s  connecting (h ighe r )  nodes t o  (lower) 

nodes. Each a p p l i c a t i o n  dur ing  t h e  genemt ion  of a given 
sentence of a Backus d e f i n i t i o n  t o  rep lace  an in te rmedia te  

symbol a by a s t r i n g  of symbols pl.. 4, i s  represented i n  t h e  

parse  t r e e  by a. node which i s  marked with t h e  symbol a and 

from which t h e r e  depend n branche8 to nodes .marked 
wi th  t h e  symbol pl, .. . , pn r e spec t ive ly  . Thus, f o r  example, 

t h e  pa r se  t r e e  of a p a r t i c u l a r  sentence belonging t o  the  

minia ture  grarnmar descr ibed j u s t  above i s  shown i n  Figure 1. 

MLET 

CHA d TER I 

AND LIVED .HAPPIJ;II EVER AFTBR 

Figure --.- 1. An i l l u s t r a t i v e  parse  t r e e .  
- - - . . - I_-- - - - - - - -  



A language i s  c a l l e d  -i-7- ambiguous i f  t h e r e  e x i s t s  a 

sentence of i t  which has more than one parse  t r e e ,  

unambi~uous --- ---- otherw i s e ;  almos t a l 1  of t h e  programning 

languages with which we s h a l l  dea1 a r e  unambiguous. 

The genera1 aim of s y n t a c t i c  a n a l y s i s  i s  the  e x p l i c i t  

cons t ruc t ion  of t h e  parse  t r e e  of input  sentences;  t h i s  forms 

a necessary p a r t  of compilation s i n c e  t h e  sequence of machine 

operat ions corresponding t o  a given source-language s ta tement  

i s  represented e x p l i c i t l y  i n  t h e  s t r u c t u r e  of t h e  sentencds 

parse  t r e e ,  b u t  only i m p l i c i t l y  i n  t h e  sentence i t s e l f .  The 

parse  t r e e  of a sentence may be represented e x p l i c i t l y ,  and 

r e l a t e d  e x p l i c i t l y  t o  the  grammar de f in ing  it, a s  fol lows.  

Let a. Backus grammar with d e f i n i t i o n s  

be given. Modify each d e f i n i t i o n  i n  t h e  fol lowing way: 

i )  Introduce,  f o r  each in te rmedia te  symbol a of the  

grammar, an otherwise unused termina1 symbol, A .  

ii) Modify each d e f i n e r  of t h e  intermediate  symbol a by 

p r e f i x i n g  t o  i t  a l e f t  parenthes is  and a f f i x i n g  t o  i t  t h e  

symbol A .  followed by a right parenthes is .  

Applying t h e  above d e f i n i t i o n  t o  t h e  d e f i n i t i o n  (14) ,  f o r  

example, we obta.in the  modified d e f i n i t i o n  

The grammar (15) may wel l  be c a l l e d  t h e  e x p l i c i t l y  ---p tagged - 
vers ion  of t h e  grammar (14).  A parse  t r e e  of a. sentence 

according t 0  a g r m a r  (14) ,  which e x h i b i t s  the  u s e  of  some 
p a r t i c u l a r  sequence of Backus d e f i n i t i o n s ,  correspo,.ids 
p r e c i s e l y  t o  t h e  unique sentence produced according t o  t h e  

modified grammar (15) by t h e  use of a p r e c i s e l y  matching 

sequence of d e f i n i t i o n s .  The parenthes is  and node-type 

marks present  i n  the  l a t t e r  sentence show t h e  node s t r u c t u r e  



o f  a p a r s e  t r e e  in an expI.ic3.t way; Thus, f o r  example, 
we might by the use of t he  " e x p l i c i t  taggingf' technique 
i n d i c a t e d  ahove represent the parse  t r e e .  shown i n  Figure 1 
by the e x p l l c i t l v  marked sentence 

(16) ( ( f ~ ~ ~ ~ J ~ ~ l ( f ~ ~ ~ ~ ~ ~ ~  1' f l r s t subheading)  
( ONCE TONG A00 i n  t roduc t o r g  paragranh)  begimning) 
( W ~ Y  MRT GIRLf middle) 

( AND TSVED HAPPILY WER AFTER cnd ) s t o r g )  

From thj.3 p o i n t  of view, W may regard a n g  p a r s e r  as  aimine 
t o  sitippl.y thr? p a r e n t h e s l z i n s  and node-type marks p resen t  i n  
a r . e n t e n c ~  g e n e r a t e d  accord ing  to the expli.cit1-y tagged 

v e r s i o n  o f  the srammar (lh), b u t  p r e s e n t  only implicitly i n  
the corrcspondirie; s e n t ~ n c e  p;enerated according t o  t h e  Cranmar 
(1  4) i - t w l f  . T h l s  mokes ?t p1 a1.n t h a t  a p a r s e r  is iisefiil 

bccause  j.t e n a h l e s  11s to wrj.te programs i n  a re la t ive1.y  
bri-cf and c o n v w i e n t  f o m  j.n wliich a l a . rge  niimber of  

a i lx . l l ta rg  marks a r e  l e f  t implicit, and tm recover  these  
rnorks mhseq i ien t ly  for e r p l i c i t  use  3.n t h e  sene ra t ion  o? 

mach ine  i n s t r u c t i o n s .  



A n t i c i p a t o r ~  Survee of t h e  Parsing Algorithms t o  be 2.  ---- m ---- -- --I_-_ 

Discussed i n  What Follows. 
--m -__. - -  -- 

It i s  the i n t e n t  of t h e  present  s e c t i o n  t o  prepare t h e  

reader  f o r  t h e  d i scuss ion  of pa r s ing  algorithms which i s  t o  

follow ( p r i n c i p a l l y  i n  t h e  remainder of t h e  present  chapter  

and i n  Chapter IV) by surveying t h e  pa r s ing  methods which 

a r e  t o  be studied i n  what fol.lows. As we have :3een, pa r s ing  

i s  the  process of making e x p l i c i t  t he  i m p l i c i t  strutture of a 
sentence.  The methods which can be used t o  parse  may be c l a s s i -  

f i e d  according t o  var ious of t h e i r  s a l i e n t  p roper t i e s .  One 

b a s i c  d i s t i n c t i o n  i s  t h a t  separatine;  the  -.. t 2 - d o w n  __._.._._- o r  g o a l - d i r ~ c t ~ d  - . ~  - -  - 
methods from the  .- bottom-up o r  ___ da ta -d i rec ted  _ _ I _ _ W  methods . 

I n  a top-down method (methods of t h i s  c l a s s  w i l l  be more 

sys temat ica l ly  and c a r e f u l l y  descr ibed i n  l a t e r  sec t ions  of the  

present  c h a p t e r ) ,  t he  b s s i c  s t r a t e g y  i s  t o  star2; f r o n  the  root  

symbol < a >  and attempt t o  =nerate a  sentence t h a t  niatches t h e  

input  sentence.  Since, a s  we noted above, a  grnmrnar i n  genera1 

descr ibes  an i n f i n i t y  of sentences,  we must include i n  t h i s  

genera t i o n  proress  cherks on the  p l a u s i b i l i t y  of the p a r t i a l l y  

formed s t r i n g  matching the  input  s t r i n g .  We accomplish t h i s  
approxima t e l y  a s  follows 

The root  symbol < a >  i s  def ined by a s e t  of a l t e r n a , t i v e s  

We begin by choosing one of these  a l t e r n a t i v e s ,  say blb2...bn, 

and forming the  s t r i n g  

Each bi represents  e i t h e r  a  te rminal  symbol o r  a s y n t a c t i c  type.  
I f  bl i s  a  te rminal  symbol, i t  i s  matched aga ins t  t he  f i r s t  

symbol on the  input  s t r i n g .  I f  t he re  i s  a  match, an input  s t r i n g  

po in te r  i s  incremented and a t t e n t i o n  turns  t o  b,; otherwise 
L- 

another  a l t e r n a t i v e  i s  chosen f o r  <a> and t h e  prozess r e s t a r t e d .  

I f  bl represents  a  s y n t a c t i c  type, i t  i s  replaced i n  the  s t r i n g  

by one of i t s  a l t e r n a t i v e s ,  say el. . e  r ' r e s u l t i n g  i n  a  s t r i n g  



The expansion and comparison process  i s  then appl ied  t o  el, e t c .  

I n  genera1 one w i l l  be dea l ing  with a  s t r i n g  

i n  which cl,c2,...,c a r e  te rminal  symbols t h a t h a v e  been k  
success fu l ly  matched t o  the  f i r s t  k  symbols of the  inpu t .  

The elements C ~ + ~ , . . . , C  remain t o  be examined. f  If Ck+l i s  a  

s y n t a c t i c  type, we rep lace  i t  by one of i t s  a l t e r n a t i v e s .  I f  

C 
k + l  

i s  a  te rminal  symbol, i t  i s  checked aga ins t  t he  ( k + l ) s t  

input  symbol; if i t  matches, a t t e n t i o n  i s  turned t o  Ck+*. 
-- . - 

If not ,  i t  i s  c l e a r  t h a t  the  a l t n e r a t i v e  of which c ~ + ~  i s  a  
p s r t  was an i n c o r r e c t  choice. Therefore, t h a t  whole 

a l t e r n a t i v e  (and poss ib ly  a d d i t i o n a l  a l t e r n a t i v e s  i n  which 

i t  was contained)  must be replaced with another  and t h e  

input  p o i n t e r  backed up accordingly.  This procedure cont inues 

u n t i l  e i t h e r  a  s t r i n g  i s  produced t h a t  exac t ly  matches t h e  

input  o r  u n t i l  t h e  poss ib le  a l t e r n a t i v e s  f o r  genera t ion  a r e  

exhausted, i n  which case t h e  input  i s  gramat ica l ly  i n c o r r e c t .  
I n  a  botton-up method we survey t h e  input  s t r i n g  W and 

at tempt  (us ing  any one of a  number of a l t e r n a t i v e  algori thms,  

c f .  Chapter I V )  t o  f i n d  an in te rmedia te  symbol < f r  of the  gramrnar 
and a  s u b s t r i n g  W '  of W which forms a n  allowed d e f i n i t i o n  f o r  t h i s  

in te rmedia te  symbol. Whenever t h i s  i s  poss ib le ,  we rep lace  the  
s u b s t r i n g  W '  of W by t h e  s i n g l e  in te rmedia te  symbol <f>,  thereby 

obta in ing  a  condensed intermediate  s t r i n g  wl t o  which t h e  same 
--v--------- 

b a s i c  s t e p  may be i t e r a t i v e l y  reappl ied .  Proceeding i n  t h i s  way 

we at tempt  t o  condense t h e  given s t r i n g  i n t o  a s i n g l e  cha rac te r  

represent ing  the  root-type of r. Whenever t h e  condensation 

proress  i s  blocked, we must f i n d  an a l t e r n a t i v e  sequence of 
condensations t o  t r y  . 
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Ease of use i s  of course an important f e a t u r e  according 

t o  which pa r se r s  may be c l a s s i f i e d .  Various o the r  a spec t s  

of a p a r s e r  combine t o  determlne i t s  ease of use. A 

pa r s ing  algori thm capable of t r e a  t i n g  a r b i t r a r y  grammars 

w i l l  o f t en  be e a s i e r  t o  use  than  one w h i ~ h  can only handle 

a specia.1 c l a s s  of grammars. A p a r s e r  capable of t r e a t i n g  

only a s p e c i a l  c l a s s  of grammars may be p a r t i c u l a r l y  clumsy 

t o  use i f  t he  c l a s s  of grammars which can be t r e a t e d  i s  

defined by condi t ions  which a r e  no t  easy t o  s t a t e  d i r e c t l y  

i n  terms of those  s t ruc tures ,  v i s i b l e  i n  t h e  termina1 s t r i n g s  
of t h e  grarnmar, f  o r  which t h e  would-be . compiler w r i t e r  has 

an i n t u i t i v e  f a m i l i a r i t y .  Frequently such condi t ions a r e  imposed 

on a grarnmar i n  order  t h a t  i t  may be transformed i n t o  some s e t  

of -- t a b l e s  which t h e  recognizer  f i n d s  convenient t o  use.  The 
precedente or ien ted  recognizers  discussed i n  Chapter I V  employ 

techniques of t h i s  k ind .  This l eads  t o  another  parameter d e t e r -  

mining ease of use,  namely the  ex ten t  t o  which the  meta- 

language i n  which t h e  parse  is expressed must be transformed 
t o  ob ta in  t h e  code and/or t a b l e s  which c o n s t i t u t e  t h e  

running pa r se r .  Extensive m e t a l i n g u i s t i c  pre-processing,  
e s p e c i a l l y  i f  only a sub-class  of grammars can f i n a l l y  be 
accepted,  w i l l  normally imply a system somewhat harder  t o  

use than  one involving a metalanguage ~ l o s e r  i n  strutture 
t o  t h e  p a r s e r  code which i t  represents .  The ex ten t  of 

pre- t ransformation w i l l  a l s o  govern t h e  degree t o  which a 

metalanguage can incorpora te  f ea tures  which, s t r i c t l y  speaking, 

represent  extensions of the  b a s i c  Backus concept r a t h e r  than 

elements poss ib ly  belonging t o  t h i s  concept. One of the  

advantages of the  c l a s s  of top-down schemes descr ibed i n  
the  l a t e r  sec t ions  of t h e  present  chapter  i s  t h a t ,  involving 

r e l a t i v e l y  simple me ta l ingu i s t i c  processing,  they a r e  easy 

t o  use and adapt e a s i l y  t o  gene ra l i za t ion .  

Parsers  may appropr i a t e ly  be c l a s s i f  i e d  according t o  the  

speed with which they a r e  capable of analyzing sentences of 

a given lengtb .  Advancing schemes w i l l  analyze sentences 

of length  n i n  a number of s t e p s  asymptotica.l ly propor t iona l  



t o  n mul t ip l i ed  by an e f f i c i e n c y  f a c t o r  c h a r a c t e r i z i n g  t h e  

p a r t i c u l a r  scheme and determined by t h e  adequacy of t h e  

methods which it employs t o  avoid f a l s e  s t a r t s  and t o  proceed 

d i r e c t l y  t o  the  performance of requi red  s t e p s .  The b e s t  

algorithms from t h i s  po in t  of view a r e  undoubtedly the  
d e t e r m i n i s t i c  bottom-up schemes descr ibed i n  Chapter IV.  

We note  i n  t h i s  connection t h a t  &c t ion  of a s t r i c t l y  advancing 

bottom-up p a r s e r  may, i n  many cases ,  be understood i n  terms 
of the  not ion  of a context-dependent grarnrnar, inverse  - t o  

a given Backus grammar r. A context-dependent gramrnar o r  

more preferably ,  a s e t  of - context-dependent re -wr i t ing  -- r u l e s  

i s ,  f o r  our  purposes, a s e t  of d e f i n i t i o n s  of the  forrn (l?), 

and where 

i s  an a l t e r n a t i v e  of some d e f i n i t i o n  belonging t o  re In 
writin-; (l7), we mean t o  imply t h a t  t h e  s t r i n g  p1 . . . f3, 
when i t  occurs i n  a context  i n  which t h e  s t r i n g  al ... a, 
appears t o  i t s  l e f t  and t h e  s t r i n g  3 ... % appears t o  its 
r i g h t ,  may be replaced by t h e  cha rac te r  6. I n t u i t i v e l y  

speaking, such an inverse  grammar descr ibes  a family of 

s y n t a c t i c  condensations, which i f  t h e  o r i g i n a l  grammar i s  

t o  be parsable  by use  of the  inverse  grarnmar, must be 
capable of condens i n g  a r b i t r a r y  sentences W r i t t e n  according 

t o  back i n t o  the  root  symbol of r. Each a p p l i c a t i o n  of a 
context-dependent n i l e  (17)  i n v e r t s  some p a r t i c u l a r  appl ica-  
t i o n  of a d e f i n i t i o n  of r, and may be considered a s  

corresponding t o  a given node i n  t h e  parse  t r e e  of t h e  

sentence t o  which t h e  r u l e  i s  appl ied.  The grarnrnars which 

may be parsed by bottom-up d e t e r m i n i s t i c  methods a r e  those  



f o r  which inverse  grammars of t h e  above s o r t  e x i s t .  Pars ing 

algori thms t ak ing  advantage of t h e  ex i s t ence  of inve r se  

grammars f a 1 1  i n t o  two main c l a s s e s :  those f o r  which t h e  

gramrnar inverse  t o  r i s  produced from i t s e l f  by a p p l i c a t i o n  

of a  s y n t a c t i c  pre- t ransformation,  and those  which requ i re  

the  compiler-wri ter  t o  supply t h e  inve r se  grammar e x p l i c i t l y .  

I n  Chapter I V ,  we s h a l l  consider  de teymin i s t i c  pa r s ing  

algori thms of both types.  
Pars ing algori thms rnay a l s o  be ra.ted by t h e  speed with 

which they can analyze sentences w r i t t e n  according t o  grammars 

no t  pe rmi t t ing  parse  by an advancing scheme, or ,  a l t e r n a t i v e l y ,  
sentences writ tm according to  gramrnars with a  high degree of lo& ambi- 

g u i t y .  Among known pa r se r s ,  t h e  b e s t  i n  t h i s  regard a r e  t h e  "nodal 

span" pa r se r s  descr ibed i n  Chapter IV,  which analyze a r b i t r a r y  

sentences of l eng th  n w r i t  t en  according t o  unambiguous grammars 
2 i n  a  time p ropor t iona l  t o  n , and analyze sentences of l eng th  

n w r i t t e n  according t o  a r b i t r a r y  grgmmars i n  a  time p ropor t iona l  
3 t o  n  . These speeds a r e  very much super io r  t o  t h e  speeds with 

which o the r  pa r se r s  w i l l  analyze sentences of l i k e  length .  I n  
p a r t i c u l a r ,  i t  i s  t o  be noted t h a t  many back-up o r i en ted  pa r se r s  
rnay requ i re  a time p ropor t iona l  t o  kn  t o  parse  sentences of 

l eng th  n w r i t t e n  a c c ~ r d i n g  t o  an ambiguous grammar. 

The amount of s to rage  required by a  p a r s e r  i s  an aspec t  
of i t s  e f f i c i e n c y  a s  important a s  the  speed of t h e  pa r se r .  

A p a r s e r  rnay requ i re  l a r g e  amounts of s to rage  f o r  one of two 

d i f f e r e n t  reasons.  On t h e  one hand, t h e  pa r se r  i t s e l f  rnay 

e i t h e r  c o n s i s t  of a l a r g e  amount of code o r  rnay requ i re  r a t h e r  
l a r g e  pre-conpiled dec is ion  t a b l e s  a s  a u x i l i a r y  information 
dur ing  i t s  run. On the  o t h e r  hand, a  p a r s e r  rnay requ i re  

extensive s to rage  space f o r  t h e  s to rage  of information 
developing dynamically during t h e  parse  of a given sentence.  
Advancing pa r se r s  a r e  generg l ly  f r e e  of the  l a t t e r  problem, 

s i n c e  they normally r equ i re  an amount of space f o r  the  s to rage  

of dynamically-developed information which i s  not  more t h a n  



propor t iona l  t o  the  l eng th  of t h e  sentence being parsed and 

which i n  many cases  w i l l  be considerably smal le r  than t h e  
space required t o  conta in  t h e  fu11 inpu t  sentence.  It i s  t o  

be noted, however, t h a t  c e r t a i n  of t h e  advancing schemes 
descr ibed i n  Chapter IV, e s p e c i a l l y  those  which use "look- 

ahead" very ex tens ive ly ,  may requ i re  excess ive ly  l a r g e  

pre-compiled t a b l e s  of look-ahead information.  However, f o r  

c e r t a i n  languages which can be parsed by an advancing scheme 
requ i r ing  only a very f ew cha rac te r s  of contextua l  i n f  ormation, 

the t a b l e s  required by the  b e s t  bottom-up advancing pa r se r s  

a r e  no t  l a r g e ,  s o  t h a t  a bottom-up parse  scheme which i s  

h ighly  e f f i c i e n t  both i n  regard t o  time and i n  regard t o  
space can be developed. The nodal scan pa r se r s  descr ibed 

i n  Chapter IV require, even i n  t r e a t i n g  t h e  mos t genera l  

grarnrnars, an amount of in te rmedia te  s torange propor- 

t i o n a l  only t o  the  square of the  l eng th  of t h e  sentence 

being parsed.  For extensive c l a s s e s  of grarnmars these  same 
pa r s e r s  r equ i re  an amount of in te rmedia te  s to rage  which 

i s  only l i n e a r l y  propor t iona l  t o  the  l eng th  of t h e  sentence 

being parsed.  It i s  t o  be noted t h a t ,  by passing from a f u l l y  
compiled p a r s e r  t o  an i n t e r p r e t i v e  vers ion  of t h e  same pa r se r ,  

thereby rep lac ing  f u l l y  expanded code by some s p e c i a l l y  

cont r ived  dense t a b u l a r  r ep resen ta t ion  of the same code, we 

can decrease the  amount of code space required by t h e  p a r s e r  
a t  t he  cos t  of  a c e r t a i n  l o s s  i n  running speed. 

We may desc r ibe  t h e  parse  algorithms t o  be presented i n  

Chapters I1 and I V  i n  the  l i g h t  of c l a s s i f i c a t i o n s  
described above as  fol lows.  We begin by developing a very 

simple top-down back-up or ien ted  scheme. This scheme i s  

n e i t h e r  e f f i c i e n t  nor  wholly genera l  and i s  i n  f a c t  r a t h e r  

inadequate; i t  i s  presented merely a s  an in t roduc t ion  t o  the  

genera l  p r i n c i p l e s  involved i n  top-down p a r s e m .  Then we go 

on t o  descr ibe  a b a s i c a l l y  advancing top-down scheme and i t s  

associa  ted metalanguage. This scheme i s  reasonably adequate, 



i s  easy t o  use,  and, s i n c e  t h e  genera t ion  of a running p a r s e r  

involves  r e l a t i v e l y  simple pre- t ransformations of t h e  meta- 

lan&age i n  which t h e  pa r se r s  of t h i s  c l a s s  a r e  descr ibed,  
i s  easy t o  genera.l ize.  We s h a l l  use  t h e  "extended Backus" 

metalanguage corresponding t o  t h i s  c l a s s  of p a r s e r  a s  a 

s tandard means f o r  t h e  d e s c r i p t i o n  of programming languages 

i n  subsequent chapters  of t h e  p resen t  book. 

I n  Chapter IV we begin t o  cons ider  bottom-up schemes. 

We s t a r t  with a d e s c r i p t i o n  of t h e  very a t t r a c t i v e  "nodal 

span" scheme due t o  Cocke, Younger, and Early.  This algori thm 
handles a r b i t r a r y  Backus grammars, g ives  best-known asymptotic 

parse  speeds f o r  genera1 grammars whether ambiguous o r  

unambiguous, and i s  r e l a t i v e l y  moderate i n  i t s  s to rage  

requirements both f o r  code and t a b l e  space and f o r  space 

needed f o r  t h e  s to rage  of dynamically developed information.  

Next we give an account of bottom-up p a r s e r s  def ined by t h e  

e x p l i c i t  s p e c i f i c a t i o n  of a grammar inve r se  t o  t h e  Backus 
grarrmar de f in ing  the  language t o  be parsed.  Such schemes a r e  

no t  hard t o  use,  and a r e  capable of producing pa r s ing  programs 

q u i t e  s a t i s f a c t o r y  from t h e  po in t  of view of e f f i c i e n c y  and s i z e .  
The f i n a l  sec t ions  of Chapter I V  a r e  devoted t o  a desc r ip -  

t i o n  of advancing bottom-up pa r s ing  schemes which use bounded 

context  methods. These schemes probably de f ine  t h e  f a s t e s t  

known pa r se r s  f o r  t h e  c l a s s  of languages which they handle.  
I n  some cases ,  however, t he  a t t r a c t i v e n e s s  of these  pa r se r s  

i s  marred by t h e  l a r g e  a u x i l i a r y  t a b l e s  which they requ i re .  

It may a l s o  be noted t h a t ,  s i n c e  p a r s e r s  of t h i s  kind can t r e a t  

only a r e s t r i c t e d  c l a s s  of grammars, t he  ana lys i s  of a given 

language by t h e s e  methods may involve a prel iminary s t a g e  of 
grammatica1 debugging dur ing  which, by modifica t i o n  of t h e  

grammar f o r  t h e  language which we wish t o  parse ,  we f o r c e  t h e  
grammar t o  conform t o  the  r e s t r i c t i o n s  imposed by t h e  pa r s ing  

method. 



We n o t e  in conclusion o r  t h e  p r e s e n t  i n t r o d u c t o r y  s e c t i o n  
t h a t ,  as i s  o f t c n  t h e  case  w i t h  t h e o r e t i c a l .  models of 

~?:~,=:,cec;!~:;~c;.:s ?:nvì.ng a pryq;matj.c oraigin, the p a r s i n e  a lgo r i t hms  
t o  d e i l ~ l o p e d  in the si i ,bseq~icnt smt ion f l  of t h i s  ci-iapter 
2nd in C"apter T'\! 30 con8 ide r ab ly  heyond the  methods 
ti..i.:r~:cf;l.:r r~i?eded t o r  the a n a l y s i s  of ti.,? comrnonest programmi-np; 

3 .anpa i ; e s .  I i n o s t  a l 1  longuages t h a t  will be rnet i n  p r ac t i c e  
can be t r c a t e d  either by a bottom-up precedente method, 

i . e . ,  by t h e  simplest o r  the methods t o  be discussed In 

Ghapter  TV, o r  b y  some sli:;ht va r i . an t  of such .a method. 

Thi..n p a r s i n g  m e t h o d  i.s a l n o  f a s t ;  moreover, S t  requlres 
I-ittl ,? spnce. Thus even the simplcst o r  t h e  p a r s i n g  al.gorithrns 

to hc dcscr ibed  i n  what fo l lows  g i v e s  a good p r a c t i c a l  

a n w w  to the qii.esti.on " i i9w t o  p a r s e .  I! 

, I 



3 .  Sentence Analysis in a Phrase Strutture Language. 

The Backus metalanguage, as we have now defined it, is 

quite a powerful t001 for the description of languages. 

Somewhat further on in our discussion we shall want to 

supplement and to modify this metalinguistic t001 in various 

ways. However, before doing so, it is appropriate to take a 
first look at the principal problem in the use of a metalanguage 
in the construction of translators : the interpretation of 

metalanguages for language analysis rather than their use to 
describe sentence synthesis. 

Consider a typical BNF definition, as e.g. 

This statement not only describes the construction of an 

xif statement~, but, conversely, indicates the steps of 

analysis required to discover the constituent subportions 

of a source language statement, assuming this source 

language statement to be an <ifstatement>. These are as 
f ollows : 

1. The literal word IF must be found. 
If this word is not present, then our attempt to analyze 

the given source language statement as an 4.fstatementr 
f ails . 

2 .  Next we must find a collection of atomic constituents 
which together constitute an <expression>. If not al1 the 

constituents required are present, our attempt to analyze the 

given source language statement as an <ifstatement> fails. 



Next we must f ind  the const i tuents  required f o r  a  

<relat ionopr.  

Next must follow a s e t  of const i tuents  which together  form 

an <expression>. 

Next we must f ind  the  l i t e r a l  word THEN. 

Next we must f ind  a l 1  the necessary const i tuents  t o  form 

a 4 i n e  numberr. 

If a l 1  of the  s i x  s teps  l i s t e d  above a r e  s u ~ c e ~ s s f u l l y  

completed, then our ana ly t ic  construct ion of an -<ifstatement> 

comes t o  a  successful  end. I f  any of the  s i x  s teps  f a i l s ,  then 

our source statement may be a grammatica1 statement of some other  

s o r t ,  but i t  i s  c e r t a in ly  not an <ifstatementr .  

The s i x  s teps  outl ined above can be represented a s  a  sequence 

of invocations of jus t two procedures, RECOGNIZE and FIND SUBPART. 
These procedures w i l l  work on a source s t r i n g  i n  l e f t  t o  r i g h t  

s e r i a 1  order, moving a 'next  word' pointer  along a s  syn tac t i c  

analys is  progresses. The RECOGNIZE procedure requires only a  
s ing le  parameter, namely the  l i t e r a l  word which the  procedure 

i s  required t o  RECOGNIZE. When invoked, the  RECOGNIZE procedure 

has only t o  s igna l  whether the  speci f ied  l i t e r a l  word i s  o r  i s  

not  present a s  the  next atomic word t o  be scanned i n  the  source 
s t r i ng .  The success-fai lure s igna l  which the  RECOGNIZE routine 

provides may conveniently be transmitted through some machfne 

r e g i s t e r  o r  memory ce11 avai lable  t o  the remaining pa r t s  of an 

over-al1 syn tac t i c  analys is  program. The FIND SUBPART procedure 

a l s o  requires a  s ing le  parameter, namely an ident  i f i e r  def in ing 

the pa r t i cu l a r  subpart which i s  t o  be found. FIN:D SUBPART 

theref ore ac t s  as  a  parametrized subroutine t ransf  er ,  rout ing 
the syn tac t i c  analys is  process t o  t;he beginning o:f the sequence 

of s teps  required f o r  the analys is  of whatever syn tac t i c  type 

i s  momentarily required as  a  const i tuent  i n  some .larger s t ruc tu re .  

i n  terms 'of these two procedures the syn tac t i c  reconstruct ion 
of an 4.fs tatementr  a s  described by the meta1ingu:istic de f in i -  

t i on  (1) above i s  as  follows. 



RECOGNIZE (Il?) 
FIND SUBPART(EXPRESSION) 

FIND SUBPART (RELATIONOP) 

FIND SUBPART(MPRESSION) 

RECOGNIZE (THEN) 

FIND SUBPART(LINE NUMBER) . 
The sequence of s t e p s  ( 2 )  may be considered t o  r ep resen t  a  

s e c t i o n  of s y n t a c t i c  a n a l y s i s  i n  ske le ton  form. However, i t  
i s  incomplete i n  a  few major regards.  

a )  Since the  a lgor i thmic  s t e p s  ( 2 )  a r e  t o  be p a r t  of a  l a r g e r  

a lgori thm which w i l l  have t o  invoke ( 2 )  a s  a  subportion,  a  

p a i r  of l a b e l s ,  which we might agree t o  supply i n  some such 
conventional form a s  

BEGIN I F S  TATEMEJYT 

and 

END 

a r e  requi red .  The f i r s t  of these  l a b e l s  is of course t o  be 

placed a t  t h e  beginning of ( 2 ) ,  and t h e  second i s  t o  be placed 

a t  t he  end of ( 2 ) .  

b )  I n  w r i t i n g  the  a lgor i thmic  s t e p s  ( 2 )  we mean t o  imply t h a t  i f  

any of the  successive recogni t ion  o r  subpar t  f i n d i n g  substeps 

f a i l s  of success fu l  completion then t h e  whole sequence of 

s t e p s  i s  considered t o  f a i l .  

To complete t h e  s p e c i f i c a t i o n  of the  a n a l y s i s  procedure we must 
t h e r e f o r e  def ine  the  a c t i o n  t o  be taken i f  any of t h e  sequence 

of s t e p s  ( 2 )  f a i l s .  One of two responses w i l l  be appropr i a t e  i n  
the  case  of f a i l u r e .  If  the  < i f s t e t emen t>  i s  a subpart  of sume 

more i n c l u s i v e  s y n t a c t i c  type i n  which t h e  4 f s t a t e m e n t r  i s  a  
c o n s t i t u e n t  of one a l t e r n a t i v e  but  which allows o the r  a l t e r n a t i v e s  

a s  well ,  we merely wish, on f a i l i n g  t u  f ind  a  complete ~ i f s t a t e m e n t ~ ,  

t o  pass t o  t h e  next  a l t e r n a t i v e  and t o  a t tempt  a n a l y s i s  i n  
accordance with t h i s  a l t e r n a t i v e .  In t h i s  case,  we must a l s o  push 

t h e  p o i n t e r  de f in ing  t h e  next  source word t o  be scanned back t o  

the  p o s i t i o n  i t  had a t  t he  beginning of our a t tempt  t o  cons t ruc t  



an Qf s  tatement re I f ,  on the  o ther  hand, no s y n t a c t i , ~  a l t e r n a t i v e  

ex i s t s ,  then the f a i l u r e  of an attempted analys is  ind ica tes  t h a t  

the  source sentence under examination i s  ungrammati.ca1. We 
then wish t o  emit some diagnost ic  remark use fu l  t o  the o r ig ina to r  

of the source language statement and t o  pass on a t  once 60 

analys is  of the next sentence i n  the source s t r i n g .  

When the  FIND SUBPART procedure i s  invoked i n  a  semantic 

analys is  we must therefore  arrange t o  s t o r e  

( i)  The address t o  which re tu rn  i s  t o  be made on successful  

construct ion of the required subpart.  

(ii) The a l t e rna t i ve  address t o  which we wish t o  proceed i n  the  
event of f a i l u r e .  

(m) The current  value of the  word scan pointer .  
A reasonable method f o r  s t o r ing  t h i s  information a3 i t  i s  

developed dynamically, md vhich has the  e s s e n t i a l  property of 

being f u l l y  recursive, i s  a s  follows: Establ ish  a push-down 

stack on which the  information items (i), (ii), (iii) may be 

stacked. Establ ish a POPUP routine which works i n  conjunction 

with the FIND SUBPART and RECOGNIZE procedures. This POPUP routine 
should t r a n s f e r  t o  one of the  two stacked addresses, ( i) o r  (ii), i n  

the event of successful  re tu rn  from an invocation of FIND SUB- 

PART, and t o  the o ther  i n  the  event of an unsuccessful re turn .  

On unsuccessful return,  the POPUP routine should a l s o  res to re  

the  word scan pointer  t o  i t s  stacked value. A t  th,e time of 

return,  POPUP should a l so  remove the th ree  stacked items which 

i t  has jus t  used from the  top of the pushdown stack.  

A s tack of the s o r t  t ha t  we have described fomis the  bas ic  

mechanism of recursive contro1 i n  a  BNF syn tac t i c  analyuer. 
If the analys is  process i s  t o  produce syntax t r ee s  a s  output 

we require another data  strutture and some few addi t ional  

procedures. In  t h i s  case the  POPUP routine w i l l  a l so  bear  the 

respons ib i l i ty  f o r  building the  syntax t r ee .  
A very simple t ree-building method which can be used i s  

as follows. On each successful  re-t;urn from a FIND SUBPART 
c a l l  a syn tac t i c  t r e e  subsection i s  



t o  be b u i l t .  When such a t r e e  sec t ion  i s  b u i l t ,  a  po in te r  

referencing i t  i s  l e f t  on the  top of a so-called argument 

pushdown stack. The elements t o  be l inked i n t o  the t r e e  

subsection t o  be b u i l t  a t  any point  a r e  the  top few elements 

referenced by the  argument pushd~wn stack.  That i s ,  on 

successful  re tu rn  from a FIND SUBPART invocation (1) we conglom- 

e r a t e  the t r e e  sec t ions  referenced by the  top few elements of 

the argument pushdown s tack i n t o  a s ing l e  l a r g e r  subtree, 

( 2 )  remove the reference t o  the conglomerated elements from 

the  top of the pushdown stack, and ( 3 )  place a reference t o  

the new conglomerate on top of the pushdown stack.  The nwnber 

of elements a t  the top of a  pushdown s tack which a r e  t o  be 
conglomera,ted a t  any point  i s  p rec i se ly  equa1 t o  the number 

of syn tac t i c  subelements contained i n  the  syn tac t i c  type which 

has jus t  been successful ly found. If syntax t r e e s  a r e  the 

only desired output from the  syn tac t i c  analys is  process t h i s  
s ing le  recursive t r e e  construct ion procedure can be used 

throughout the  operation of the syn tac t i c  analys is  process. 
On unsuccessful re turn  from a FIND SUBPART invocation, a l 1  

those t r e e  fragments which correspond t 9  successful ly  found 

syn tac t i c  subelements of the  f a i l e d  syn t ac t i c  type must be 

erased and references t o  them removed from the  top of the 

argument pushdown s tack. 

The following example w i l l  i l l u s t r a t e  the  combined ac t ion 

of the syntax analys is  mechanism and i t s  aux i l i a ry  t ree-building 

mechanism. 

Consider the simple language defined by the following small 

s e t  of descr ip tors .  

( 3 )  <ifstatement> = IF<expression-relatop> xexpression> THEN 

<*line nwnber> 
iexpression> = <mame> + <expressiom- I x*narne> 

- -wcpression> I +mame> 
<rela top> 0 )  < I =  



The b a s i c  type i n  t h i s  l i t t l e  phrase strutture grammar is ,  

of course, < i fs ta tement>.  Suppose t h a t  the  source s ta tement  

t o  be analyzed i s  

IF  A - B > C  THEN 100 

When syntax a n a l y s i s  begins t h e  argument s t a c k  i s  empty, t h e  

word scan p o i n t e r  i s  s e t  t o  the  f i r s t  word of the  source s t r i n g ,  

and no syntax t r e e s  o r  subtre 'es have been cons1;ructed. The 

i n i t i a , l  s t a t e  i s  represented diagrammatically i n  Figure 1. 

(argument s t a c k )  ( t r e e  s e c t i o n s )  

Figure 1. I F  A - B  C THEN 100 

The RECOGNIZE procedure i s  now c a l l e d  t o  recognize t h e  word IF, 

does so  successfu l ly ,  and advances t h e  word scan p o i n t e r  by 

one word. Figure 2 shows t h e  s i t u a t i o n  a f t e r  the  opera t ion  has 
taken p lace .  We i n d i c a t e  t h e  cu r ren t  p o s i t i o n  of the word scan 

p o i n t e r  by wr i t ing  a l 1  words preceding i t  i n  small  l e t t e r s ;  
a l 1  o the r  words a r e  w r i t t e n  i n  c a p i t a l s  

(argument s tack)  ( t r e e  s e c t i o n s )  

Figure 2. if A - B C THEN 100 . 
FIND SUBPART i s  now invoked and required t o  f i n d  an <expression>. 

It begins with t h e  f i r s t  a l t e r n a t i v e  form of the  s y n t a c t i c  type 

<expression>, which r equ i res  t h a t  t h e  l e x i c a l  element &name> 
be found. This i s  success fu l ly  found, and made i n t o  a minia ture  



t r e e  sec t ion  consis t ing  of J u s t  one twig. A reference t o  

t h i s  t r e e  sec t ion  i s  placed on t he  top of the  argument pushdown 
stack.  After  t h i s  operation, the  ana ly t i c  s i t u a t i o n  i s  a s  

shown i n  Figure 3 .  

(argument s  tack)  ( t r e e  sec t ions )  

Figure 3 .  i f  a - B '> C THEN 100 

Next, RECOGNIZE i s  ca l led  t o  f ind  the  s ign +. It f a i l s  t o  do so. 
The f i r s t  a l t e rna t i ve  def iner  <wname> + <expression> 

consequently f ag l s ,  and the  syn t ac t i c  analys is  process rever t s  

t o  i t s  s t a t u s  as  of the beginning of the  attempt t o  parse the  

source statement using t h i s  def iner .  After  t h i s  reversion, 
the  s i t u a t i o n  i s  as indicated i n  Figure 4. 

(argument s tack)  ( t r e e  sec t ions )  

Figure 4. if A - B * C  THEN 1 0 0 .  

Now the second a l t e rna t i ve  version of the  syn tac t i c  type 

<expression> i s  t r i e d .  This requires t h a t  the  l e x i c a l  type 
qi..name> be found. It i s  found and made i n t o  a  subtree, 

leading t o  the s i t u a t i o n  show i n  Figure 5. 
(argument s tack)  ( t r e e  sec t ions )  

Figure 



Next, RE'JOUNIZE i s  required t o  f i n d  t h e  sig.n -. It does so,  

a re ference  t o  a mini - t ree  T 3  i s  placed on the  s t ack ,  t h e  word 

scan p o i n t e r  i s  advanced, and FIND SUBPART i s  agaìn c a l l e d  t o  

f i n d  an <expression>. Af te r  t r y i n g  two f a l s e  a l t e r n a t i v e s  i t  
w i l l  succeed, whereupon t h e  s i t u a t i o n  shown i n  Figure 6 w i l l  be 

a t t a i n e d .  
(argument s t a c k )  ( t r e e  s e c t i o n s )  

T3: - 
~ 4 f  +mame> 

Figure 6.  i f  a - b C THEN 100. L% 
Since t h e  c a l l  t o  FIND SUBPART t o  f i n d  an <exprescion> i s  complete, 

t he  components of t h i s  expression (only ~4 i n  t h i s  case )  a r e  

removed from the  argument s t a c k  and replaced by t h e  t r e e  f o r  the  

expression; t h i s  y i e l d s  t h e  s i t u a t i o n  shown i n  Figure 7. 
(argument s t ack )  ( t r e e  s e c t i o n s )  

Figure 7.  I F  a - b > 

B a t  t h i s  completes the  c a l l  t o  
<expression>; consol ida t ion  of 

<*nalmze > 

C THEN 100. L 
FIND SUBPART f o r  t h e  l a r g e r  

the  nodes T2, T3, T5 represent ing  

t h i s  expression leads  t o  t h e  s i t u a t i o n  shown i n  Figure 8. 
(argument s t a c k )  ( t r e e  s e c t i o n s )  

Figure 8. IF a - b > C THEN 100. 

Subsequent s tages  of the  s y n t a c t i c  ana lys i s  and t r e e -  

bui ld ing  prozess a r e  shown i n  Figures 9 and 10. 



(argument s t a c k )  ( t r e e  s e c t i o n s )  

Figure 9. i f  a - b > C THEN 100 

(argument s t a c k )  ( t r e e  s e c t i o n s )  

T1: IF 

T7: < r e l a t o p >  
I 
Z 

T9: THEN 

Figure 10. if a - b > C then 100 

At t h i s  pa in t ,  t he  c a l l  t o  FIND SUBPART f o r  <ifs ta ternent> has 

been success fu l ly  completed. Therefore t h e  t r e e  sec t ions  

~ 1 ,  ~ 6 ,  T7, ~ 8 ,  T9, T10 represent ing  i t s  components a r e  

consol idated i n t o  t h e  s i n g l e  t r e e  shown i n  Figure 11. 



(argumznt s t a c k )  ( t r e e  s e c t i o n s )  

T11 

- - - -  

IF 

<expression> 

<* name > \ 

Figure 11. i f  a  - b > C then -- 100 

Observe t h a t  the  t r e e  s e c t i o n  of Figure 11 i s  a  completely 

e x p l i c i t  r ep resen ta t ion  of the  s y n t a c t i c  strutture of the  

source statement ( 4 ) .  
It i s  not  s t r i c t l y  necessary t o  represent  t h e  termina1 items 

discovered by c a l l s  t o  RECOGNIZE ( e b g b ,  IF, THEN) a s  sepa ra te  

elements of the psrse  t r e e .  Rathzr, one can indica , te  the  presence 

of these items by a parameter of the  s y n t a c t i c  type i n  which they 

occur. For example, one could r ewr i t e  t h e  t r e e  of Figure 11 as: 

In f a c t ,  we s h a l l  use t h i s  condensed form of t h e  t r e e  from here  

on i n .  



A convenient and simple mechanism f o r  bu i ld ing  t h e  t r e e  

sec t ions  a l luded  t o  i n  t h e  precedipg para-graphs i s  a s  fol lows.  

A t r e e  s e c t i o n  s t a c k  i s  e s t ab l i shed .  ~ a c h i t e m  placed i n t o  
t h i s  s t a c k  i s  e i t h e r  a  node d e s c r i p t o r  o r  a  branch i n d i c a t o r .  

A node d e s c r i p t o r  descr ibes  t h e  type of a p a r t i c u l a r  node, and 

i n  p a r t i c u l a r ,  s p e c i f i e s  the  number of branches which t h e  node 

supports .  A branch i n d i c a t o r  w i l l  e i t h e r  i n d i c a t e  an atomic 

symbol, or ,  a l t e r n a t i v e l y ,  correspond t o  some branch emerging 

from a node, and i s  merely a p o i n t e r  t o  the  node d e s c r i p t u r  

belonging t o  the  node which t h i s  branch reaches.  The branch 

indicakors  the re fo re  merely conta in  thoae t r e e  s e c t i o n  s t a c k  o r  symbol 
t a b l e  addresses  a t  which node items on t h e  one hand o r  atomic 

symbol items on t h e  o t h e r  a r e  t o  be found. Branch d e s c r i p t o r s  

a r e  t h e r e f o r e  i d e n t i c a 1  with argument s t a c k  e n t r i e s .  To bu i ld  

a  new node dur ing  the  parse  process,  we have only t o  t r a n s f e r  

a  number of (branch d e s c r i p t o r )  items from the  argument s t a c k  

t o  the  t r e e  s e c t i o n  s tack ,  cap off these  items with an 
appropr i a t e  node desc r ip to r ,  and p lace  t h e  address of t h e  new 
node d e s c r i p t o r  a t  t he  top  of the  argument s t ack .  Note t h a t ,  

if we use t h i s  procedure, we can e rase  nodes merely b y  
decrementing t h e  "top of t h e  s t ack"  po in te r  of the  t r e e  

s e c t i o n  s t ack .  
The ana lys i s  process which we have j u s t  descr ibed has 

previously been summarized i n  the  algori thm ( 2 )  above. The 
reader  w i l l  recognize, however, t h a t  ( 2 )  gives  only an 
incomplete representa t ion  of the  s y n t a c t i c  ana lys i s  process .  

Note f i r s t  of a l 1  t h a t  t h i s  a lgori thm conta ins  no ind ica t ion  

of the  i n s t r u c t i o n  t o  which t r ans fey  i s  t o  be made on the  
f a i l u r e  of any of the  "REcOGJ!~IZE" o r  "FIND SUBPART" invocat ions 

of which t h e  algori thm c o n s i s t s .  I n  order  t o  supply t h i s  

missing f e a t u r e  we must, of course, allow a l a b e l  t o  be 
a t tached  any l i n e  of a s y n t a c t i c  ana lys i s  a lgori thm of the  
type represented i n  ( 2 )  above. Moreover, we must provide 

f o r  the  use of an a d d i t i o n a l  b a s i c  syntax ana lys i s  subrout ine 

whose purpose it w i l l  be t o  e s t a b l i s h  a l a b e l  t o  which t r a n s f e r  



i s  t o  be made on a  f a i l u r e  r e t u r n  from any "FIND SUBPART" 

o r  "RECOGNIZE" invocat ion.  The necessary a d d i t i o n a l  b a s i c  

rout ine  may be c a l l e d  "STACK", and can conveniently be coded 

as  a  subrout ine wi th  a  s i n g l e  argument, t h i s  argument being 

the  l a b e l  t o  which t r a n s f e r  i s  t o  be made by "R,ECOGNIZE" o r  

by "FIM) SUBPART" on a  f a i l u r e  r e tu rn .  It i s  convenient, i n  

coding t h i s  rout ine,  t o  have i t  s t a c k  not  only t h i s  "FAILURE" 

address,  bu t  a l s o  t o  e n t e r  a  p o i n t e r  t o  the  cu r ren t  top  l o c a t i o n  

of t h e  t r e e  sec t ion  s t a c k  used i n  t h e  s y n t a c t i c  a n a l y s i s  process .  

O f  course, both of these  q u a n t i t i e s  a r e  t o  be placed on t h e  

top of the  s y n t a c t i c  ana lys i s  contro1 s t ack .  By saving an 

ind ica t ion  of the  cu r ren t  s t a t e  of t h e  t r e e  secaon s tack ,  we 

make erasure  of p a r t i a l l y  constructed subt rees  on the  occurrence 

of a  f a i l u r e  r e t u r n  midway through a  s y n t a c t i c  ana lys i s  

convenient. Indeed, a s  ind ica ted  i n  t h e  preceding paragraphs, 

the  s y n t a c t i c  ana lys i s  t r e e  i s  progress ive ly  be b u i l t  up on t h e  

t r e e  s e c t i o n  s t a c k  during the  s y n t a c t i c  ana lys i s  process,  

and, us ing  t h i s  technique, e ra su re  may be accomplished simply 

by re tu rn ing  t h e  t r e e  s e c t i o n  s t ack  p o i n t e r  t o  i t s  e a r l i e r  
value . 

A new " f a i l u r e  l a b e l "  w i l l  be e s t ab l i shed  by a  c a l l  t o  the  

STACK subrout ine a t  t he  beginning of the  s e c t i o n  of recogni t ion  
code corresponding t o  each Backus norma1 form a.Lternative. 

This l a b e l  w i l l ,  i n  each case, re ference  t h e  s e c t i o n  of s y n t a c t i c  

ana lys i s  code corresponding t o  the  next  Backus a l t e r n a t i v e  i n  
sequence t o  be t r i e d  on t h e  f a i l u r e  of the.Backus a , l t e r n a t i v e  

represented by the  cu r ren t  a lgor i thmic  block, i f  any such 

a l t e r n a t i v e  e x i s t s .  On t h e  o the r  hand, i f  no Backus a l t e r n a t i v e  

e x i s t s ,  t he  f a i l u r e  l a b e l  e s t ab l i shed  by the  STACK subrout ine 

must ( e x p l i c i t l y  o r  i m p l i c i t l y )  reference a  s tandard BACK 1-abel, 

upon t r a n s f e r  t o  which the  POPUP rout ine  a l ready descr ibed 

( c f .  t he  paragraph fol lowing i ) ,  ii), and iii) above) i s  t o  
be ca l l ed ,  the  success - fa i lu re  f l a g  being s e t  t o  t h e  " f a i l u r e "  

s t a t e .  



Using t h e  conventions introduced j u s t  above, it is  easy f o r  

us t o  wr i t e  the  de ta i l ed  form of t h e  algorithmlc expansion of 

the  "Il?" statement syntax described by%he Backus formulae ( 3 ) .  
Such an account i s  given i n  Table I. Each of the  l abe l s  i n  

Table I corresponds t o  a Backus a l t e rna t i ve .  The separa te  
subroutine invocations which follow t h i s  l a b e l  correspond t o  

the  various syntactic items of which t he  complete Backus def iner  

of <i fs ta tementr  i s  composed. The routines invoked i n  Table I 
a r e  RECOGNIZE and FIND SUBPART, whose s igni f icance  has already 
been expla-ined, the  routine STACK which has t he  s igni f icance  
described irnrnediately above, and two routines POPYES and POPNO, 

which a r e  invocations of t he  POPUP rout ine  i n  i t s  "successful 

return" and i t s  'lunsuccessful return" a l t e rna t i ve s .  
I n  Table I we have a l s o  made use of a subroutine FTND LEXICAL, 

whose s igni f icance  may be explained a s  f  ollows. In wr i t ing  the  

syn tac t i c  descr ip t ion i n  ( 3 ) ,  we have e x p l i c i t l y  indicated t h a t  

c e r t a in  syn tac t i c  types ( i n  pa r t i cu l a r ,  the syn tac t i c  type 
"name" ) a re  t o  be t r ea t ed  l e x i c a . 1 1 ~  r a the r  than syn t ac t i ca l l y  . 
This has been indicated i n  terms of the"brefixed a s t e r i sk"  conven- 

t i o n  establ ished and explained i n  the paragraph of sec t ion  1 of 

the present chapter imrnediately preceding formula (12) .  The 

occurrence of such an atomic l e x i c a l  type i n  a Backus descr ip to r  

implies t h a t  an elementary routine permit t ing e s sen t i a l l y  

immediate recognition of a l e x i c a l  atom, ra ther  than a complex, 
possibly recursive, procedure f o r  the  recognition of a composite 

syn tac t i c  type, i s  t o  be used. It i s  t h i s  elementary l ex i ca l -  

atom f inding routine t h a t  has been ca l led  FIND LEXICAL i n  the  
algorithm of Table I. The FIND LMICAL procedure i s  assumed 

t o  consult  a t ab l e  of l e x i c a l  atoms, establ ished by a. preceding 
l e x i c a l  scan of the  raw input s t r i ng ,  which scan, i n  the  manner 

already explained, and using the  techniques t o  be described 
i n  more d e t a i l  i n  Chapter 3 ,  reduces the  raw input s t r i n g  t o  
a condensed s t r i n g  of l e x i c a l  atom pointers  on the  one hand, 

and t o  a s e t  of symbol t ab l e  en t r i e s  describing the various 

l e x i c a l  atoms on the  other .  



Table I. Complete Algorithmic Expansion of <ifstaternent> 
syntax. 

ifstatement: s tack(back) 

recognize(if) 

find subpart(expression) 

find subpart(re1atop) 

f ind subpart (expression) 

recognize(then) 

find lexical (line number) 

expression: 

expressm: 

PoPYes 
s ta2ck(expressm) 

f ind lexical (name ) 
recognize (plus ) 
find subpart (expression) 

PoPYes 
s tack(expressnam) 

f ind lexical (name) 

recognize(minus) 

f ind subpa,rt (expression) 

PoPYes 
expressnam: stack(back) 

f ind lexical (name) 

PoPYes 
s tack(lessre1) 

recognize(gtsign) 

PoPYes 
stack(eqre1) 

recognize (ltsign) 

POPY es 
stack(back) 

recognize (eqsign) 

lessrel 

eqrel: 

back: 



The FIND LMICAL procedure w i l l  n o m l l y  be able t o  determine 
whether i t s  success o r  i t s  f a i l u r e  re turn  is t o  be taken by 

d i r e c t  examination of ce r t a in  pre-estab$ished "a t t r ibu te"  b i t s  
i n  a symbol table ,  and consequently has, i n  t h i s  regard, a 
f lavor  more l i k e  t h a t  of the  elementary RECOGNIZE routine than 
l i k e  t h a t  of the more complex FIND SUBPART routine. FIND 
LEXICAL d i f  f  e r s  f  rom RECOGNIZE however, i n  t ha t  instead of 
merely returning a success indicator  i n  case of success, it 
enters  a  pointer  t o  the successfully found l e x i c a l  atom i n t o  

the argument stack.  This pointer  w i l l ,  i n  the  manner explained 
above, subsequently be incorporated i n t o  the complete 

syntax t r e e  which we take t o  be the desired output of the  

syntact ic  analysis  procedure. 
Note tha t ,  i n  the algorithm shown i n  Table I, we have 

assumed tha t  <ifstatement> i s  a  syn tac t ic  subtype forming 
pa r t  of a  l a rge r  Backus grammar, so  that ,  when an-d i f  our 
input s t r i n g  f a i l s  t o  parse as an "ifstatement" we merely make 
a normal f a i l u r e  return t o  the higher leve1 grammatica1 from 

which F I N D  SUBPART(IFSTATEMENT) has been invoked. 
Note a l so  the fundamental f a c t  t ha t  the syntact ic  analysis  

algorithm shown i n  Table I can be obtained by stra,ightforward 

mechanical expansion from the  Backus normal form descript ion 
(shown i n  formula ( 3 )  above) of <ifstatement>. O f  course, i n  
a. mechanical expansion, meaningless ra ther  than mnemonic labe ls  
would be a.tta,ched t o  the code corresponding t o  the two a l terna-  
t i v e  versions of the syntact ic  type "expression"; i n  Table I, 
we have a,ttached the  mnemonic labe ls  "expressm" and "expressnam" 
t o  these a l te rna t ive  versions of the  syntact ic  type <expression>. 

Except, however, t o  the  human reader of such an algorithm, t h i s  
point i s  without significante. The deta i led  methods by which 
Backus normal form descript ions of the type ( 3 )  are  t o  be 
expanded i n t o  algorithms of the  type shown i n  Table I w i l l  be 
discussed i n  more d e t a i l  below, when we introduce conventions 
enabling us t o  describe code generation i n  d i r ec t  connection 
with syntact ic  analysis .  



It i s  worth not ing a s  an important as ide  t h a t  rout ines  

of the  s o r t  shown i n  Table I may e i t h e r  be "executed" o r  
" interpreted",  i .e., may e i t h e r  be expanded i n t o  a t rue  
sequence of machine l e v e l  subroutine c a l l s ,  or, a l t e rna t l ve ly ,  

may be expanded i n t o  t ab les  of some other  f o m  descr ip t ive  
of the  pa t te rn  of c a l l s  t o  be executed, t he  t r ans f e r s  t o  t he  

corresponding subroutines then being made by a spec ia l  
" in te rpre te r"  code. The f i rs t  method, i. e., d i r e c t  execution, 

has the  advantage of high speed; on the  other  hand, the  
second may of ten  require l e s s  space f o r  the  representa t ion of 
the same procedures,but involve some l o s s  of speed. The 
pa r t i cu l z r  s ty le ,  execution o r  in te rpre ta  t ion ,  which i s  most 

advantageously employed i n  any p a r t i c u l a r  case d,epends on 
p r a c t i c a l  considerations, i. e., on the  extent  t o  which compile 
time on the  one hand and space l imi ta t ions  on the  o ther  represent  

c r i t i c a 1  bottlenecks f o r  a given machine and with a given t o t a l  
work load. 

I f  the Backus norma1 form descr ip tors  with which we a r e  
concerned a r e  t o  allow the  r epe t i t i on  f ea tu re  described i n  the  

paragraphs preceding formula (11) of Chapter 1, we must have the  
a b i l i t y  t o  use a corresponding rout ine  i n  our syn tac t i c  analys is  
algorithms. Forthe sake of def in i teness  and convenience, we 
may c a l l  t h i s  routine ITERATE SUBPART. The routine i n  question, 
which has a s ing le  a.rgument denoting a particu1a.r composite 
syn tac t i c  type, w i l l  work i n  the  following way. O n  being 
invoked, i t  w i l l  i s sue  the  corresponding FIND SUBPART c a l l  
repeatedly and inde f in i t e ly  u n t i 1  a f i r s t  unsuccessful re tu rn  
f rom FIND SUBPART occurs; Unti1 t h i s  "f i r s t  unsuccessful re turn  
from below " occurs, ITERATE SUBPART merely continues t o  c a l l  
F I N D  SUBPART, always W i t h  the  same argument, i. e., the  argument 
with which ITERATE SUBPART i t s e l f  has been ca l led .  When the  
f i r s t  unsuccessful re tu rn  from below occurs, 1TE:RATE SUBPART 
makes a successful  re tu rn  t o  the l e v e l  from which it has been 
cal led.  Note therefore  t h a t  ITERATE SUBPART can, never re turn  
unsuccessfully. 



A t r e e  bui ld ing procedure, which can be employed 
by ITERATE SUBPART j u s t  before i ts  tenninat ing re tu rn  is  made, 
i s  a s  follows. A l 1  t he  stacked instances of the syn tac t i c  

type found by the  repeated c a l l s  t o  FIND SUBPART a r e  l inked 
together  i n t o  a t r e e  of the s t ruc tu re  shown i n  t h e  following 
f igure .  I f  t h i s  number i s  zero, a nomina1 n u l l t r e e  i s  created.  
The stacked instances a r e  then removed from the  top of the  
argument stack, and replaced by a s ing l e  ent ry  a t  t he  top  of 
the  argument s tack which references the  newly created subtree.  

subtype 

terminating n u l l t r e e  

Figure 11. Tree s t ruc tu re  which may be generated on 
re tu rn  from ITERATE ~ ~ ~ ~ ~ ~ ~ ( s u b t y p e )  c a l l .  

Al ternat ively  and somewhat more e f f i c i en t ly ,  a spec ia l  type 
of node containing an e x p l i c i t  "branch count" f i e l d  may be 
introduced, and the  appropriate number of branches hung d i r e c t l y  
on t h i s  s ing le  node. 

An example of a syn tac t i c  analys is  algorithm involving 
an invocation of the  ITERATE SUBPART routine i s  obta.ined by 
considering the grammar of the  FORTRAN subroutine statement, 
represented by the  following Backus n ~ r m a l  form descr ip tors .  

Tne corresponding recognition procedure i s  shown i n  Table 11. 



Table 11. Syntactic Analysis Algorithm for SUBROUTINE 
S tatement in FORTRAN. 

subrout f 

noargs : 

namec : 

s tack(noargs ) 
recognize(subroutine) 

f ind lexical (name ) 
recognize (leftparen) 

f ind lexical (name ) 
iterate subpart(namec) 

recognize(rightparen) 

PoPYes 
s tack(back) 

recognize(subroutine) 

find lexical (name) 

PoPYes 
stack(back) 

recognize (comma) 
f ind lexical (name) 

PoPYes 

PoPno 

It is worth noting, from a more general point of view, 
that subrwtine invocations of - the FIND LMICAL type 
merely exemplify something more general, namely, calls which 

1ea.d from one style of syntactic analysis to another. In 
particular FIND LEXICAL takes us f rom recursive syntactic 
analysis to finite state lexical analysis of the type 

described in Chapter 3. From the point of view of general 

principle however, it is not essential that precisely this 
transition be made. For example, while a general grammar may 
require the use of the fully recursive mechanisms described 

in the present chapter and paragraphs, the subanalysis 

corresponding to some particular syntactic type and of al1 
the subtypes that can occur in the course of its analysis, 

may correspond to a subgrammar which is sufficiently restricted 
so that some simpler and more efficient grammatica1 analysis 



method becomes applicable . In pa r t i cu l a r ,  i t  i s  posslble 

tha t a grammatica,l subtype W i t h i n  a f u l l y  recursive Backus 
grammar c m  be analyzed by the  more e f f i c i e n t  "bounded 
context" methods described i n  Chapter 4. I n  t h i s  case, one 

obtains a more e f f i c i e n t  overa l l  grammatica1 analys is  i f ,  

on beginning the  analys is  of the  syn tac t i c  type i n  question, 
one passes, v ia  a subroutine c a l l ,  out of t he  genera1 
recursive framework which we have described i n  the  preceding 

paragraphs, and i n t o  a modified syn tac t i c  analys is  algorithm 
of a more e f f i c i e n t  kind, possibly wr i t t en  i n  a d i f f e r e n t  
metalanguage. In the  simplest case, this more e f f i c i e n t  
procedure may simply be a l e x i c a l  scan procedure and, a t  

i t s  very simplest,  may be ca r r ied  out as  a l e x i c a l  pre-scan 
before syn tac t i c  analysis  even begins. On t he  o ther  hand, 
c a l l s  t o  a l t e rna t i ve  syn tac t i c  analys is  procedures of qu i te  
a r b i t r a r y  s t y l e  may be in terpola ted  i n t o  syn tac t i c  analys is  
algorithms of t h e  type shown i n  Tables I and 11, provided 
only t h a t  the  in te r faces  between the  d i f f e r en t  syn tac t i c  
analys is  routines a r e  es tabl ished by cornrnon convention and 

a r e  respected by a l 1  the  syn tac t i c  analys is  subroutines 
invoked 

4. Code generation i n  the  syntax analys is  context. 

Up  t o  the  present point  i n  our discussion, we haxe evaded 
a l 1  the  i ssues  per ta in ing t o  code generation, merely assuming 
t h a t  our syn tac t i c  analys is  process generated an e x p l i c i t  

syntax t r e e  usable as  input  t o  a code generation process. 
However, it is  more convenient i n  many si tua. t ions t o  combine 
synta,ct ic  analysis  with code generation, since, as  we have 
already observed, the individua1 pointers  required by code 
generation routines a r e  precise ly  those which a r e  developed 
i n  the  course of syn tac t i c  analys is  before e x p l i c i t  conglomer- 
a t ion  of these pointers  i n t o  a syn tac t i c  t r ee .  



In order t o  do t h i s ,  we require  a method by which c a l l s  

t o  a var ie ty  of generator routines may be speci f ied  i n  d i r e c t  

connection with syn tac t i c  descr ip t ions  of Backus f o m .  This 

i s  conveniently done by modifying the  Backus def iners  described 
a t  the  beginning of sec t ion 1 of the present  cha,pter, s o  t h a t  

they become what might be ca l led  "generating def iners"  i. e., 

symbolic s t r i ngs  describing both a s e r i e s  of syn t ac t i c  elements 
and the  p a r t i c u l a r  generative ac t ion  which i s  t o  be taken on 

successful  de tec t ion of a l 1  the elements of such a syn t ac t i c  

string. I n  l i n e  with t h i s  genera1 i n t en t ,  we define a 
generating def i n e r  t o  consis t  of a Backus norma1 form def iner  
of any of the preceding types, followed by two v e r t i c a l  bars,  
followed by the  name of a generator  routine, or, b r i e f l y ,  

generator. The generator which occurs i n  a generating def iner  
i s  merely the name of a subroutine which i s  t o  be invoked 
immediately on the  successful  completion of a parse according 
t o  the Backus norma1 form def iner  which immediately precedes 

the generator. Using t h i s  convention we can wri te  the  combined 
syntax and semantics of the  "IF" statement, shown i n  ( 3 )  above, 
as  f  ollows . 

(5)  <ifstatementr  = Il? <expression> <relatop> <expression> 

TEtEN <+l ine  nwnber> . genif 

<expressionr = -+narne> + xexpression> . gensum I 

<rela top+ - - > .gengt I . geni t  I = . geneq 

Each  of the syn tac t i c  formulae shown i n  (5) consis ts  of one 
o r  severa1 separate Backus al terna. t ives;  every a l t e rna t i ve  
may c a l l  f o r  the use of a d i s t i n c t  generator. The separate 
a l t e rna t i ve  definers  f o r  a given syn tac t i c  type occur t o  
the r igh t  of an equals s ign and a r e  separated by s ing le  
v e r t i c a l  b a r s  . 



The expression into an algorithm off the generating Backus 
syntax description (5) is shown in the following Table 111, 
which, for its relation to our previous' Backus algorithms 

without genera-tion, should be compared to Table I. 

Table 111. Algorithmic expansion of <if s taternents syntax, 

code generation included. 

ifstatement: 

expression: 

expressm: 

expressnam: 

find subpart(expression) 

find subpart(re1atop) 

f ind subpart ( expression) 
recognize ( then) 
find lexical (line number) 

call genif 

PoPYes 
s tack (expressm) 

find lexical (name) 
recognize (plus ) 
f ind subpart (expression) 

call gensum 

PoPYes 
stack(expressnm) 

f ind lexical (name ) 
recognize(minus) 

find subpart(expression) 
call gendif 

PoPYes 
stack(back) 
find lexical(name) 

PoPYes 

[continued] 
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s t ack ( l e s s r e1 )  

recognize(gtsign) 

c a l l  gengt 

PoPYes 
s tack(eqre1)  

recognize(1tsign) 

c a l l  genl t  

PoPYes 
s tack(back) 

recognize (eqsign) 

c a l l  geneq 

PoPYes 

PoPno 

The ac t ion of the generator routines which occur i n  t he  
above example may be explained a s  follows. The ar i thmet ic  

sum generator, GENSUM, always f inds  two var iable  names a t  the  
top of the  argument s tack when it i s  cal led.  Let these two 

var iable  names be designated as  A and B. Then GENSUM c rea tes  

a new var iable  name, which we s h a l l  c a l l  C, removes t he  

var iable  names A and B from the  top of the  argument stack, 
places the var iable  name C on the  argument stack, and generates 

a s ing le  l i n e  of code, having the significante C = A + B, i n t o  

an output code stack.  I n  much the  same way, the  subtrac t ion 

generator GENDIF, removes the  names A and B Prom the  top of the 

stack, places a new var iable  name C a t  the  top of the  argument 
stack, and generates a s ing le  l i n e  of code, C = A - B, i n t o  

the  code stack. Using t h i s  procedure, t he  code corresponding 

t o  an ar i thmetic  expression of a r b i t r a r y  complexity i s  
recursively b u i l t  up, i .e . ,  an a r b i t r a r i l y  complex ar i thmet ic  

expression i s  compiled i n t o  a sequence of elementary, perhaps 

machine language, ins t ruc t ions .  The other  main generator 

routine occurring i n  the  syntax fomulae  (5)  i s  the  generator 
GENIF t h a t  i s  invoked when an i f  statement has been completely 

parsed. It i s  the respons ib i l i ty  of t h i s  generator t o  construct  



and emit the pa r t i cu l a r .  condit ional  t r a n s f e r  ins t ruc t ion ,  
which, i n  low l e v e l  o r  machine l e v e l  t e m s ,  corresponds t o  
a  FORTRAN IF statement. The ac t ion  of 'the GENIF rout ine  i s  

as  follows. It f inds  t h r ee  items on t he  top of the  argument 
s tack.  The f i r s t  two of these a r e  t he  names of expressions 

t o  be compared; the  t h i r d  i s  a  reference t o  a  code l i n e  t o  
which t r a n s f e r  i s  t o  be made, condi t ional ly  on t h e  r e s u l t  of 
t h i s  comparison. The p a r t i c u l a r  comparison t o  be made w i l l  
be a  comparison according t o  e i t h e r  t he  g rea t e r  than, the  l e s s  
than, o r  t he  equal i ty  r e l a t i on .  A f l a g  ind ica t ing  which 
r e l a t i o n a l  operation i s  desired i n  each p a r t i c u l a r  case must 

be transmitted t o  the  GENI3 routine by t h a t  one of the  th ree  

aux i l i a ry  generator routines GENGT, GENLT and GENEQ which 
i s  invoked when, i n  the course of syn tac t i c  analysis ,  one 
of the  three  s igns >, <, = i s  found. This f l a g  can be 
transmit ted i n  any one of a  number of ways. The most consis tent  
manner of t ransmit t ing  such a f l ag ,  though not  necessar i ly  the  
most e f f i c i e n t ,  i s  simply t o  place the  f l a g  on t h e  top of the  

argument stack, where GENIF would then f ind it. If t h i s  s t y l e  
of coding i s  employed, then GENIF w i l l  f ind  not three  but four  
items on the  argwnent stack, of which one i s  a  f l a g  ind ica t ing  
the  p a r t i c u l a r  r e l a t i ona l  operation t o  be compiled. A p laus ib le  

a l t e rna t i ve  treatment of the  same point  i s  as  follows. 
A common core locat ion,  known both t o  the  GENGT, GENLT, and GENEQ 

routines,  and t o  the GENiF routine, can be establ ished.  Each of 
the three  routines,  GENGT, GENLT and GENEQ, when it i s  ca l led ,  
can simply s e t  t h i s  comrnon loca t ion  t o  some conventional value 
known t o  GENIF. By examining t h i s  core locat ion,  GENIF can 
then de temine  the  pa r t i cu l a r  comparison t o  be compiled i n  each 
p a r t i c u l a r  case. This technique, while confoming l e s s  well  t o  
a very systematic approach aiming t o  use a s  few data s t ruc tu res  
as  possible during the compilation process i s ,  of course, 
somewhat more e f f i c i e n t  than the  technique described previously, 
i n  t ha t  it avoids some of the  intermediate s tack manipulations 
required by a systematic approach. A t  any ra te ,  whatever 



p a r t i c u l a r  device i s  used f o r  t h e  transmission of t he  
comparison-signifying f l a g  t o  the  GENIF rout ine,  GENIF w i l l  

f ind  a t  the  top of the  argument s t a ck  two values t o  be compared, 
and the  number of a l i n e  of code t o  which t r a n s f e r  i s  t o  be 
made depending on t he  outcome of t h i s  cornparison. Call  the  

two var iables  i n  question A and B. The GENIF rout ine  w i l l  

then generate two ins t ruc t ions  i n t o  the  output s t r i n g .  The 
f i r s t  of these may normally be a subt rac t ion  which forms t he  
d i f ference  of the  two var iables  with which the  comparison t o  

be performed i s  concerned. Suppose we c a l l  t h i s  d i f fe rence  C; 

then the  second i n s t ruc t i on  emitted w i l l  be one of th ree  
poss ib le  condit ional  t r a n s f e r  ins t ruc t ions .  A l 1  of these  

conditiona.1 t r a n s f e r  ins t ruc t ions  w i l l  t r a n s f e r  t o  the  code 

referenced by the  l a b e l  which cons t i t u t e s  the  f i n a l  argument 
of the  GENIF routine; a " t r a n s f e r  on pos i t ive"  w i l l  be used 
i f  the  condit ional  t r a n s f e r  i s  t o  be made on the  > re la t ion ,  
a  " t r ans f e r  on negative" w i l l  be used i f  the  condi t ional  
t r ans f e r  i s  t o  be made on comparison by t he  re la t ionsh ip  <, 

and, f i n a l l y ,  a  " t r ans f e r  on zero" w i l l  be emitted i f  t he  
r e l a t i ona l  operator  occurring i n  the o r ig ina l  if statement 
i s  t h a t  of equal i ty .  

Note t h a t  each generator rout ine,  as  a nomal. matter,  
receives a s  i t s  argwnents a  r a the r  small s e t  of parameters 
represent ing the  condensed r e s u l t  of c a l l s  t o  p r i o r  generators 
which a re  invoked recursively i n  the  course of analyzing 
composite syn tac t i c  subelements via the  subroutjne FIND SUBPART. 
This circumstance corresponds, of course, t o  tho  f a c t  t h a t  i n  
generating a  syntax t r ee ,  only one s i ng l e  node i s  created on 
the  successful  completion of any syn t ac t i c a l  a l t e rna t i ve ,  a l 1  
necessary subtrees represent ing contained syn tac t i c  subelements 
having already been generated recurs ively  v ia  intermediate c a l l s  
t o  FIND SUBPART. W e  may surnmarize t h i s  bas ic  f n c t  i n  
a phrase by s t a t i n g  t h a t  lower syn tac t i c  l eve l s  a r e  normally 
predigested. - 



The Backus rnetalanguage, extended to include c a l l s  on 
generator  rout ines i n  the  way indica ted  above, may appropr ia te ly  
be ca l l ed  t he  generat ing Backus rnetalanguage. A s  observed a t  
the  end of t he  f i r s t  sec t ion  of t he  present  chapter, t h e  Backus 

metalanguage may be used t o  def ine  i t s  own syntax. Similar ly,  
t he  generat ing Backus metalanguage rnay be used t o  def ine  i t s e l f ,  

both a s  t o  syntax and a s  t o  semantice. I n  doing so, we must, 

a s  noted a t  the end of t he  f i r s t  sec t ion  of the  present  chapter,  
avoid confusion between l i t e r a l  symbols occurring i n  the  language 
being defined and the  markers used as meta l inguis t ic  separa tors  i n  
the  de f in i t i on  of t h i s  language. As previously,  we a t t a i n  t h i s  
end merely by s u b s t i t u t i n g  o the r  symbols f o r  t he  few symbols 
which occur a s  separa tors  i n  the  generat ing Backus metalanguage; 
t h a t  i s ,  we s u b s t i t u t e  round brackets  f o r  pointed brackets  

and a / f o r  a I . With these conventions, the  s e l f  -de f in i t ion  
of the  generating Backus metalanguage appears as  follows. 

(wholedescription) = 

(def ingroup) - - 
(de f in i t i on )  - - 

(nampa rt ) - - 
(def ine r s  ) - 

( a l t e r n a t e )  

(ba r )  
(def i n e r  ) 

(defingroup*) END . GENBACK 

(def i n i t i o n )  
(nampart) = (de f ine rs )  
<(*name)> . LABEL 

(def ine r )  ( a l t e rna t e* )  
(ba r )  (de f ine r )  

1 . NEWLABEL 
( p a r t )  (part*)  . (*name) . CALL / 
( p a r t )  ( p a r t * )  
(*neme) . RECOGNIZE / i(*name) > . SUBPART 
/ <*(*NAME)> . LEXICAL 
/ <(* NAME) *> . ITERATE 

The e igh t  generator rout ines which occur i n  the  above 
syntac t i c  formulae a re  LABEL, NEWLABEL, CALL, RECOGNIZE, 

SUBPART, LEXICAL, ITERATE and GENBACK. The reader w i l l  f ind  
i t  ea s i e s t  t o  understand the  significante of these various 



generators i f  he compaces the  syn tac t i c  descr ip t ion ( 3 )  of 

the  <ifstatement> with the  corresponding ayntact ic  recognition 

algorithm given i n  Table 111. Each of the  e ight  generator  routines 
which we have l i s t e d  has tne  respons ib i l i ty  of constnic t ing a 
pa r t  of a syn tac t i c  analys is  algorithm l i k e  t h a t  shown i n  Table I11 

from the corresponding element i n  the  more condensed representa- 
t i o n  of the  same algorithm a s  contained i n  syn tac t i c  formulae 

of the  type of ( 3 )  above ( o r  ( 4 )  above, e t c . ) .  

m e  generator routines RECOGNIZE, SUBPART, LMIML, ITERATE 
a r e  qu i te  simple. Each of these four  generator routines f inds  

a s ing le  parameter a t  the  very top of the  argument stack; t h i s  

para.meter i s  merely the name of some l e x i c a l  o r  syn tac t i c  type. 

Each of these  generator routines merely emits a caX1 t o  a 

corresponding subroutine i n t o  an output code buffer .  These 

c a l l s  have, of course, the respect ive f orms R E C O G N : L Z E ( ~ ~ ~ ~ ) ,  

FIND SUBPART (name ) , FIND LEXICAL (name ) , ITERATE SUDPART (name ) . 
Upon emit t ing i t s  output, each of t he  above generator routines 

a l so  removes i t s  argument from the top of the argument stack, 

thereby reducing the argument s tack  s l i g h t l y  i n  accumulated 

s i ze .  Thus, each of the four  generator routines RECOGNIZE, 

SUBPART, LMICAL, ITERATE simply t r ans l a t e s  an element of a 
Backus syn tac t i c  s t r i n g  l i k e  those of ( 3 )  i n t o  the  corresponding 

c a l l  seen i n  Table 111. The generator routine 

CALL i s  equally simple; i t  receives,  as  argument, a s ing le  name, 
which i t  f inds  a t  the top of the argument s tack.  [Che generator 
routine CALL merely t rans fe rs  t h i s  name from-the top of the 

argument s tack i n t o  the  output s tack.  In t h i s  way, it 
introduces function invocations, i . e . ,  generator routine c a l l s ,  
i n t o  the output s t r i n g .  The two generator routines LABEL and 
NEWLABEL have a somewhat more complicated strutture, owing t o  

the  f a c t  t ha t  during the  expansion i n t o  algorithmic form of a 
syntac t i c  formula having mult iple  a l t e rna t ives ,  and with the 

understanding t h a t  only a s ing le  forward pass over t he  syn tac t i c  
formula i s  t o  be ma.de i n  order t o  secure i t s  complete expansion, 

i t  i s  never known a t  the beginning of the  expansion of a 



p a r t i c u l a r  a l t e rna t i ve  whether another a l t e rna t i ve  w i l l  follow, 
o r  whether the  a l t e r n a t i v e  i n  question i s  the  l a s t  a l t e rna t i ve  
generating def iner  on the  r i gh t  hand s i d e ' o f  a complete Backus 
de f in i t i on .  We overcome t h i s  small d i f f i c u l t y  a s  follows. 
A counter i s  kept; t h i s  counter i s  used t o  generate an 

i nde f in i t e ly  long sequence of l abe l s  of some such form a s  

L0000, L0001, L0002, . . . . Each of t he  generator routines 
LABEL and NEWLABEL i s  assumed t o  generate an ins t ruc t ion  of 
the  following form: 

In  t h i s  l abe l led  c a l l ,  " l abe l  1" w i l l  be found by the  
generator routine LABEL as  one of i t s  arguunents, while, on 
the o ther  hand, the  generator routine NEWLABEL w i l l  c a lcu la te  
l a b e l  1 from the  current  value of the  l abe l  generating counter 
i n  the  manner j u s t  explained. Moreover, both of the routines 

LABEL and NEWLABEL w i l l  increment the  current  value of the  
l a b e l  generating counter, and w i l l  construct  the l a b e l  " labe l  2" 

i n  the  output s t r i n g  shown above using t h i s  new value of the 
l abe l  counter. Thoughtful examination of the  code shown i n  
Table I w i l l  reveal the f a c t  t ha t ,  by following t h i s  procedure, 
the  cor rec t  output code w i l l  be generated whenever the  Backus 
def iner  momentarily being expanded i s  followed by an a l t e rna t i ve .  
However, i n  those cases i n  which the  Backus def iner  being 
expanded i s  not followed by an a l t e rna t ive ,  but cons t i tu tes  
the  l a s t  de f iner  on the r igh t  hand s ide  ofba complete Backus 
def in i t ion ,  the code generated i s  incorrect ,  i n  t h a t  i t  should 
have the  form 

instead of the  form displayed above. In  order  t o  obtain t heco r r ec t  
~ u t p u t ,  we subsequently reach back i n  the generated output 
s t r i n g  t o  make the  necessary correction; L e . ,  we change 
whatever l abe l  has been generated i n  forming the  symbolic 
output STACK(LABEL~)  t o  the a l t e rna t i ve  form BACK. In order  



t o  make t h i s  process of recorrect ion e f f i c i e h t ,  we proceed a s  

follows. A core loca t ion  containing the  address i n  the  output 
buf fe r  of the generated l a b e l  ( l a b e l  2 i n  our precteding 

discussion) i s  saved. C a l l  t h i s  core location LASTSTACK. 

When the  generator rout ine  LABEL i s  ca l led ,  L e . ,  when a 
new de f in i t i on  appears i n  the syn tac t i c  source t ex t ,  we know 
t h a t  the  l a s t  preceding a l t e r n a t i v e  i s  not  followed by any other  
a l t e rna t i ve  belonging t o  the same def in i t ion ,  and hence, a s  
explained above, the l a s t  previously generated caIL1 S ~ ~ c ~ ( l a b e 1  2 )  

generated i s  i n  e r r o r  and must be corrected. Thus, the  syn t ac t i c  
subroutine LABEL w i l l ,  whenever i t  i s  cal led,  cor rec t  the  output 
buf f e r  locat ion ref erenced by LASTSTACK, changing the  l a b e l  

appearing i n  the  referenced locat ion t o  the l a b e l  BACK. 

Our fina l generator rout ine  GENBACK generates the  l abe l led  
l i n e  

back: popno 9 

thereby cornpleting the  syntax expansion process . GENBACK must 

execute any necessazy cleanup operations, including t he  f i n a l  

emptying of the  generated output buffer .  
The reader may t e s t  h i s  understanding of the  expansion process 

j u s t  outlined by hand-expanding the  above s e l f -de f in i t i on  of the 
generating Backus metalanguage i n t o  t h e  corresponding syntax 

expansion routine.  Such hand-expansion is ,  of course, the  bas ic  
"bootstrap" s t ep  necessary i n  i n i t i a l  implementation of the  
syntax expander. 

The f i r s t ,  non-generating form of the  Backus metalanguage, 
as  presented e a r l i e r  i n  the  present chapter, may be regarded 
as  a degenerate f orm of the generating Backus metalanguage, 
i n  which every de f in i t i on  ends wi th  an implied c a l l  t o  a 
standard POPYES t r e e  sec t ion generator.  From thi.s point  of 
view, the e s sen t i a l  d i f ference  between the  generating and the  
non-generating Backus metalanguage i s  t h a t  the generating 
Sa ckus metalanguage allows a r b i t r a r y  genera t o r  routines t o  be 

ca l led  a t  the end of each sect ion of parse,  r a ther  than forc ing 
a c a l l  to a s ing le  standard generator i n  every case. 
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5. An Expanded Backus.Metalanguage. 

The generating Backus metalanguage described a t  the  end 
of the preceding section, while containing everything necessary 
i n  pr inciple  f o r  the  expression of syntax and semantics, i s  

somewhat too s l i g h t  t o  be t r u l y  serviceable i n  the  forma1 
descr ipt ion of any very subs tan t ia l  programming language. 
In the  present sect ion,  we s h a l l  introduce an expanded and 
very much more adequate version of the  Backus metalanguage, 
su f f i c i en t ly  r ich  i n  features  as t o  be comfortable during 

extensive use. We may motivate the  fea tures  of t h i s  extended 
metalanguage as follows. In the  f i r s t  place, the  Backus 
metalanguage as presented above i s  based on a uniform "recovery" 
convention according t o  which we always back up t o  the end of 

the l a s t  previously complete successful sect ion of parse on 
f a i l u r e  t o  f ind any required element of any Backus definer .  
Besides leading t o  unnecessarily i ne f f i c i en t  parses, t h i s  
procedure has the decisive flaw of not allowing the  convenient 
generation of e r ro r  diagnostics.  In  order t o  improve the power 
of the metalanguage i n  both senses, it is  approprkate t o  
supplement the Backus def iner  s t r i ngs  i n  terms of which 

syntact ic  descriptors a re  composed by adjoining t o  them 
s t r ings  of t r ans fe r  l abe ls  each exp l i c i t l y  indicat ing the 
point t o  which t r ans fe r  i s  t o  be made when the  corresponding 
syntact ic  element of the def iner  cannot successfully be 
constructed. While t h i s  complicates the form of a definer ,  
and imposes an addi t ional  burden of decision on the  syntax 
wri ter ,  it more than pays f o r  i t s e l f  i n  f l e x i b i l i t y  and power 
gained. Introducing t h i s  addit ional  s t r i n g  of t r ans fe r  labels ,  
we gain the freedom t o  invoke generator routines a t  any point 
i n  a syntact ic  scan, provided always t h a t  our t e x t  takes 
proper account of the  p r i o r  occurrence or  non-occurrence of 
a generator invocation. Generator subroutine c a l l s  a re  most 
useful  and powerful i f  we allow them t o  have exp l i c i t  arguments; 
of course, each generator a l so  has available,  as  a s e t  of 



impl ic i t  arguments, the quan t i t i e s  which occur a t  the  top  
of the  syn tac t i c  argument s tack  described i n  the  preceding 
sect ion.  Thus, i n  defining our extended metalanguage, we 

allow ourselves t o  in te r sperse  i n t o  a  de f iner  s t r i n g  not  
merely simple generator routine c a l l s  but generator rou t ine  

c a l l s  with associated l i s t s  of parameters. It i s  a l s o  
convenient t o  allow syn tac t i c  s t r i n g s  t o  end not only with 

an implied c a l l  t o  a  POPYES routine, but a l s o  with an e x p l i c i t  
t r a n s f e r  t o  any syn tac t i c  l abe l .  Using such a f ea tu re  we 
may, f o r  example, e f f i c i e n t l y  combine the  descr ip t ion of two 
syn tac t i c  types having a common terminal p a r t  by wr i t ing  
each as an i n i t i a l  sect ion,  both terminating i n  an uncondi- 
t i ona l  t r ans f e r  t o  a  Backus def iner  representing t h e i r  cornmon 
terminal pa r t .  By the  same token, it i s  convenient t o  allow 
condit ional  t r ans f e r s  t o  an a r b i t r a r y  syn tac t i c  l a b e l  t o  be 
inser ted  i n t o  a def iner  s t r i ng ,  t r ans f e r s  conditional,  t h a t  is ,  
on the s t a t e  of the  syn tac t i c  success- fa i lure  f l a g .  By doing 
so, we allow generator routines which s e t  o r  r e se t  t h i s  f l a g  

t o  be used as  condit ional  t e s t s  of qu i te  an a r b i t r a r y  s o r t .  
In the  extended metalanguage, we maintain the  " i t e r a t i on"  

fea ture  included both i n  the  Backus and the  generating Backus 
metalanguages of the  preceding sect ion,  and, a s  a  matter  of 
convenience, extend it t o  allow the  spec i f i ca t ion  not  only of 
an a r b i t r a r y  number of i t e r a t i ons ,  but a l s o  t o  allow speci f ica-  
t i o n  e i t h e r  of a  minimwn number of i t e r a t i ons ,  o r  a l t e rna t i ve ly  
of both a  minimum and a maximum nwnber of 3 te ra t ions .  To 
improve the  readab i l i ty  of our syn tac t i c  t ex t ,  we provide, 
as  a  very useful  fea ture ,  the a b i l i t y  t o  in tersperse  comments 
i n t o  syn tac t i c  t ex t .  Final ly,  i n  order  t o  specify the  
occurrence i n  a  syntax s t r i n g  of l i t e r a l  symbols even when 
these symbols a r e  ident ica1 with symbolic marks of the  meta- 
language, we provide the  s tandard "quote" option. According 
t o  t h i s  convention, any l i t e r a l  s t r i n g  which does not contain 
any spec ia l  symbol of the  metalanguage, represents  i t s e l f ;  
while any l i t e r a l  s t r i n g  beginning and ending with quote marks 



but not containing any .embedded quote marks, represents the  
l i t e r a l  quantity contained between the  two quote marks. In 
such a scheme, of course, the  quote mark' i t s e l f  requires 

spec ia l  treatment, which may be provided i n  any one of a nurnber 
of standard ways . 

We a l so  f ind  it convenient, f o r  the  sake of readabi l i ty ,  
t o  make ce r t a in  modifications i n  the  s t y l i s t i c  conventions 
employed i n  the  metalanguages of the  preceding section. 
More spec i f ica l ly ,  we continue t o  l e t  each de f in i t i on  begin 
with 

but, when severa1 definers occur as pa r t  of a s ing le  def in i t ion ,  
we separate them by successive equa1 signs, ra ther  than by 

s ingle  v e r t i c a l  bars; t h i s  convention i s  jus t  as persuasjive 
and readable as our previous convention. Each def iner  of the 
extended Backus metalanguage consists  of two par ts ,  a d i r e c t  
pa r t  and an a l t e rna t e  par t .  The d i r e c t  and the  a l t e rna t e  par t s  

of a def iner  a re  separated by a s l a sh  mark. The d i r ec t  pa r t  
of a def iner  corresponds ra ther  c losely  i n  form t o  the  definers 
occurring i n  the  two previous metalangmges, but includes 
generator c a l l s ,  e tc . ,  f r ee ly  interspersed with the syntact ic  
elements const i tu t ing the  definer .  The allowed elements of 
the d i r ec t  par t  of a def iner  a r e  as follows. In the  f i r s t  place, 
syntact ic  type designators representing c a l l s  on the main 

recursive FIND SUBPART routine have the  same form as previously, 
L e . ,  a r e  represented by the  occurrence of the  name of the  
corresponding syntact ic  type, enclosed in  pointed brackets. 
W e  a l so  allow c a l l s  on the FIND LMICAL routine, which we 
wri te ,  a s  usual, i n  the form 



s imi lar ly ,  our ITERATE SUBPART c a l l s  continue t o  be wr i t t en  a s  

Calls on the  generalized ITERATE SUBPART 
routine i n  a form specifying both a minimum and a maximum 
number of i t e r a t i o n s  a r e  wr i t t en  as follows 

i n  case we wish t o  specify only a minimum but not  any maximum 
number of i t e r a t i o n s  we wr i te  

Comments a r e  wr i t t en  i n  the  following form 

W <- th i s  i s  the  form of a comrnent> . 
The t e x t  of the  comment includes everything from the  f i r s t  

pointed bracket and i t s  following dash t o  the next following 
pointed r i gh t  bracket . L i t e r a l  elements, representing c a l l s  
on the  syn tac t i c  RECOGNIZE routine, a r e  represented e i t h e r  by 
the  d i r e c t  occurrence of the  corresponding l i t e r a l  i n  a def iner  
s t r i ng ,  o r  by the  occurrence of a quoted l i t e r a l  i n  the  s t y l e  
explained above. 

The three  l a s t  c lasses  of elements which may be inse r ted  
i n to  the d i r e c t  port ion of a de f iner  a r e  subroutine c a l l s ,  
unconditional go t o  indicators ,  and condit ional  go t o  indicators .  
A generator subroutine c a l l  has the  f  ollowing form 

(7)  .nane (param 1, param 2, . . . , param k )  , 
and may occur anywhere i n  the d i r e c t  port ion of a de f iner  s t r i ng .  
Any number of parameters, separated by commas, a r e  allowed. 
The unconditional and the  condit ional  t r ans f e r  indica tors  have 



two allowed a l t e r n a t e  forms,. The simple form of an 
unconditional t r a n s f e r  i s  

The simple form of a condit ional  t r a n s f e r  i s  

where t he  t r a n s f e r  i s  taken i f  the  success-fai lure f l a g  i s  s e t  
t o  f a i l u r e .  It i s  a l =  convenient f o r  ce r t a in  purposes t o  provide 
both the  unconditional and the  condit ional  t r ans f e r  i n  an expanded 
form i n  which they a r e  supplied with a  s i ng l e  parameter. The 
expanded form of the unconditional t r a n s f e r  i s  

. . l abe l  (param) , 
tbe expanded form of the condit ional  t r a n s f e r  i s  

(11) . . . l a b e l  (param) 

When a t rans fe r ,  condit ional  o r  unconditional, and involving 
a parameter, i s  ac tua l l y  taken, we s tack  the  current  value of 

t he  parameter a t  the top of the  argument stack; t h i s  value i s  

then ava i lab le  t o  generator routines subsequently ca l led .  
This provides, among other  things,  a convenient mechanism f o r  
s igna l l ing  a generator routine a s  t o  the  point from which ent ry  
i n t o  i t  was made, a  p o s s i b i l i t y  which i s  useful ,  f o r  example, 
i n  the  generation of e r r o r  messages . 

Our  l i s t  of the  items p e m i s s i b l e  a s  elements of t he  d i r e c t  

port ion of a  de f iner  i n  the  extended Backus metalanguage i s  
now complete. The a l t e r n a t e  port ion of a definer ,  which, as  
we have already noted, i s  separated from the  d i r e c t  port ion 
by the  occurrence of a  s l a sh  mark, consis ts  of a  sequence of 
e x p l i c i t  o r  impl ic i t  condit ional  t r ans fe r s ,  each of which may 
be supplied with a  parameter i f  desired.  An e x p l i c i t  condi- 
t i o n a l  t r a n s f e r  occurring a s  p a r t  of the  a l t e r n a t e  sec t ion  
of a def iner  has the  following form: 



i n  case no parameter i s  provided, and has the form 

i n  case a  parameter i s  provided. 
We a l s o  allow two usefu l  forms of impl ic i t  t r a n s f e r  l abe l s .  

The form 

(14 1 . b 

indicates  a condit ional  t r a n s f e r  t o  the  system I3ACK l abe l ;  
the  occurrence of a. completely blank labe l ,  L e . ,  the  form 

(15) O 

indica tes  a  t r ans f e r  t o  the next a l t e rna t i ve  def iner  of the  
same de f in i t i on  i f  any such ex i s t s ,  or, i f  none such ex i s t s ,  

indica tes  a  t r a n s f e r  t o  the  system BACK l abe l .  A l 1  the  

condit ional  t r ans f e r s  i n  the  a l t e rna t i ve  p a r t  of an extended 
Backus def iner  a r e  intended t o  be condit ional  upon the  s t a t e  
of the  syn tac t i c  success-fai lure f l ag ,  always upon re tu rn  
from the  syn tac t i c  subroutine corresponding t o  a p a r t i c u l a r  
syn tac t i c  element i n  the  d i r e c t  p a r t  of the  same def iner .  
Thus, f o r  example, the def iner  

causes recursive construct ion of the  syn tac t i c  type "type 1" 

t o  be attempted; i f  t h i s  f a i l s ,  t r ans f e r  t o  the  point " labe l  1" 

i s  made. Next, the l e x i c a l  type " lex  2" i s  sought, v i a  an 
invocation of the  FIND LEXICAL subroutine; i f  t h i s  element i s  
not  found, t r ans f e r  t o  " labe l  2" i s  made. Final ly,  the  l i t e r a l  
element "LIT~" i s  sought, v i a  a  c a l l  t o  the  RECOGNIZE routine; 
i f  t h i s  element i s  missing, t r a n s f e r  t o  the  point  " labe l  3" 
i s  made. Ori the  o ther  hand, i f  a l 1  three  syn tac t i c  elements 
a r e  successful ly found, the  system popup routine i s  ca l l ed  
i n  i t s  success form POPYES. 

Every syn tac t i c  element of the  d i r e c t  pa r t  of an extended 
Backus def iner  which could possibly lead t o  a  f a i l u r e  re tu rn  



i s  required t o  be represented i n  the  a i t e r n a t e  pa r t  of a Backus 
def iner  by one and only one corresponding t r ans fe r  l abe l .  Thus, 

the t o t a l  number of t r ans fe r  labels ,  impl ic i t  o r  exp l i c i t ,  
forming the  a l t e rna t e  port ion of a Backus def iner  must correspond 
t o  the t o t a l  number of elements of the  d i r e c t  pa r t  of the  same' 

def iner  representing c a l s  t o  FIND SUBPART t o  FIND LMICAL, 
t o  the RECOGNIZE routine, o r  t o  the ITERATE SUBPART routine 
when t h i s  routine i s  ca l led  e i t h e r  with a specif ied minimum 
or  with a  specif ied minimum and maximum nwnber of allowed 
i t e r a t i o n s  (but  not when the  ITERATE SUBPART routine i s  ca l led  
without the spec i f ica t ion  e i t h e r  of a minimwn o r  of a  minimwn 
and maximum number of i t e r a t i o n s ) .  

With the  above explanation of the syntax and semantics of the 
extended Backus metalanguage i t s e l f ,  the  reader should be i n  a 

posi t ion t o  follow the forma1 sel f -descr ipt ion of t h i s  language 
given i n  Table 111. We use the dash ( 0 )  t o  indicate  the end of 
a l 1  of the a l te rna t ives  of a def in i t ion ,  We end the  s e t  of 
def in i t ions  with the word END. 

Table 111. Self -description of the  extended Backus 
me talanguage . 
.-p 

<statement> = l <mame> I .check., . e r (6 )  .c lear(o)  

.genlabdspart (l,* ) >/..er(3) . e r ( 4 ) .  e r ( i )  
= END . C  heck ... er(6).clear(o).exit/.er(5) - 

<spart  > - I = I  . c l ea r ( l )<d i r ec t*  > t  < a l t e r n a t e  >.check.. . e r (6)  

/ . . e r ( l )  - 
<dire& > - - I . l  . se t (uncond)  l .  .set(con&go/ 

.maylb..go 
- - <-.-*name> ' ( I  +params> 1 ) '  . genca l l (p ) /  

. e r ( 7 ) . . e r ( 8 ) . e r ( g )  

- <- .name> . gencall  (np ) / - 

[continued ] 



= 1 -  *name> Ir1 .genfind.count/ 

.er(3) 4 4 )  
= <-+ <*name> l* .geniter/. er(3). .er(4) 
n <-<name> 1 ( 1 «inme> '1,' acnamer 1) l l t1 

.count.genrgo(rept,fin) /.mays .er(l3). er(l3). .*er(9) 

.er(4) 
= -<name(name,r l* l ) b1 .genrgo(rept,inf) 

.count/.er(i3).er(g).er(4) - 
<mays > = <--me> t *t .genrgo(norept,f in) //. er(4) - 
Kmagqz = 4 apos> motapos* > ucapos> . concat .count .genrec 

/. . er (12) 
= ename* .count.genrec/. - 

<alternate> a 1. l .set (cond) lbl .stack(sysbakk) .genins (np) /.b.- 

- . l  .patch/. - 
= <*name> * (1 <*namer 1 ) '  .genins(p) 

/.er(ll). .er(8).er(g) 
- - <-.name> .aiiri.genins(np)/ - 

<er> = . ermesqotdashw r / - 
<params > = <* name * <namec* > /. - 
<name C > t - , I <*name> /. .er(8) - 
<notrbkt> = .false.backl/. 

<* eof .er(12) /. 
= *any>.off/ .er(10) - 

<notapos> = <*apos> .false. back 1 / . 
= «ieof> .. er(l2)/ . 

The semantics of the extended Backus metalanguage will be 
precisely defined once we have described the action of each 
of the generator toutines that appears in Table 111. Let us 
note, to begin with, that the generator routine ERMES, which 



occurs a t  the  l a b e l  ER i n  Table 111, is simply an e r r o r  

message t ransmit t ing  routine.  This rout ine  always f inda  a 
numerica1 parameter a t  the  top of t h e  argument stack, and 
merely sends out the  e r r o r  message corresponding t o  t h i s  
numerica1 argument. Table iV contains a l i s t  of al1 the  
e r r o r  messages which may appear. 

Table iV. Error  messages f o r  t he  extended Backus 

syntax expander. 

i l lformed termina1 port ion of syntax statement 
i l l formed i n i t i a l  por t ion  of syntax statement 

i l lformed name of syn tac t i c  type 
missing r i g h t  bracket 
missing l e f t  bracket i n  type name 
number of a l t e rna t i ve s  does not  match number of elements 

i l l f  ormed function name 
il lformed function parameters 
mfssing r i gh t  parenthesis  
system e r r o r  

i l l f  ormed t rans f  e r  l a b e l  
unmatched apostrophe o r  r i g h t  bracket causes read 
t o  end of input 
i l lformed r epe t i t i on  bracket 

A t  t h i s  point  we may a l s o  note a convenient and genera1 
aux i l i a ry  procedure which c m  be followed i n  connection with 
syn tac t i c  e r r o r  diagnost ics .  One may merely p r in t ,  on the  
output l i s t i n g  generated by a syn tac t i c  recognizer routine, 
a  l i n e  of a s t e r i sk s  underneath any l i n e  representing the  
sec t ion  of syn tac t i c  source t e x t  i n  which an e r r o r  has occurred. 

This l i n e  of a s t e r i sk s  should terminate a t  the  point  i n  the  
input t e x t  corresponding t o  the l a s t  input symbol successful ly 
scanned by the  parser .  In  t h i s  way, the  syntax-programmer 
w i l l  be made aware of the  approximate point  i n  h i s  syntax t e x t  



a t  which the parser  begins t o  experience d i f f i cu l ty ;  it w i l l  
nomal ly  be qu i te  close t o  t h i s  symbol t h a t  a correct ion is  

required. 
Certain of the  generator routines occurring i n  Table 111 

have very simple act ions.  The generator routine FALSE merely 
s e t s  the  syntact ic  success-fai lure f l a g  t o  i t s  . fa i lure  
condition; the generator routine ALLRI s e t s  the  same f l a g  t o  
the success condition. The generator subroutine SET merely 
s e t s  a specia l  "transfer-type" f l a g  location t o  indicate  
e i t h e r  t h a t  a conditional t r ans fe r  o r  t h a t  an mcondi t ional  
t r ans fe r  i s  subsequently t o  be generated. This f l a g  i s  used 
by the GENGO generator routine t o  detemine the type of 
t rans fe r  which i t  i s  t o  generate. 



The genera to r  r o u t i n e  CHECK checks f o r $ a  match between 
t h e  number of elements c o n s t i t u t i n g  t h e  a l t e r n a t e  p a r t  of 
an extended Backus d e f i n e r  and the  number of d i r e c t  p a r t a  
which r equ i re  corresponding a l t e r n a t e  p a r t s .  This  correspond- 
ence check i s  performed a s  fo l lows .  The s y n t a c t i c  ITERATE 
SUBPART genera to r  always leaves ,  on the  top of t h e  s y n t a c t i c  
argument s tack ,  a  count of t h e  t o t a l  number of '  i t e r a t i o n s  
which i t  has  performed. The gene ra to r  subrout ine  CHECK 
the re fo re  f i n d s  the  t o t a l  number of Backus d e f i n e r  a l t e r n a t e s  
on the  top of t h e  argument s t a c k  when i t  i s  c a l l e d .  The 
t o t a l  nwnber of elements i n  t h e  preceding d i r e c t  p a r t  which 
r e q u i r e  a corresponding a l t e r n a t e  p a r t  a r e  p rogress ive ly  
enumerated by the  rou t ine  COUNT (bes ides  maintaining the 
cur ren t  value of t h i s  quant i ty ,  COUNT a l s o  p e r f o m s  
severa1 a u x i l i a r y  ac t ions ,  descr ibed below) . The r o u t i n e  
CHECK has only t o  compare the  i n t e g e r  which i t  f i n d s  a t  t h e  
top of the  argument s t a c k  with t h e  accumulated count found 
i n  a  p a r s e r  core  loca t ion ,  and t o  s e t  o r  r e s e t  the  system 
success - fa i lu re  f l a g ,  depending on whether these  two 
q u a n t i t i e s  a r e  i d e n t i c a 1  o r  n o t .  

The genera tor  subrout ine BACK1 simply backs up one 
cha rac te r  i n  the  s y n t a c t i c  input  s t r i n g ;  i t  i s  c a l l e d  when 
t h i s  atom must, on the  one hand, be scanned i n  o rde r  t o  make 
the  pa r se  of a  preceding s t r i n g  of atoms d e f i n i t e ,  bu t ,  on 
t h e  o t h e r  hand, does not belong t o  t h i s  preceding s t r i n g  
and must be parsed sepa ra te ly .  The subrout ine STACK 
simply p laces  the  argwnent w i t h  which it is  c a l l e d  a t  t he  
top of the  argwnent s tack;  t h i s  provides  us  w i t h  a  convenient 
way f o r  i n s e r t i n g  " i m p l i c i t "  q u a n t i t i e s  i n t o  the  flow of our  
pa r se ;  a  procedure use fu l ,  f o r  example, i n  making an i m p l i c i t  
l a b e l  t o  i t s  e x p l i c i t .  The genera tor  subrout ine OFF simply 
removes a  s i n g l e  element from the  top of the argwnent s t ack ;  
i t  will be c a l l e d  when the  argument s t a c k  i s  known t o  
contain a  quan t i ty  i n  which we a r e  no longer  i n t e r e s t e d .  
The genera tor  subrout ine CONCAT f i n d s ,  a t  t he  top of the  



argument s tack ,  p o i n t e r s  t o  a seqaence of symbol t a b l e  
e n t r i e s ,  toge ther  with an i n t e g e r  apec i fy ing  t h e  number of 
these  e n t r i e s .  It then concatenates  a l 1  the  referenced 
syrnbols i n t o  a  s i n g l e  longer  symbol; e n t e r s  t h i s  symbol i n t o  
the  symbol t a b l e ,  and rep laces  t h e  whole s t r i n g  of i tems Òn 
the  argument s t a c k  by a s i n g l e  i tem referenc ing  t h e  newly 
constmicted symbol. Subsequently, t h e  whole sequence of 
symbols contained between apostrophes may be t r e a t e d  as a  
s i n g l e  symbol . 

The ac t ion  of the  remaining s y n t a c t i c  genera.tor subrout ines  
w i l l  be b e t t e r  understood i f  we f i r s t  expla in  t b  s t y l e  
of s y n t a c t i c  output  code t h a t  these  gene ra to r s  a r e  t o  produce. 
The occurrence of an e x p l i c i t  l a b e l  i n  t h e  s y n t a c t i c  t e x t ,  
i . e . ,  t he  beginning of' a  new s y n t a c t i c  d e f i n i t i o n ,  genera tes  
an output  statement of' t he  form 

l a b e l :  continue 

The i m p l i c i t  l a b e l s  corresponding t o  a l t e r n a t e  d e f i n e r s  
fonning pa r t  of the  same d e f i n i t i o n  a r e  t r e a t e d  a s  fo l lows .  
A s t e a d i l y  inc reas ing  count i s  kept i n  a core  l o c a t i o n  which 
w e  s h a l l  c a l l  LASTLAB. The i n t e g e r  values  contained i n  
t h i s  loca t ion  a r e  used t o  genera te  an i n d e f i n i t e l y  long 
sequence of d i s t i n c t  l a b e l s .  The occurrence of an i m p l i c i t  
l a b e l  i n  t he  s y n t a c t i c  t e x t ,  i . e . ,  t he  beginning of a  new 
a l t e r n a t i v e  f o r  a  given d e f i n i t i o n ,  genera tes  an output  
statement of the  form 

L000n: continue 

Irnmediately a f t e r  the  generat ion of t h i s  l a b e l ,  t he  
loca t ion  LASTLAB i s  incremented by one. 

The occurrence of the  s y n t a c t i c  type i n  a de.f iner  causes 
a c a l l  of one of the  forms FIND SUBPART, FIND LEXICAL, e t c . ,  
t o  appear i n  the  f i n a l  ou tpu t .  Each of these  c a l l s  must be 
followed irnrnediately by code f o r  a  condi t iona l  t r a n s f e r ,  t he  
l a b e l  i n  t h i s  t r a n s f e r  being spec i f i ed  by the  corresponding 
element i n  t he  a l t e r n a t e  por t ion  of the  same Backus 



d e f i n e r .  This  remark makes i t  p l a i n  t h a t ,  i n  o r d e r  t o  
genera te  the  c o r r e c t  f i n a l  code, we muat i n t e r s p e s s e  f r ag -  
ments of code corresponding t o  p a r t s  o f ' t h e  d i r e c t  p o r t i o n  
of each d e f i n e r  with o t h e r  fragments of  code corresponding 
t o  elements of t h e  a l t e r n a t e  p o r t i o n  of the  same d e f i n e r .  
I n  o r d e r  t o  do t h i s ,  we f i r e t  p l a c e  a l 1  the  code fragments 
generated by elements i n  t h e  d i r e c t  p o r t i o n  of a d e f i n e r  
i n t o  an in te rmedia te  d i r e c t  code b u f f e r  and t& fragments 
of code generated by the  elements of t h e  a l t e r n a t e  p o r t i o n  
of the  same d e f i n e r  i n t o  an a l t e r n a t e  code b u f f e r .  When 
a  d e f i n e r  i s  terminated,  e i t h e r  by the  occurrence of t h e  
next fol lowing d e f i n i t i o n  o r  by t h e  occurrence of an (=) 
s ign  r ep resen t ing  the  beginning of the  next a l t e r n a t i v e  of 
the  same d e f i n i t i o n ,  the  gene ra to r  rou t ine  CLEAR w i l l  be 
c a l l e d .  This gene ra to r  r o u t i n e  t r a n s f e r s  t h e  contents  of 
t h e  two above buf fe re  i n t o  a f i n a l  output  code buf fe r ,  
i n t e r s p e r s i n g  them a l t e r n a t e l y  according t o  the  fol lowing 
r u l e :  F i r s t ,  code i n  t h e  d i r e c t  code b u f f e r  i s  moved i n t o  
t h e  output  s t r i n g ,  down t o  the  p o i n t  a t  which a  code l i n e  
c a l l i n g  f o r  an a l t e r n a t e  code l i n e  i s  encountered. A t  t h i s  
p o i n t ,  a  s i n g l e  l i n e  of code i s  t r a n s f e r r e d  ou t  of t h e  
a l t e r n a t e  code b u f f e r  i n t o  the  f i n a l  generated code s t r i n g .  
The same process  then repea t s .  An element of the a l t e r n a t e  
por t ion  of the d e f i n e r  always genera tes  a  condi t iona l  t r a n s f e r ,  
which may be wri t t en  i n  one of tkie following forms: 

i f g o  ( l a b e l )  

i s  the  form generated i f  the  corresponding a l t e r n a t e  element 
i s  a l a b e l  wlthout any parameter; 

ifgop (labe1,param) 

i s  the  form generated i f  the  corresponding a l t e r n a t e  
element i s  a label  t o  which a  parameter i s  at tached;  

i fgo  (LO00n) 



FS t he  form generated by an e x p l i c i t l y  blank a1Lternative 
element; 'nere the  l a b e l  i n  quest ion i s  t o  be cons t ruc ted  i n  
the way a l ready explained from the  count maintained i n  the  
loca t ion  LASTLAB; and f ' ina l ly  

i f g o  (sysbakk) 

i s  the  form t o  be generated by the  occurrence of t he  i m p l i c i t  
t r a n s f e r  element .b as an a l t e r n a t i v e  element. 

I n  o rder  t o  $ive those l a b e l s  LOOOn which should coincide 
w i t h  the  system " sysbakk" l a b e l  SYSBACK t h e  r i g h t  s i g n i f i c a n c e  
we proceed a s  fo l lows ,  The CLEAR rou t ine  i s  given a parameter, 
al lowing i t  t o  be c a l l e d  i n  one of two forms, the  first 
corresponding t o  the  occurrence of the  beginning of a new 
d e f i n i t i o n ,  the  second corresponding t o  t h e  occurrence of 
the  beginning of a new d e f i n e r  cont inuing an o ld  d e f i n i t i o n .  
When CLEAR i s  c a l l e d  i n  i t s  f i r s t  form, i t  p l a c e s  t h e  cu r ren t  
value of t h e  LASTLAE! counter  on a termina1 arguments s t a c k .  
The clean-up r o u t i n e  EXIT, c a l l e d  when the  END statement 
terrninating the  whole body of s y n t a c t i c  t e x t  is  encountered, 
accesses  the  terminal  arguments s tack ,  genera t ing  a whole 
body of s ta tements  of the  form 

L000m : con t inue 
E000n: continue 
L000k: continue 
. . . e t c .  

and, f i n a l l y ,  genera t ing  t h e  terminal  code l i n e s  

sysbakk: popno 

One l a s t  explanat ion i s  required t o  comp1et;e our  p i c t u r e  
of the t a r g e t  code i n t o  which we in tend  t o  expand extended 
Backus metastatements. The output  code generated by any 
d e f i n e r  not ending wi th  an uncondi t ional  GO TO i n d i c a t o r  
should be terminated by a POPW c a l l .  On the  o t h e r  hand, 
i f  t he  l a s t  element of a d e f i n e r  is an uncondi t ional  GO T0 
statement,  t h i s  c a l l  i s  superf luous and may be omitted. 

I n  order  t o  secure t h i s  ac t ion ,  we make use of a "go f l a g " ;  



t h i s  f l a g  is  s e t  t o  an "on" condition whenever an unconditional 
GO T0 is  generated, and is  reset whenever any o the r  type of 
statement is  generated, and also  when ' a ' l a b e l  occurs i n  the  
generated code s t r i n g .  The CLEAR rout ine ,  when ca l l ed ,  
consul ts  t h i s  f l a g  and i n s e r t s  a  POPUP statement when and 
only when the  f l a g  i s  found t o  be i n  i t s  ' s e t '  condit ion.  

Keeping these f a c t s  i n  mind, we may explain the  ac t ion  
of the remaining syn t ac t i c  generators  appearing i n  Table 111. 
The generator  subroutine QENRGO generates  a  CALL SUBPART 
statement.  The rout ine  GENREC generates  a  RECOGNIZE statement.  
GENRGO a l so  has the  r e spons ib i l i t y  of generat ing ITERATE 

SUBPART c a l l s  i n  the  spec ia l  case i n  which e i t h e r  a  minimum 
o r  a  minimum and maximum number of r e p e t i t i o n s  a r e  ca l l ed  
f o r .  The p a r t i c u l a r  version of the ITERATE SUBPARTqcall 
required i s  s ignal led  t o  the GENRGO rout ine  through i t s  p a i r  
of parameters. The r e l a t ed  subroutine GENITER generates  
ITERATE SUBPART c a l l s  i n  the  most comrnon case,  t h a t  i n  which 
ne i t he r  nor a maximum number of required i t e r a t i o n s  i s  
specif  ied  . The generator  rout ine  GENFIND generates  a  FIND 

LEXICAL c a l l .  The generator  GENCALL s e t s  up subroutine 
invocations,  and i s  j u s t  a  b i t  more complicated than the  
o the r  generators  of i t s  c l a s s  i n  t h a t  i t  must be prepared 
t o  dea1 w i t h  an a r b i t r a r y  nwnber of parameters. Each of 
the  above f i v e  generatora,  when ca l led ,  r e s e t s  the  "go f l ag . "  

The subroutine GENGO generates  a  condit ional  o r  unconditional 
GO T0 statement w i t h  o r  without a  parameter. The presence 
o r  absence of a parameter i n  the  code t o  be generated i s  
s igna l l ed  t o  t h i s  rout ine  by the  value of i t s  own s ing le  
parameter. The GENGO rout ine  detemnines whether a condit ional  
o r  unconditional t r a n s f e r  i s  to  be generated by examining 
the  t r a n s f e r  type flag which has previously been brought t o  
the r i g h t  value by the generator  subroutine SET. I f  an 
unconditional C10 T0 i s  generated, the "go f l ag"  i s  a lso  s e t  
by GENGO t o  the value 1. The rout ine  GENLAB f inds  a  l a b e l  



a t  the top of the  argument s t ack  and a t t aches  t h i s  l a b e l  t o  
a CONTINUE statement.  The GENLAB rout ine  a l so  r e s e t s  t he  
"go f l a g .  " The GENINS subroutine generates  a condi t i ona l  
t r a n s f e r  statement, with o r  without a parameter, and i n s e r t s  
i t  i n t o  the  a l t e r n a t e  code r a t h e r  than i n t o  the d i r e c t  
code buf fe r .  

The two remaining syn tac t i c  generator  subroutines occurr ing 
i n  Table I11 a re  CLEAR and PATCH. The CLEAB subroutine 
zeroes the running count of the  nwnber of elements I n  the  
d i r e c t  por t ion  of a de f ine r  requi r ing  matching a l t e r n a t e  
p a r t s ,  empties both the  d i r e c t  and the  a l t e r n a t e  code buf fe r s  
i n t o  the  f i na1  output code buffer ,  and renews these buf fe r s  
f o r  subsequent use; r e s e t s  the  "go f l ag" ;  generates  a 
POPUP statement i f  the go f l a g  is  s e t ;  and i n s e r t s  a l a b e l  
e i t h e r  i n t o  the output code buf fer o r  i n t o  the deferred 
l abe l  s tack,  depending on the  parameter value with which 
the CLEAR subroutine i t s e l f  i a  ca l l ed .  The generator  sub- 
rout lne  PATCH const ructs  a l abe l  from the  count contained 
i n  the LASTLAB locat ion ,  and, using t h i s  l abe l ,  makes up 
a condit ional  t r a n s f e r  which i t  p laces  i n  the a l t e r n a t e  
code buf fe r .  

The reader  w i l l  obtain a c l e a r  idea of the  combined 
ac t ion  of a l 1  of the  above described generator  subroutines 
i f ,  taking the f i r s t  few l i n e s  of the  syn tac t i c  t ex t  con- 
tained i n  Table 111, he hand-expands it i n t o  the corresponding 
parsing algorithm; t h i s  parsing algorithm i s  of course the  
extended Backus syntax expander i t s e l f .  The "bootstrap" 
s t ep  necessary i n  implementing the  extended Backus metalanguages 
on a new computer, i s  of course j u s t  such a hand expansion 
of the  syn tac t i c  code of Table 111, e i t h e r  i n t o  some 
language already ava i l ab le  on the  computer o r  d i r e c t l y  i n t o  
appropr i a t e  machine language . 



6. Dartmouth BASIC -- a simple a lgebra ic  language. 

I n  t h i s  sec t ion ,  we i l l u s t r a t e  the  uae of the  t oo l s  
developed e a r l i e r  i n  t he  present  chapter  by applying them 
t o  descr ibe  the syntax and some of the  semantlcs of a small , ,  
simple, but qu i t e  useful  a lgebra ic  language, the  BASIC 
language, developed a t  Dartmouth f o r  s tudent  use t he r e .  
A s  i s  commonly the  case with prograrmning languages, BASIC 
e x i s t s  i n  severa1 s l i g h t l y  var iant  versions,  some of which 
incorporate  f ea tu r e s  not t o  be found i n  o the rs .  The 
p a r t i c u l a r  version of BASIC t h a t  w e  w i l l  descr ibe  is  essen- 
t i a l l y  t h a t  of the t h i r d  ed i t ion  of the  BASIC language 
manual . 

The BASIC language includes an assignment statement 
of standard f o m ,  wri t ten  i n  the  following manner: 

LET e v a r i a b l e ~  = =exgwession> 

The f i v e  standard ar i thmet ic  operators  may be used t o  form 
expressions,  a s  may the  members of a b u i l t - i n  s e t  of a dozen 
o r  so fundamental transcendental funct ions ( including the  
trigonometri-d exponential func t ions ) .  Moreover, the  
p rogramer  i s  aalowed t o  def ine  new funct ions by any s ing l e  
a lgebra ic  statement and t o  use these funct ions i n  forming 
expressions.  Each statement i n  a BASIC program i s  required 
t o  have a l i n e  number; t h i s  l i n e  number, a s  a standard 
matter ,  i s  a three  d i g i t  quan t i ty .  Using these l i n e  numbers, 
contro1 of program flow i s  a t t a ined  by the  use of 00 T0 

statements,  IF statements,  FOR statements wi th  associated 
NEXT statements,  and GOSUB statements with which a r e  associated 
RETURN statements .  The following well-formed BASIC l i n e s  
exemplify the  use of .a l1 of the statements mentioned above. 
101 LET A(J) = COS(A(J-1) 

102 GO T0 109 

103 I F  A ( J ) >  A(J-l) THEN 108 
104 POR J a 1 T0 100 STEP 5 



105 LET A(J) = O 
i06 LET B(J) = B(J-l) + COS(C(J)) 
107 NEXT J 
i08 RETURN 

109 oosm 108 

The operation of the assignment statement, the 00 T0 
statement and the IF statxment are 'al1 rather self-evident. 
The FOR statement acts as follows. Each FOR etatement in- 
volves iteration on a particular variable, specifically on 
the variable whose name immediately follows the key word 
"FOR" in the POR statement. The scope of tte iteration is 
the whole body of BASIC text up to the next following NEXT 
statement with a matching variable; note that a NEXT state- 
ment always consists of the key word NEXT followed and 
concluded by a simple variable name. "FOR loops" of this 
form may be nested within each other in the manner nomal 
for iterative loops. The GOSUB statement in BASIC cause 
the execution of -a block of code aa subroutine, i.e. 
execution terminated by return to the next following state- 
ment after the particular GOSUB statement by means of which 
execution of the subroutine block in question was initiated. 
This !'subroutine" feature is provided in a rather rudimentary 
form. In particular, al1 variables are "common" to a whole 
BASIC program, no " subroutine name isolation" is provided, 
nor does a subroutine call involve any special transmission 
of argwnents. The subroutine call or GOSUB action in BASIC 
consists merely in placlng a return address on an address 
stack, and transferrirfg to the line of BASIC code referenced 
in the GOSUB statement. The next subsequently executed 
RETURN statement transfers to the address found topmost on 
the return address stack. 

Input and output in the BASIC language are invoked by the 
BASIC READ and WRITE statements. The following examples 
will illustrate the form of these statements: 



200 READ A, ~(10), . c ( J + ~ )  
201 WRITE A, "NO VARIABLES MULTIPLIED MGETHER = " A*B 
202 WRITE N AN ERROR HAS OCCURRED~~ 

Variables in BASIC may be indexed with one or two indices, 
Le., may be one or two dimensional arrays. Arrays of more 
than minima1 size muat be explicitly dimsrqsioned; the 
BASIC dimenaion statement ha8 the ràther standarcl form shown 
in the following example: 

The definition of new functions in a BASIC statement is 
accomplished by using DEFINE statements. Each such state- 
ment defines a new function. The following example illustrates 
the f o m  of the BASIC DEFINE statement, 

400 DEF FNA(X) = COS(X * X) + SIN (X * X) 
40 l DEF FNB(Y) = X + FNA(FNA(X))  

The name of a programmer function ia required to begin with the two 
first letters FN. Moreover, each function must be defined 
by a single arithmetic expression. 

Every BASIC program is terminateti by an END statement, 
consisting of the single key word END. Imrnediately preceding 
the END statement terminating a BASIC program, any number 
of DATA statements may appear. Each DATA statement consists 
of the key word "DATA" followed by a list of signed numbers; 
both integer and rea1 numbers are allowed. A DATA state- 
ment merely generates the quantities which it lists into a 
seria1 list of input data; this input data is then accessed 
by READ statements appearing subsequently in the BASIC pro- 

gram. 
A forma1 account of the syntax of the basic language is 

given in Table V. 



Table V. a n a t x  of a  v version of -.- the  DartmOu-BASIC Language . 
<nxtlab> = <*integer> .genlab . .nxts ta t / .e r (8)-  

<nxts ta t>  = <asign> /. 
= v e a d s t a  t>/. 
= +pnts ta t r / .  
= <datast>/.  
= <gostr/. 

= < i f s t a t > / .  
= <forstat*/ .  

= <nextstat>/ .  
= <dimstat>/. 
= <gosub>/. 

= <return>/.  

= <define>/. 
= <end>/. 
= eomment>/.er (15)- 

<va r > = <*name> ( l  xexpr* l ,  l <expr' l ) '  . subscr(2) /  

.b. simpvar. e r ( 1 ) .  . e r ( i )  . e r (2 )  
= -name (expr> ) . subscr (l) /. e r  (2 )  - 

<S impva r > = . s u b s c r ( ~ ) . a l l r i / -  

<functrm> = <*fname> ' ( l  <expr> ) ) l  .genfun/..er(3).er(l).er(2)- 



<data&> 

cc s igned > 

<s igned > 

clesf irst > 

= READ <var> .genread . genasin <rvar*> 
. .cdend/. .er(6)- 

- r - , l  w a r >  .genread. genasin/..er(6) 

= PRINT <pitem> <pitems+> ..cdend/..er(7)- 
I I , ~pitemì /. .er(7)- 
= <expr> .genprint(vaiue)/. 

= emesg> .genprint (mesg) *expr>.genprint (vaìue) /. er(1). 
= .allri/. 

= .DATA <signed> <csigned*> . . cdend/. . er(6) - 
- l ,  <signed> /. .er(6)- 
= 1 - 1  x*number> .gendat(minus)/. .b. 

= <*number> .gendat(plus)/.- 

= GOTO. . goend /. 
= GO T0 .. goend/.- 
= integer> .gengo. .cdend/.er(8)- 
= 1 > 1  I = I .setop(ge) /.lesfirst.. 

= .allri.setop(gt)/- 

= .setop(lgt)/.eqlsgn.. 
- - <-<> .setop(le) /. 
= .allri.setop(lt)/- 
- 1 - 1  - - . setop (eql) /. er ( 9 )  - 
= IF<expr> -vela top+ <expr> THEN s*integer> 

.genif..cdend/..er(l).er(7).er(l).er(l0)~er(8)- 
= FOR <*name> l = '  <expr> T 0  <expr> STEP 

<expr> .genfor..cdend/.b.er(4).er(5).er(l).er(ll) 

.er(l)..er(l) 

= .allri.stack.(l) .genfor. .cdend/- 

= NEXT <+name> .genext...er(l2)..cdend/..er(4) 
= DIM ~dirneltr <cdimelt*> . .cdend/. .er(7) 
- - 1 ,  <dimelt>/. .er(7) 

= <*name> ( l  <*integer> I ,  <+integer> l)' 

.gendim(2) ... er(i3)/.er(6).er(3).er(6).er(6).er(2) 
= <-name(integerrl ) gendim(1). . .er(l3)/.er(2)- 
= GOSUB<integer> . gencall. . cdend/. . er (8) 
= RETURN. genret . . cdend /. - 
= DEF <*fname > ( <+name > . genanam ) l=  l <expr> 

genasin.defend/. .er(4) .er(3) .er(4) .er(2).er(5).es(l)- 

-95 - 



< end> 
backup) 

Cer 2 
<cdend ) 
< notend > 

The parser described by Table V will, in the course of its 
action, generate various diagnostic messages. A complete 
listing of al1 of theae diagnostic messages is given in Table 

VJ! 

Table VI. Error message list for the 

BASIC compiler. 

illformed arithmetic expreasion 

missing right parenthesis 
missing left parenthesis 
illformed variable name 
missing equa1 sign 
illformed list element 
system error 
illformed label 
illformed relational operator 
illformed if-statement 
illformed for-statement 
improper nesting of for-loops 
excessively large dimensioned arrays or repeated 
dimensioning 
illformed termina1 portion of statement 
illfomed initial portion of statément 

Table VI1 contains a complete listing of the generator 
subroutines called by the parser described in Table V. 
It also lista the lexical typea with which the paraer of 

Table V 1s concerned. 



Table V I I .  Generator subroutinee and lexical  typee Eor 

the BASIC compiler. 

Generator subroutines : 

fa lse ;  a l l r i ;  ermes; setop; stack; 
subscr; save; defend; 
genfun; genfetch; a r i th ;  genasin; genread; genprlnt; gendatc genif 
gengo; gendimq genfor; genext; gencall; genret; genanam; genlab . 
Lexical types: 

< *name> ; (*fname 7 ; (*number > ; C *edge7 ; <*eof > ; < mesg > . 

Certain of the generator routines occurring i n  Table V I 1  

have very simple actions. The generator routine FALSE 
merely s e t s  the syntactic success-failure f lag  to  i t s  fa i lu re  
condition; the generatop routine ALLRI se t s  the s m e  f lag  
to  the success condition. The generator routine ERMES is  
simply an er ror  message transmitting routine; t h i s  routine 
always finds a numerica1 parameter a t  the top of the argument 
stack and s i m ~ l ~  sende out the error  message corresponding 
to t h i s  numerica1 argument. The generator routine SETOP 

merely s e t s  the contents of some f lag location to a value 
indicating which one of an allowed s e t  of re lat ional  operators 
appears i n  an i f  statement. T h i s  location i s  then referenced 
by the GENIF subroutine to  determine the par t icular  conditional 
t ransfer  which i t  is  to generate. The generator subroutine 
STACK merely places i t s  own single argwnent a t  the top of 
the system argument stack; t h i s  gives us a way of insert ing 
implicit argwnents into the flow of our parse, i n  expl ic i t  
form. 

Some of the remaining generator subroutines have quite 
straightforward code-emitting actions. GENLAB finds a label 
referenced on the top of the argument stack and generates 
a labelled continued statement 

LABEL: CONTINUE 



in whatever assembly language form is appropriate. GENQO 

finds a label reference (on top of the argument stack) and 
generates an unconditional transfer 

JUMPTO LABEL 

in appropriate assembly language form. GENCALL finds 
a label reference at the top of the argument stack and 
emits two lines of assembly language code: 

CALL RETSTACK 
JUMPTO LABEL 

In these lines of code, RETSTACK is a reserved system 
label at which an assembly-written subroutine is entered; 
this subroutine 

a) determines the location from which it has been called; 
b) using this address, and adding a small integer, 

determines the appropriate address for eventual sub- 
routine return; 

C) stacks this latter address at the top of a system 
return address stack, checking for stack: overflow and 
giving a diagnostic in case of overflow; 

d) makes a direct return to execute the JwPTC LABEL 
instruction which is the second of the two instructions 
displayed above. 

Note that the code sequence beginning at the system address 
RETSTACK is one of a nwnber of system assembly-written sequences 
which must be appended by the compiler to 'the code which 
it compiles. Other such system sequences will be noted in 
their turn in the following paragraphs. 

The generator subroutine GENRET generates an unconditional 
transfer of the following form: 

JUMPTO RETBEG 

RETBEG is a label which must be attached to the initial 
location of a systems sequence at which 

a) the top address of the system return addxess etack 
is fetched, a diagnostic being given in case of under- 

flow; 



b)  an uncondi t ional  t r a n s f e r  1s made t o  t h e  addrees fe tched .  

The remaining genera to r s  have s l i g h t l y  more complex 
log ica1  ac t iona ,  i n  t h a t  they a r e  more i n t i m a t e l y  involved 
i n  reading and/or manipulation of  symbol t a b l e  e n t r i e a ,  i n  
temporary v a r i a b l e  accoun t i n g ,  e t c .  Bef o r e  desc r ib ing  
these  genera tors  the re fo re ,  we must expla in  t h e  genera1 
circumstances which determine t h e i r  form. I n  doing so,  we 
w i l l  have a first exposure, " i n  miniature"  t o  the  wider c i r c l e  
of i s s u e s  involved i n  code generat ion,  i s s u e s  whose more syste- 
matic d iscuss ion  i s  postponed t o  Chapter 8 below. 

The main i s s u e s  which must be faced a r e  a s  fo l lows .  
1. Indexed q u a n t i t i e s  must be fetched and s to red  uaing 

a procedure s l i g h t l y  d i f f e r e n t  from t h a t  appropr ia te  f o r  
non-indexed q u a n t i t i e s .  This  procedure r equ i res  information 
concerning the  dimensions assoc ia ted  with t h e  indexed 
v a r i a b l e  which i t  i s  t o  t r e a t .  Incons i s t en t  repeated dimension- 
i n g  of a s i n g l e  va r i ab le  must be avoided; a q u a n t i t y  referenced 
a s  unindexed i n  any statement must not  subsequently be 
dimensioned . 

2 .  I n  t h e  course of computation of a nested expression 
l i k e  ( A  * B) + ( C  * D ) ,  temporary v a r i a b l e s  f o r  t h e  s torage  
of A * B and of C * D a r e  requi red .  A s u i t a b l e  r u l e  f o r  
t h e  generat ion of such temporary q u a n t i t i e s  may be s t a t e d  
a s  fol lows:  Maintain a temporary va r i ab les  counter .  Each 
b inary  ar i thrnet ic  operat ion advances t h i s  counter  by one, 
but  decreases  i t  by one f o r  each argument of t h e  operat ion 
which i s  a temporary v a r i a b l e .  Ins t ead  of appearing i n  the  
symbol t a b l e  along w i t h  programmer def ined va r i ab le  names, 
temporary va r i ab les  may convenient ly  be represented by s p e c i a l -  
ly flagged "po in te r  i tems" which, i n  f a c t ,  merely contain a 
temporary v a r i a b l e  number. The cu r ren t  maximum value reached 
by the  temporary v a r i a b l e s  counter  must be maintained dur ing  
compilation,  s ince  t h i s  information is  needed when a new 



temporary v a r i a b l e  i a  t o  be generated,  and i s  a l s o  needed 
when s torage  f o r  the  fu11 s e t  of temporary v a r i a b l e s  i s  t o  
be generated.  A s l i g h t  a d d i t i o n a l  complication t o  al1 of 
t h i s  a r i s e s  from the  circumstance t h a t ,  s i n c e  a programmer-- 
def ined funct ion  may be c a l l e d  a t  any p o i n t  dur ing  t h e  
eva lua t ion  of an expression,  each programmer-defined funct ion  
r e q u i r e s  i t s  own p r i v a t e  temporary v a r i a b l e  s to rage  a r e a .  
We s a t i s f y  t h i s  add i t iona l  requirement a s  fol lows.  An 
a u x i l i a r y  counter  i s  used during the  compilation of every 
BASIC DEFlne s ta tement .  Thia counter  counts ternporaries a s  
they a r e  generated during t h e  compilation of such a programmer- 
def ined funct ion .  On terminat ing the  compilation of a DEFine 
statement,  we r e t u r n  t o  the  use of t h e  s tandard temporary 
va r i ab le  counter,  but  s e t  t he  value of t h e  a u x i l i a r y  temporary 
v a r i a b l e  counter  t o  the  cu r ren t  maximm value which t h i s  
a u x i l i a r y  counter  has a t t a i n e d .  

I f  another  DEFine statement i s  subsequently compiled, 
i t  w i l l  t he re fo re  genera te  temporary v a r i a b l e s  never used 
before  . 

3 .  I n  a funct ion  d e f i n i t i o n  l i k e  

DEF FNCUBE(X) = X * X * X t C * D, 

t he  argument name X which appeara i s  a log ica1  dummy having 
no r e l a t i o n s h i p  t o  the  va r i ab le  of t h e  same name which may 
appear elsewhere i n  the  same BASIC program.. We a d j u s t  t o  
t h i s  f a c t  by t r e a t i n g  t h e  name of a funct ion  as an ord inary  
va r i ab le  and, by using i t  during the  eva lua t ion  of t h e  
funct ion t o  represent  the  argument of the  funct ion .  More 
s p e c i f i c a l l y ,  on c a l l i n g  t h e  funct ion FNCUBE appearing i n  
t h e  DEFine statement above, say, i n  the  form 

we would 
a) execute 

FNCUE3E = B 

before  en te r ing  the  funct ion  evaluat ion code i t s e l f .  



b)  t r e a t  the  above de f in i t i on  exac t ly  a8 if it read 

FNCUBE = FNCUBE * FNCUBE * FNCUBE + C * D 

c )  execute 

A = FNCUBE 

on re tu rn  from the  function evaluation code, Subst i tu t ion 
of a func t ion f s  name f o r  the var iable  X appearing i n  the  
de f in i t i on  of the  function i a  accomplished by use of a function 
switch, which is  turned on during the  compilation of a 
DEFine statement, and of two aux i l i a ry  locat ions ,  i n  one of 
which the symbol t ab l e  po in te r  referencing the  current  
function name i s  stored,  while the  second contains the  
symbol t ab l e  po in te r  t o  the  function argument name. When, 
i n  the course of compiling any algebraic elrpression, OENFETCH 
i s  ca l l ed ,  i t  examines the  function switch, and, if t h i s  i s  
on, replaces any reference t o  the function argument with a 
reference t o  the corresponding name 

4. The generation of i t e r a t i v e  FOR-next requires  a 
solut ion t o  the  problem of matching the  beginning wi th  the 
end of each such loop i n  proper fashion. The loop-beginning 
GENFOR rout ine  f inds ,  on the argument s tack,  a reference 
t o  the  name of the  l oop l s  i t e r a t i o n  variable,  and t o  a s e t  
of three ternporary locat ions ,  using which we then generate 
code of the following form: 

TEMP = TEMPl - TEMP3 

VARIABLE = TEMP 

LABEL1 : CONTINUE 

TEMP = VARIABLE - TEMP2 

PLUS JUMP LABEL2 

TEMP = VARIABLE + TENP3 

VARIABLE = TEMP 

On encountering the matching NEXT statement which termina.tes 



t he  loop, we genera te  t h e  end of loop code 

GO T0 LABEL1 
LABEL2 : CONTINUE 

The p a i r  of l a b e l s ,  LABEL1 and LABEL2, appearing i n  t h e  above- 
displayed code must not c o n f l i c t  with any programmer def ined  
l a b e l .  To a t t a i n  t h i s  end, we maintain a -C l a b e l  counter  LC 
which i s  incremented each time a FOR-loop is  generated,  and 
which provides  u s  w i t h  an i n d e f i n i t e l y  long s t r i n g  of generated 
l a b e l s ;  and a l s o  maintain a FOR-stack, i n t o  which t h e  r o u t i n e  
GENFOR, when c a l l e d ,  p l aces  both t h e  l a b e l  counter  value 
i t  has used f o r  the  generat ion of i t s  l a b e l s ,  and t h e  i t e r a t i o n  
va r i ab le  used i n  the  FOR-statement. The corresponding NEXT 
statement removes these  q u a n t i t i e s  from t h e  top of t h e  FOR 
s t a c k .  Using the  stacked value of t h e  l a b e l  counterQE~EXT 
can genera te  appropr ia te  loop c loe ing  code. The OENEXT 
subrout ine w i l l  a l s o  compare t h e  v a r i a b l e  which i t  f i n d s  
a t  t he  top of the  argument s t a c k  with the  v a r i a b l e  referenced 
a t  t he  top of the  FOR-stack t o  v e r i f y  t h a t  a l l .  fou r  loops 
a r e  proper ly  nes ted .  

To proceed a s  explained above, we make use  of the fol lowing 
d a t a  l o c a t i o n s  and f i e l d s :  

1. A one b i t  func t ion  switch FS; a func t i an  name l o c a t i o n  
FN; and a funct ion  argument name loca t ion  - AN. 

2. A temporary v a r i a b l e  counter  TV and a temporary v a r i a b l e -  
maximum counter TM. An a u x i l i a r y  temporary v a r i a b l e  

coun ter ATV and an a u x i l i a r y  temporary v a r i a b l e  maximum 
counter  ATM. 

3 .  I n  each symbol t a b l e  en t ry ,  a two b i t  dimension s t a t e  
f i e l d .  i n  which O denotes  a neut ra1  s t a t e ,  1 denotes a s i n g l y  
indexed va r i ab le ,  2 denotes a doubly indexed va r i ab le ,  and 
3 denotes a simple v a r i a b l e .  

I n  each symbol t a b l e  en t ry ,  a dimension p o i n t e r  f i e l d  
which re fe rences  a dimension t a b l e  e n t r y  i f  the  va r i ab le  i s  
dimensioned; i n  t N s  case the  dimension t a b l e  e n t r y  g ives  
the  dimension information f o r  t h e  v a r i a b l e .  Also, a t o t a l  



accumulated a r r ay  s torane  counter TAS. 
4. A FOR-label counter W; a FOR-stack and r e l a t ed  s t ack  

po in t e r .  

5. An indexing f l a g  I X ,  used t o  d i s t i ngu i sh  indexed 
f rom non-indexed f e tches  and s t o r e s  . 

We now proceed t o  explain the  ac t ion  of t he  remaining 
generator  subroutines.  SUBSCR w i l l  be ca l l ed  with an argument 
which i s  e i t h e r  0, 1 o r  2, and a l so  references the  va r iab le  
pointed t o  by the  top of the  argument s tack .  SUBSCR(~) 
f i n d s  two index quan t i t i e s  a t  the  top of the  argument s t ack .  
It s e t s  the  indexing flag, checks t o  ve r i fy  t h a t  the var iable  
with which i t  is deal ing  represents  a two-dimensional array,  
and, using the  dimension information f o r  t h i s  two-dimensional 
array,  emits code t o  ca l cu l a t e  the  l i n e a r  loca t ion  of the  
required a r ray  en t ry .  A temporary va r iab le  containing t h i s  
quan t i ty  replaces  the  two separa te  ind ices  a t  the  top of the  
argument s t ack .  SUBSCR(~) merely s e t s  the  indexing f l a g ,  
and checks t o  ve r i fy  t h a t  the  var iable  i n  question represents  
a one-dimensional a r ray .  SUBSCR(O) checks t h a t  the  va r iab le  
with which i t  is  deal ing  i s  non-indexed o r  neu t ra l ,  and desig-  
na tes  a var iable  a s  non-indexed i f  i t  i s  found t o  be neu t r a l .  
Then SUBSCR(O) drops the indexing f l ag ;  i f  the  funct ion 
f l a g  i s  s e t  i t  checks the  var iable  f o r  i d e n t i t y  with the  
current  funct ion argument, and replaces  i t  with the  name i n  
the  current  funct ion name locat ion  i f  the  var iable  i s  iden t ica1  
with the  current  function argument. 

The subroutine GENFUN f inds  a funct ion name and the  
var iable  po in t e r  a t  the top of the argument s t ack .  It drops 
the  indexing f l a g  and, using GENASIGN and GENCALL, generates  
the  machine code sequence 

FNAME = VAR 

CALL RETSTACK 

JUMPTO FNAME' 



GENASIN f inds  a p a i r  of var iable  names and possLbly a l so  
an index quant i ty  a t  the  top of the  argument s tack .  The 
index quant i ty  w i l l  be present  i f  and only i f  the  index 
switch i s  m .  

Consulting t h i s  switch, QENASIN emits assembly language 
code t o  perform a simple s t o r e  i n  the  nonindexed case, o r  
an indexed s to r e  i f  the  index switch i s  on. If  the  index 
switch i s  on, GENASIN drops i t  . Note t ha t ,  i f  the  var iable  
found a t  the  top of t he  argument s t ack  by GENASIN i s  a tempor- 
a ry  var iable ,  GENASIN must reduce the  temporary va r iab le  
counter TV by 1. GENFETCH f inds  e i t h e r  a va r iab le  name o r  
a var iable  name and an index quant i ty  a t  the  top of the  argu- 
ment s t ack .  I f  the  index switch i s  o f f ,  QENFETCH a c t s  a s  
a n u l l  operat ion.  I f  the index switch i s  on, GENFETCH 
drops i t ,  advances the  temporaries counter and generates  
the  assembly code equivalent of the  indexed f e t c h  

The generator  subroutine ARITH i s  the  maln generator  
f o r  a l 1  ar i thmet ic  operat ions.  It generates  the  assembly 
code sequences required f o r  the  various allowed binary 
ar i thmet ic  operat ions and f o r  the  unique monadic arithrnetic 
operation, a r i thmet ic  negation; the  r e s u l t  value i s  always 
assigned t o  a temporary var iable  and a po in te r  t o  t h i s  

temporary var iable  i s  l e f t  a t  the top of the  argument s tack .  
Note t h a t  ARITH always advances the  temporary counter by 
1, but reduces t h i s  counter by O,  1 o r  2, depending on 
whether none, one o r  both the  quan t i t i e s  on top of the  
argument s tack  when ARITH i s  ca l l ed  a r e  temporary va r iab les .  

GENIF uses ARITH a s  a subroutine t o  form the d i f ference  
of the two quan t i t i e s  whose comparison i s  t o  de t emine  the  
outcome of the I F  statement being compiled, and replaces 
these two quan t i t i e s  by a s ing le  temporary var iable  containing 
t h e i r  d i f fe rence .  Then the  OENIF subroutine generates  
appropriate  t r ans f e r  code, i n  one of the  following forms: 



ZERWUMF &AIBEL 
f o r  a comparison by equalityj 

NONZEROJUMP LABEL 
f o r  a comparison by inequa l i ty ;  

ZEROJUMP LABEL 
ELUS JUMP LABEL 

f o r  comparison by the  g r e a t e r  than o r  equal t o  r e l a t i on ;  

ZEROJUMP LABEL 
MINUSJUMP LABEL 

f o r  comparison by l e s s  than o r  equal to ;  

ZEROJUMP OVER 
PLUS J UMP LABEL 

OVER : CONTINUE 

f o r  comparison by the  g r e a t e r  than r e l a t i on ;  

ZEROJUMP OVER 
MIN~~JWW' LABEL 

OVER : CONTI NUE 

f o r  comparison by the  l e s s  than r e l a t i onsh ip .  

The generator  subroutine GENFOR f i nds  a va r i ab le  and th ree  
expressions a t  the top of the  argument s t ack .  Using the  
FOR-label counter LC i t  generates  the  loop heading code 
a l ready described.  Then the loop var iable  and the  current  
value of the loop counter LC a r e  placed a t  the  top of the  
FOR s tack,  and LC i 8  incremented by 2. GENEXT f i nds  a 
s i ng l e  var iable  a t  the  top of the  argument s t ack .  It 
compare8 t h i s  va r i ab le  with the  var iable  referenced a t  the  
top of the FOR-stack and, i f  these  disagree,  i s sue s  an  
"improper loop nest ing" d iagnos t i c .  I f ,  on the  o the r  hand, 
no loop nes t ing  e r r o r  i s  detected,  GENEXT usea the  stacked 
value of the  loop counter to generate  the  loop c los ing  code 
described.  



The two generator  rout inea OENANAM and DEFEND a r e  used 
i n  connection with the  BASIC DEFine atatement.  GENANAM 
f inds  a function and function argument name referenced a t  
the  top of the  argument atack; s e t s  the  funct ion f l ag ;  placea 
references to the  funct ion name and arguanent name i n  t he  
loca t ions  FN and AN respect ively;  and generates  an assembly 
language l abe l  and asaociated s torage  loca t ion  . GENANAM a l so  
interchanges TV with ATV and TM with ATM.  DEFEND drops the  
function f l ag ,  s e t s  TM = ATM, and interchanges TV with ATV 
and TM with ATM. It a l so  generatea the  output l i n e  

JUMPTO RETBEG 

The GENDAT and READ rout ines  work together,  using a comon 
system INPUT a r ray .  GENDAT f i nds  an i n t ege r  o r  rea1  number 
a t  the top of the  argument s tack;  i t  converta t h i s  quant i ty  
t o  i t s  in te rna1  value, takes the  negative of t h i s  value i f  

ca l l ed  with "minusf' a s  i t s  own proper argument, ard puts the  
calculated value i n t o  the next f r e e  space i n  the input  
buf fe r  ar ray .  The G E N R ~ A D  rout ine  f i nds  a var iable  name A 

referenced a t  the  top of the argument s t a c k ,  emits the  
l i n e s  

CALL READER 

A = IOTEMI? 

and s tacks  the  po in te r  t o  the  aystem var iable  IOTEMP on 
the  top of the  argwnent s tack;  the  system rout ine  READER here 
invoked merely t r ans f e r s  the  f i r s t  ava i l ab le  element i n  the  
input buf fe r  i n t o  the  IOTEMP locat ion ,  taking i i  "data 
exhausted" e x i t  of the  INPUT buf fe r  i s  empty. 

GENPRINT can be ca l l ed  i n  a "data  p r i n t "  o r  i n  a "message 
p r i n t "  form. In  i t s  f i r s t  form, i t  uaes GENASYN t o  emit 
code which w i l l  t r an s f e r  the  value t o  be p r in ted  i n t o  the  
system IOTEMP locat ion ,  and then emits a c a l l  ito a system 
value-print rout ine  which accomplishes the  conversion and 
ex t e r i o r  t r ans f e r  of t h i s  value. I n  i t s  second form, 
GENPRINT emits code f o r  entering, i n t o  the IOTEMP locat ion,  
the  two message buffer  po in te r s  def in ing the beginning and 



end of a message t o  be .p r in teb ,  end emite a cal l  t o  a system 
message p r i n t  rout ine  which accompliahes the  external t rans-  
fe r  of t h i s  message. 

The generator  subroutine QENDIM f i nds  a var iable  name and one 
o r  two constants  on the  top of the argwnent s tack.  It 
checks the dimension s t a t e  f i e l d  of the var iable  t o  make 
sure  t h a t  the  var iable  i8 In  the  neutra1 s t a t e ,  and then 
s e t s  t h i s  dimension s t a t e  f i e ld  to the appropriate  value, 
1 o r  2.  A t  the  same time, a dimension t ab l e  en t ry  i s  b u i l t  
and a po in t e r  t o  t h i s  dimension t ab l e  en t ry  attabhed t o  
the  var iable  en t ry  i n  the  aymbol table ,  and the  t o t a l  space 
required f o r  the  dimensioned a r ray  calculated and added t o  
the  t o t a l  a r ray  s torage  count TAS, a diagnost ic  being 
emitted i f  t h i s  t o t a l  becomes excessive. 

EXIT a t t a t ches  assembly language code f o r  a l 1  necessary 
system functions t o  the  code compiled during the  inimediately 
preceding parse run; generates a l 1  neceesary temporary 
storage locat ions,  uslng the value of both the TM and the  
ATM counters; generates s torage f o r  a l1 necessary arrays,  
using the e n t r i e s  i n  the dimension table ,  and t r ans f e r s  the  
accumulated contents of the input buffer  and thepr in t  message 
buf fe r  t o  proper locat ion.  Final ly ,  EXIT w i l l  p r i n t  out  
an  assembly language l i s t i n g  of the  code t h a t  has been 
compiled and/or c a l l  an assembler t o  produce f i n a l  machine 
code. 

T h i s  i s  the l a s t  of the generatora required f o r  the compilation 
of the BASIC language. Programmed i n  a su i t ab l e  higher 
leve1 language, each of the above generators should be no 
more than few dozen l i n e s  long; so t h a t  the whole parse r  
for the BASIC language, wr i t ten  i n  a combinatlon of our 
syntax language and FORTRAN sh -~u ld  amount t o  no more than 
two to  three  hundred cards.  



O t imizat ion of recursive syntax analys is .  7. _ E - - . -  

The syntax analys is  methods presented i n  the  previous 
sect ions of the  present chapter, especia l ly  i n  Sect ion 5, a r e  

a t  t h e i r  most e f f i c i e n t  when the  language t o  be parsed has a 
high degree of l o c a l  ambiguity. In t h i s  case, the  parsing 
algorithms of Section 5, i n  t he  forrn given, imply a g r ea t  dea1 
of "saving"  and "restoring"; i .e., we must oftert note and save 

an indicat ion of our rnomentary locat lon In  the input  8 t r Ing  
i n  order,  on a subsequent f a i l u r e ,  t o  reattempt a parse  
along an a l t e rna t e  l i n e ,  a t a r t i n g  once more fron the  same 
point  i n  the  input  s t r i n g .  I n  eome caaes, of courae, the 

language which i s  t o  be parsed may be r e l a t i v e l y  unambiguous; 
t h i s ,  f o r  example, i s  the  case f o r  both the extended Backus 
metalanguage i t s e l f  and f o r  the  BASIC language deacrlbed i n  
the  preceding sect lon.  This l a  a l so  the case i o r  many 
other  programming languagee : the  deslgn of such languages 
i s  of ten lnfluenced by a des i rh  t o  avoid anibiguity. Even 
i n  these cases,  however, the re  a r e  certain common aituations 
i n  which a recursive parse r  a c t s  with 'less than optimal 
e f f i c iency .  I n  the  present  sect lon,  we will describe severa1 
methods by which the  e f f l c iency  of a parse r  may be lmproved, 
i r respec t ive  of whether the  language t o  be paraed i 8  ambiguous 
o r  unambiguous. 

We begin by conslderlng the  s i tua t lon ,  typi f ied  
by the  f'keyword searchft which begins the  syn tac t l c  analys is  
of every BASIC statement, i n  which a l e x i c a l  atom must be 
compared with every one of a l a rge  number of f i r e d  atoms before 
a decision can be made concerning the l i n e  of act ion t o  be 
taken subsequently. We s h a l l  describe a r e l a t i v e l y  simple 
device f o r  increasing the  e f f l ~ i e n c y ~ o f  parsing i n  t h i s  
common case. 

The idea i s  a s  follows. Instead of making cc~mparlsons 
with al1 the members of a r e l a t i v e l y  l a rge  a e t  af other  atoms, 
and taking a t r ans f e r  depending on the r e s u l t  oP a l 1  these 
comparisons, we make use of a hash t ab le  of atoms containing 

t he  corresponding t r ans f e r  addresses, and of an a l t e rna t i ve  

,io 8.- 



procedure i n  which we. 

a)  haeh the  atom which i8 t o  be comgared with our t ab l e  
en t r i e s ;  

b)  l oca t e  t h i s  atom i n  our hash t ab l e  by a f a a t  look-up 
procedure ; 

C)  note, and t rans f  e r  t o  the  corresponding address. 

This technique apeeds up the  key worà acan which, according 
t o  the  grammar of Section 5, begine the  ayntact ic  analyeis  
of every BASIC statement very e f f ec t i ve ly .  

A more widely useful  optimization makes use of somewhat 
more sophis t ica ted  techniques reaembling the "bounded 
context" parsing techniques which we w i l l  d iscuse i n  more 
d e t a i l  i n  Chapter 4. T h i s  technique, which may be ca l l ed  
context an t ic ipa t ion ,  involves the  following eequence of eteps:  

1. During the  expansion of a grammar wri t ten  i n  the 
extended Backua metalanguage i n t o  the  correaponding algorithm, 
make up a complete l is t ,  ca l l ed  a compoaites l is t ,  of a l i  

1IIIC 

F I N D  SUBPART and a l 1  ITERATE SUBPART c a l l s ,  both those involuing 
and those not involving the  spec i f i ca t ion  of a minimum o r  
a minimum and maximum number of i t e r a t i o n s .  This may 
r ead i ly  be accomplished by making s l i g h t  modlficationa t o  
the GENRGO and the GENITER routinee used by the syntax expander 
of Section 4. 

2 .  During the  same syntax expansion, make up a l ist ,  
ca l l ed  the  symbol types list,  of a l 1  recognized atoms and 
l e x i c a l  types ( t h i s  is  merely a l is t  of a l 1  the quan t i t i e s  
occurring a s  argwnents t o  the RECOGNIZE and FIND LEXICAL c a l l s )  . 
T h i s  goal may be accomplished by making s l i g h t  modifications 
t o  the GENREC and GENFIND rout ines  used by the  syntax 
expander . 
3 Next, using the  t ab les  prepared ( i n  s t eps  L and 2 ) ,  
make up a two-dimensional outcomes t ab l e  f o r  each c a l l  
appearing i n  the composites li&. Each en t ry  i n  t h i s  t ab l e  
corresponds t o  a p a i r  S1, S2 of elements on the syrnbol types 
l i s t .  The e n t r i e s  of each such outcomes t ab l e  are to be 

fomed as follows: 



a )  Begin a simulated run of the parser ,  atarting with 
the  given FIND o r  ITERATE SUBPART c a l l ,  and with a two symbol 
input  s t r i n g  consis t ing  of S1 and S2. 

b)  If and when any subroutine o the r  than POPW, POPNO, 
FIND SUBP ART, ITERATE SUBP ART, FIND LEXICAL, RECOONIZE, A L I R I ,  
o r  FALSE i s  ca l l ed  during the  simulation, t e m i n a t e  the  
simulated run and e n t e r  the  symbol D i n t o  t he  outcomes t ab l e .  

C )  I f  the  input  8can po in t e r  maintained by the pa r se r  
ever  a t t a i n s  the  value 3, terminate the  simulated run a d  
en t e r  D i n t o  the  outcomes t ab l e .  

d )  I f  a f t e r  a s e t  maximum number of simulated s teps ,  ( say  
100 o r  1000) the  simulated run has  not  ye t  returned from 
the  o r ig ina l  FIND o r  ITERATE SUBPART c a l l ,  terminate the run 
and en t e r  the  symbol D i n t o  the  outcomes t ab l e .  

I n  every remaining case, re turn  f r o m  the  i n i t i a l  
FIND o r  ITIERATE SUBPART c a l l s  would have occurred without 
any generator  c a l l  o the r  than those . l i a t ed  i n  b) above having 
been made, and without any character  o t h e r  than the  two 
i n i t i a l  charac ters  S1, S2 having been scanned. 

I n  t h i s  case, the  following materia1 is entered i n t o  the 
outcomes t ab le :  

i) The s t a t e  of the  syn tac t i c  success- fa i lure  f l a g  on 
re turn;  the  value, 1 o r  2, of the  scan po in t e r  on re turn;  
and, i f  t h i s  value i s  2, so t h a t  a character  has been 
scanned, a f l a g  ind ica t ing  whether o r  not a po in t e r  t o  
t h i s  charac ter  has been inse r ted  i n t o  the  argunnent s t ack .  

ii) The t o t a l  nwnber of c a l l s  t o  any of the  admissible 
rout ines  l i s t e d  i n  b) above t h a t  have taken place  between 
our i n i t i a l  F I N D  o r  ITERATE SUBPART c a l l  and the  subsequent 
re turn  from t h i s  c a l l .  

4. The next s t ep  i s  t o  r e j e c t  any FIND o r  ITERATE SUBPART 
call, which according t o  a reasonable c r i t e r i on ,  i s  not 
worth spec ia l  optimization. This may be done as  follows. 
The e n t r i e s  i n  the outcomes t ab l e  containing a D a r e  e n t r i e s  
which, because of the complex ac t ions  which would be i n i t i a t e d  



on encountering the corresponding p a i r  S1, S2 of lnput  
symbols, have i n  any case t o  be performed; t ha t  is, f o r  
such en t r i e s ,  we do not attempt any spec ia l  optimization. 
On the  o ther  hand, e n t r i e s  not containing a D a r e  e n t r i e s  
which can, i f  i t  i s  worth our while t o  do so, be spec i a l l y  
optimized. Then, i n  order  not t o  optimize unnecessarily,  
we take, f o r  each complete outcomes tab le ,  the  maximum of 
a l 1  the  numbers of intermediate c a l l s  recorded i n  any non-D 
en t ry  i n  the  t ab le .  If t h i s  maximwn exceede a reasonable 
threshold value (say, 2 o r  3) i t  s i g n i f i e s  t h a t  the  
corresponding FIND o r  ITERATE SUBPART c a l l  could lead t o  a 
complex and lengthy s e r i e8  of act ions,  terminating however, 
i n  a simple re tu rn  from the  c a l l ,  a t  most one input  character  
having been scanned i n  the  meanwhile. I n  such cases i t  is  
worth s e t t i n g  up a spec ia l  optimization. On the  o ther  hand, 
i f  the  c i t ed  maximwn i s  l e s s  than 2 o r  3, i t  is nÒt worth 
optimizing i n  any spec ia l  way, s ince  the  procedure followed 
by our unoptimized algorithm i8 bound t o  be reasonably f a s t  
and e f f i c i e n t .  Thus, depending on the  value of the  c i t ed  
maximum and on the  threshhold value we choose, we decide 
e i t h e r  t o  optimize o r  t o  neglect  the  optimization of a given 
FIND o r  ITERATE SUBPART c a l l .  

5 In  those cases i n  which we decide t o  optimize a 
SUBPART c a l l ,  we proceed t o  s e t  up a packed and condensed 
version of the  outcomes table ,  proceeding a s  follows. 
We first reduce each ent ry  i n  the outcomes t ab l e  t o  an 
en t ry  four  b i t s  i n  length .  T h i s  i s  done a s  fo.llows. A 'D'  

en t ry  i s  represented by four  b i t s ,  a l 1  zero; an s n t r y  
d i f f e r e n t  from D i s  represented by a ce r ta in  pa t t e rn  of 
four  b i t s ,  the  f i r s t  of these b i t s  being s e t  t o  1. The 
second b i t  of these four ind ica tes  the s t a t e  of the syn tac t i c  
success-fai lure f l a g  on re turn  from the  corresponding SUBPART 
c a l l .  The t h i r d  b i t  ind ica tes  the  nwnber, zero o r  one, of 
input atoms scanned a t  the  time of re turn  from the  SUBPART 
c a l l .  The f i na1  b i t  ind ica tes  whether the  scanned lnput  
symbol, i f  any i s  scanned, i s  merely RECOGNIZED o r  i s  taken 



by the FIND LEXICALsubroutine and placed on the argwnent 
s t ack .  Proceeding i n  t h i s  way, we reduce our  i n i t i a l  out-  
comes t a b l e  t o  a packed t a b l e  of four  b l t  e n t r i e s ,  one 
en t ry  Por each poss ib le  p a i r  of elements of the  symbol 
types l i s t .  

6 .  Our next aim is  t o  condense the packed outcomes 
t ab le ,  a r r i v ing  a t  a considerably amaller t a b l e  containing 
the  same inforrnation. This we do aa followa. By s o r t i n g  
the rows and then so r t i ng  the  columns of the  packed outcomes 
t ab le ,  w e  c l a s s i f y  a l 1  t he  d i f f e r e n t  symbols occurr ing i n  
the  symbol types l i s t  i>nto equivalence clasaea,  two symbols 
being considered equivalent  i f  the rows i n  the  outcomes 
t ab l e  which correspond t o  these two symbols a r e  i d e n t i c a l  
and the columns i n  the outcomes t a b l e  corresponding t o  these  
two symbols a r e  a l s o  i d e n t i c a l .  Applying t h i s  c r i t e r i o n ,  
we develop a l is t  of equivalence c l a s se s  of symbols, the  
l i s t  corresponding t o  the  given SUBPART c a l l ,  which w i l l  
normally be very considerably sho r t e r  than t h e  fu11 symbol 
types l i s t ,  and, i n  many cases,  may contain some 4 t o  8 
e n t r i e s .  We next cons t ruc t  an equivalence c l a s s  t a b l e  which, 
f o r  each symbol type i n  our  symbol types lists, g ives  the  
nwnber of the  corresponding equivalence c l a s s .  The condensed 
outcomes t ab l e  i s  now a t a b l e  containing a s  many rows and 
columns a s  the re  a r e  equivalence c l a s se s  and, f o r  each p a i r  
of equivalence c lasses ,  containing the  four  b i t  en t ry  which 
the  fu11 outcomes t a b l e  would assoc ia te  with a p a i r  of cha rac te r s  
belonging t o  t h i s  p a i r  of equivalence c l a s se s .  

7 Our proceaure on en te r ing  an optimized FIND o r  
ITERATE SUBPART c a l l  i s  now as fol lows.  We p i ck  up the  two 
imrnediately following symbols i n  the  input  s t r in ,g ;  and 
determine the  symbol type of each syrnbol. 

Then, making f a s t  access through the  e q ~ ~ v a l e n c e  c l a s s  
t ab l e  and the condensed outcomes t ab le ,  we decide e i t h e r  t o  
execute our SUBPART c a l l  i n  the norma1 way, o r  decide t h a t  
t h i s  i s  unnecessary s ince  the outcome of the  cali can be 



predic ted  d i r e c t l y .  I n  t h i s  la t ter  case, we uae the  remain- 
ing  information i n  the  condensed outcomes t ab l e  t o  e s t ab l i sh  
the  appropriate  s e t t i n g  f o r -  the syntactlc succeas-failurd 
f l ag ,  t o  obtain a  properly incremented value of the  scan 
pointer ,  and, i f  neceersary, t o  p lace  one addi t ional  l e x i c a l  
atom po in te r  and/or the  quant i ty  zero ( i n  case of an i t e r a t e d  
subpart c a l l )  a t  the  top of the  argument s tack.  

Note t h a t  the  indexing operat ions neceasary t o  carry  
out  the  s t eps  i n  7 above can be ca r r ied  out  moet e f f i c i e n t l y  
and a t  highest  speed i f  the  number of rows and columns of 
the  condensed outcomes t a b l e  a r e  both taken t o  be a power 
of two. 

The information which must be gathered i n  order  t o  form 
an i n i t i a l  version of each necessary outcomea t ab l e  can 
be col lec ted  e a s i l y  i f  su i t ab l e  modifications t o  the  generator 
rout ines  occurring i n  the syntax expander a r e  made. Theae 
modif i ed  generators  c m  produce, f rom any given syntac t i c  
t ex t ,  a  preliminary version of the  corresponding parse 
algorithm i n  which each of the  subprocess c a l l s  invoked i s  
replaced by a  c a l l  t o  a rout ine  with a combined simulation 
and information gathering funct ion.  A t  the end of a  first 
information gathering phase, a  complete s e t  of condensed 
outcomes tab le  can be prepared, one f o r  every SUBPART c a l l  
which is  t o  be optimized. A t  t h a t  point  a l 1  these condensed 
t ab l e s  can be passed back t o  the  syntax expander, the syntax 
expander a t  the  same time being informed a s  t o  what p a r t i c u l a r  
SUBPART c a l l  each tab le  belongs. Then, using t h i s  information, 
the syntax expander can produce an optimized parse r  w i t h  one 
single addi t ional  run. Note f i n a l l y  t ha t  by applying the 
general optimization methods t o  be discussed i n  Chapter 8 
below t o  the  parse program thus produced, s t i l l  fu r ther ,  
r a the r  general improvements i n  e f f i c iency  may be obtained. 



CHAPTER 3 .  THE LEXICAL SCAN - 

The bas ic  l e x i c a l  scan algorithm. 

The task  of t he  l e x i c a l  scan is  t o  d iv ide  an input  
character  s t r i n g  i n t o  words which c m  be t r ea t ed  a s  atomic 
subunits during the  remainder of analysis ,  Qo c a n y  out t h e  

i n i t i a l  ent ry  of these worùs i n t o  a symbol table,  and t o  f l a g  
each symbol t a b l e  en t ry  with the  i n i t i a l  l ex ica l - syn tac t i c  
type of the  word. During t h i s  process t h e  machine-interna1 
representat ion f o r  the value of any symbol word found t o  
designate a constant may a l s o  be calculated and entered i n t o  
the symbol table .  The o r ig ina l  input  s t r i n g  i s  thereby 

replaced by a s t r i n g  of pointers  t o  the  newly created symbol 
t ab le ,  

The l e x i c a l  scan process prepares i n -  a genera1 way f o r  t he  
p r inc ipa l  syn tac t i c  pass. It has the  obvious advantage of 
reducing the s i z e  of the  s t r i n g  t o  be processed during t he  

p r inc ipa l  pass, s ince  many more characters  w i l l  normally be 
used t o  form a mnemonic symbol-name than a r e  required f o r  a 
symbol t a b l e  pointer .  The l e x i c a l  scan process i s  f a s t ,  

l 

simple, and normally s t r i c t l y  s e r i a l .  The subsequent s tages  
of syn tac t i c  analysis  a r e  more complex and may of ten  involve 
repeated motion back and f o r t h  over port ions of the  input  
s t r i ng .  Hence, by condensing t he  input v i a  a l e x i c a l  scan 
the  number of items of input which must be t rea ted  repeatedly 
i s  subs tan t ia l ly  reduced. 

It i s  a l s o  worth noting t h a t  c e r t a in  e n t i r e l y  t r i v i a l  l e x i c a l  

operations w i l l  have t o  be performed very often during the 
analysis  of norma1 input programs; the  suppressj-on of blanks i n  

a the  parsing of FORTRAN and of repeated blanks i r i  the parsing of 
many other  languages a r e  typ ica l  f o r  t h i s  observation. By 

applying a well-adapted high-speed technique in mese recurr ing 
t r i v i a l  cases, a l e x i c a l  scanner can e f f e c t  considerable savings 
i n  t o t a l  compilation time. Morever, s ince most of the character-  



re la ted  operations 0 f . a  compiler belong t o  i t s  l e x i c a l  sect ions,  

the use of a  l e x i c a l  prepass serves t o  loca l ize  a compilerfs  

character-set dependencies. 

In  describing any given programming language we always have 

the  option e i t h e r  of carrying syn tac t ic  descr ipt ion down t o  the 
s ing le  character  leve1 o r  of regarding cer ta in  simple syn tac t ic  

types as  l e x i c a l  atoms. The l a t t e r  approach general ly speeds 
up the overa l l  compilation process. 

From the  more general point of view of Chapters 2 and 4, 
we may make the following comments concerning l e x i c a l  scans. 
Any general recursive parsing method makes use of a control  

stack. I f  the grammar according t o  which the  parse i s  t o  
be conducted i s  su f f i c i en t ly  simple so tha t ,  as a matter of 
f ac t ,  t h i s  control  s tack can assume only one of a  f i n i t e  number 
of s t a t e s  during a parse, then we can develop a considerably 

more ef f  i c i e n t  real izahion of the parsing process as  f  ollows . 
In  the  f i r s t  place, enumerate a l 1  possible s t a t e s  of the 
control  stack; these become the  s t a t e s  of a  f i n i t e  s t a t e  

automaton. Next, note the  t r ans i t i ons  of control  s t a t e  
induced on encountering any given input character,  obtaining 

i n  t h i s  way a s t a t e  t r ans i t i on  table.  Whenever a generator 

subroutine would be cal led  on encountering a given input 
character  i n  a given s t a t e ,  t h i s  f a c t  should be indicated 
by at taching an appropriate spec ia l  entry t o  the  s t a t e  
t ransi t ion table .  Ref ormulating the parsing process i n  t h i s  
way whenever possible has the  c ruc ia l  advantage of permitting 
rea l iza t ion  of the  parse by a very high speed programming 



technique; we may e i t h e r  encode t h e  s t a t e s  of t h e  hypo the t i ca l  

f i n i t e  s t a t e  automaton i n t o  t h e  i n s t r u c t i o n  address  of an 
a c t u a l  computer, and encode t h e  s t a t e  t r a n s i t i o n s  a s  indexed 
t r a n s f  e r s ;  a l t e r n a t i v e l y ,  we may desc r ibe  t h e  required p a t t e r n  

of s t a t e - t r a n s i t i o n s  by a  s t a t e  t a b l e  and use  an indexed 

lookup of t h e  form 

STATE = STATE TABLE (STATE, CHAM CTER) 

t o  achieve the  proper t r a n s i t i o n  on d i g e s t i n g  each new cha rac te r  

i n  t h e  input  s t r i n g .  
I n  t h e  present  chapter ,  we s h a l l  desc r ibe  a  h e u r i s t i c  

procedure by which t h e  s t a t e  t a b l e  and h igh  speed scan 

corresponding t o  a  s u f f  i c i e n t l y  simple, " l e x i c a l "  grammar 

may be s e t  up d i r e c t l y .  Those would-be s y n t a c t i c  types which 

may appropr i a t e ly  be reduced t o  the  s t a t u s  of l e x i c a l  types 

may be determined by pe rusa l  of t h e  s y n t a c t i c  d é f i n i t i o n  of 

t h e  language. For a  s y n t a c t i c  type t o  be reduci-ble t o  t h e  

l e x i c a l  l e v e l ,  we requ i re  t h a t  i t s  s y n t a c t i c  def ' in i t ion  

i s  simple and i t e r a t i v e  r a t h e r  than complex and recurs ive .  

In  p a r t i c u l a r ,  any s y n t a c t i c  type i n  which a  fundamentally 
recurs ive  strutture i s  embedded a s  a  subpart  i s  no t  a  candidate  

f o r  reduct ion t o  the  s t a t u s  of l e x i c a l  atom. Mxeover, t h e  

generator  rout ines  which need t o  be c a l l e d  i n  connection with 

the  cons t ruc t ion  of a l e x i c a l  atom should be simple and involve 

rudimenta ry  i n i t i a l i z a  t i o n  but  not  complex manipulation of t h e  



symbol table .  
We may readi ly  perceive the p rac t i ca l  force of these 

theore t ica l  observations by examining %he following d i r e c t  

syn tac t ic  def ini t ion,  which mimt be given f o r  the pr inc ipa l  
l e x i c a l  types occurring i n  the  BASIC language of Chapter 11, 
Section 5. ( ~ e  wri te  these def in i t ions  i n  the  most rudimentary 
Backus language, since, f o r  the  moment, we a re  not in teres ted 

i n  the deta , i l s  of the  corresponding generative act ions . )  

It i s  p la in  tha t  a l 1  these constructions, even those which 
have been put recursively i n  the above s e t  of def ini t ions ,  a re  
expressible i t e r a t ive ly .  It i s  f o r  t h i s  reason t h a t  the types 
<integer>,  <decimai>, <nwnber>, Xnames, and ifnames may 
appropriately be t reated as l ex i ca l  atoms. O n  the other hand, 

re fe r r ing  to the BASIC grammar i n  Chapter 2, Section 5, we 
may say tha t  the syntact ic  type < s i a e d >  i s  not appropriately 
treated as a l ex i ca l  atom, since an expression l i k e  -3 must 
be analyzed d i f f e ren t ly  depending on whether i t  occurs i n  an 
expression l i k e  "A-3", i n  which case -3 i s  the union of the 
operator " - l '  with the  in teger  "3", o r  i n  a DATA statement of 
the form 



DATE A = -3 
i n  which case -3 i s  in te rpre ted  d i f f e r en t ly ,  L e .  as a  signed 

nurnber. Of course, a su i t ab ly  sophis t ica ted  l e x i c a l  scan could 
rnake t h i s  d i s t i n c t i o n  l ex ica l ly ;  however it i s  more convenient 

t o  l e t  the  required analys is  wait u n t i 1  the  syn tac t i c  analys is  
process. The syn tac t i c  type <expr> of t he  BASIC language, 

being recursive and involving complex generation, i s  note a t  a l 1  
an appropriate candidate f o r  reduction t o  the  s- tatus of l e x i c a l  
atom. In consequence, a  syn tac t i c  type such a s< fo r s t a t> ,  which 
includes <expr* a s  a  subpart, i s  a l s o  t o  be t rea ted  syn t ac t i ca l l y  

ra ther  than l ex i ca l l y .  A syn tac t i c  type l i k e  v a r >  which i n  the 

BASIC language has a very simple construction, can be t rea ted  

l ex i ca l l y .  On the  o ther  hand, s ince  the  generators which must 
be invoked on encountering a  <var>, i n  case t h i c  var iable  i s  

dimensioned a r e  somewhat more complex than those normally 
perfformed during the  l e x i c a l  process, the  analys is  of t h i s  
l i n g u i s t i c  element would normally be handled syn t ac t i ca l l y  
ra ther  than l ex i ca l l y .  

Three p r inc ipa l  c lasses  of symbols and t h e i r  boundaries a r e  
normally detected during l e x i c a l  scan. 

T'he f i r s t  c lass  of symbols a r e  t he  l cons tan t s l .  These a r e  
symbols which denote decimal, oc ta l ,  o r  hexadecimal in tegers ,  
Hol ler i th  constants,  e t c .  

The second pr inc ipa l  c lass  detected during l e x i c a l  scan i s  
the  c l a s s  of lvar iable  namesl. 

It i s  worth making a few remarks concerning the  d i s t i n c t i o n  
between ' cons tmts r  and lva r i ab l e s l .  Some symbols i n  the  input  
s t r i n g  have, by convention, assigned values which a r e  s e t  
i n i t i a l l y  and which never change during the  running of the  
program. Thus, f o r  example, the  s t r i n g  

123 
has a  conventional value equa1 t o  the machine-interna1 represen- 
t a t i o n  of 1 x 100 + 2 x 1 0  + 3, and t h i s  value, once i n i t i a l l y  
establ ished,  w i l l  be retained throughout the  running of the  

program. Other of t he  symbols used i n  .a prograrnming language 



a r e  formal names dist inguished merely by i d e n t i t y  o r  non- 
i d e n t i t y  with o ther  formal names. During the  running of the  
program the  values corresponding t o  these- formal names o r  
"variables" w i l l  be changed repeatedly . 

The th ree  c lasses  of words refer red  t o  above do not  play 
equally weighty ro les  i n  na tu ra l  language as i n  mechanical 

languages, and i t  i s  worth t h e  p r i ce  of a digression t o  comment 
on the  reason why t h i s  i s  so. In na tu ra l  language t he  f i r s t  
c lass  of constants ( a l s o  including "noun constants")  exhausts 
norma1 usage almost en t i r e ly .  The second c lass ,  the  blank 

log i ca l  variables,  normally occur only a s  pronouns, never very 
numerous i n  any na tu ra l  language, and i n  the specia l ized d i c t i on  
of the  m a t h e m a t i ~ ~ l  s c i e n t i s t ,  L e .  a s  t he  "P" i n  such phrases 

as  " ~ e t  P be a number.. . l ' .  The bas i s  f o r  t h i s  d i f ference  i n  
usage is ,  of course, the  f a c t  t h a t  enunciations i n  na tu ra l  
language r e f e r  impl ic i t ly  t o  a vas t  t e x t  of remembered sentences 
and l i n g u i s t i c  information fragments . Thus the  words occurring 
i n  na tu ra l  language sentences normally a r e  not  l og i ca l  blanks, 

but r e l a t e  t o  a r i c h  context which they evoke. Natura1 language 
sentences a r e  i n  t h i s e  sense keys f o r  the  r e t r i e v a l  of remembered 
information; the  usage of words i n  a mechanical information 
r e t r i e v a l  system would correspondingly have a much more na tu ra l  
f l avo r  than the  usage typifying other  programming languages. 
Moreover, na tu ra l  language i s  r a r e ly  used f o r  the  descr ip t ion 

of complex algorithms within which many quan t i t i e s  a r e  varied 
(though, as  noted, the  spec ia l  d i c t i on  of the  mathematical 
s c i e n t i s t  forms an exception t o  t h i s  asse r t ion .  ) In  contras t ,  
the sentences of a mechanical language a r e  normally presented 
t o  a machine whose memory i s  blank except f o r  the  presence i n  
i t  of a s tored compiler. These sentences therefore  consis t  of 
a small number of key words (which invoke p a r t i c u l a r  processes 
i n  the  compiler) and a l a rge  number of d is t inguishable  blank 
pronouns: t he  var iable  names of the  programming language. 
The grammatica1 mood of the sentences of a mechanical language 
i s  normally imperative, and aims t o  describe complex process. 



These a r e  the  circumstances t h a t  give natura1 language on the  
one hand and programrning languages on t he  o ther  hand t h e i r  

ra t he r  d i f  f erent  f lavors . 
However, l e t  us re turn  t o  our main subject .  I n  the  l e x i c a l  

scan process we aim t o  accomplish two r e su l t s :  

1) break down each input s t r i n g  present  t o  us i n t o  "words" 

2 )  determine the  l e x i c a l  type of every "word". 
One may accomplish word de f in i t i on  merely by i m e r t i n g  a s e r i e s  
of e x p l i c i t  end of word marks i n t o  the  input s t r i n g .  Accord- 

ingly, the l e x i c a l  scan process w i l l  normally maintain two 
pointers:  the "scan pointer"  ind ica t ing  the  next character  
t o  be scanned, and the  "word beginning pointer"  ind ica t ing  the  

beginning of the  word current ly  being constructed (or ,  
equivalenlly the  end of the  word l a s t  constructed) .  The 

l e x i c a l  scan a lgor i th ,  when i t  de tec t s  the  end of a  given word, 
i n s e r t s  a  l og i ca l  mark ind ica t ing  t h i s  word ende and moves 
the  word "beginning pointert '  forward over the  word jus t  
constructed. A l i t t l e  addi t ional  discussion w i l l  put i n  i n  
pos i t ion  t o  indicate  the precise  manner i n  which these two 

pointers  a r e  used. 
As has been noted above, the  l e x i c a l  scan process i s  a 

straightforward one; so straightforward i n  f a c t  thak i t  i s  
normally perf ormed by a programmed " f i n i t e  s t a t e  automaton" . 
Such an automaton i s  always i n  one of a  r e l a t i ve ly  small number 
of l og i ca l  s t a t e s .  Given the  s t a t e  of the  automaton, i t s  next 
s t a t e  i s  a  s t r i c t  function of t he  ex i s t i ng  s t a t e  and of the  
next input character  scanned. The bas ic  h e u r i s t i c  f o r  es tab l i sh-  

ing the pa t te rn  of ~ t a t e s  required f o r  an automaton intended 
t o  perforrn a l e x i c a l  scan whose t a rge t  word-types a r e  known i s  

as  follows. A t  any moment during l e x i c a l  scan, the  scan process 
w i l l  e i t h e r  have completed the construct ion of a  p a r t i c u l a r  
word of a  given type o r  w i l l  be i n  the midst of construct ing 
such a word. The type of the word under construction may 
e i t h e r  be f u l l y  known o r  may be p a r t i a l l y  known. Thus, f o r  
example, i n  standard FORTRAN, a f t e r  the  characters  



123 , 
which we assume t o  be the i n i t i a l  port ion of a word, have been 

scanned, it known tha t  the word under 'constmction must be 
e i t h e r  an in teger  o r  a decima1 constant. Later i n  the  same 

scan, i f  the characters  

123.45 
have been scanned, the l e x i c a l  ambiguity i s  removed and it i s  
de f in i t e ly  known t h a t  a rea1 constant i s  under consrruction. 
This rea1 constant w i l l  be t emina ted  by the next following 
occurrence of a  spec ia l  symbol o r  alphabetic character.  In  
general, i f  any de f in i t e  o r  ambiguous word type i s  under 
construction, the next character  scanned w i l l  e i t h e r  (resolve 

any ambiguity and) terminate the  word o r  w i l l  (reduce the  
ambiguity of the word under construction and) continue the  
construction of the  word. While the construction of a  word 
i s  i n  process, we advance the  llscan pointerl ' ,  but 'not  the 

l'word beginning pointer".  Whenever the  construction of a  word 

i s  complete the present posi t ions of the  two pointers  define 
i t s  beginning and end. We use t h i s  information t o  e s t ab l i sh  a 

symbol t ab l e  entry describing the  word, and then advance the  
"word beginning pointerl '  t o  the present posi t ion of the scan 
pointer .  

We w i l l  describe each l ex i ca l  scan process by a s t a t e  
t r ans i t i on  tab le  and an associated shor t  program of l ex i ca l  
ins t ruct ions .  

We may es tab l i sh  a s t a t e  t r ans i t i on  tab le  f o r  the  
f i n i t e  automaton which i s  to perform a given l ex i ca l  scan as  
follows: 

1) By enumerating a l 1  the l ex i ca l  types provided i n  the  language 
t o  be scanned, and a l 1  the  possible i n i t i a l  ambiguities 
between these l ex i ca l  types, a r r ive  a t  a  fu11 s e t  of both 
de f in i t e  l ex i ca l  s t a t e s  and of ambiguous l ex i ca l  s t a t e s  
which can a r i s e  during a l e f t  t o  r i gh t  l ex i ca l  scan. 

2 )  Each one of these s t a t e s ,  be it de f in i t e  o r  ambiguous, 
w i l l  correspond t o  one row of the s t a t e  t r a n s i t i m  table .  



3 )  The columns of t he  s t a t e  t r a n s i t i o n  t ab l e  then correspond 

t o  the  various possible d i s t i n c t  l e x i c a l  character  c lasses  

belonging t o  the  given l e x i c a l  scan process. 

Here, two d i s t i n c t  characters  a r e  considered t o  belong t o  the  
same l e x i c a l  c lass  i f  they play iden t ica1  ro les  i n  the  construc- 
t i o n  of words of al1 possible l e x i c a l  types. In the  c o n t r a q  

case, characters  a r e  considered t o  belong t o  d i s t i n c t  l e x i c a l  
c lasses .  Thus, f o r  example, i n  norma1 FORTRAN a l 1  alphabetic  
characters  but H belong t o  one s ing le  l e x i c a l  c lass ;  the  
character  H belongs t o  a d i s t i n c t  l e x i c a l  c l a s s  because of 
the  spec ia l  ro le  which it plays i n  the  formation of Hol le r i th  
constants.  

4 )  The en t r i e s  i n  the  s t a t e  t r a n s i t i o n  t ab l e  a r e  t r a n s f e r  l abe l s  
indica t ing p a r t i c u l a r  algorithmic s teps  t o  be performed when a 
character  of a given l e x i c a l  type i s  encountered i n  a given 
l e x i c a l  s t a t e .  The two most cornmon e n t r i e s  i n  a l e x i c a l  t ab l e  
w i l l  normally be an entry  ca l l ed  "continue", which t r ans f e r s  t o  
an ins t ruc t ion  i n  the  l e x i c a l  scan program t h a t  merely advances 
the  scan pointer;  and a l abe l  ca l l ed  "end" which t r ans f e r s  t o  
an ins t ruc t ion  i n  the  l e x i c a l  program t h a t  marks the  end of a 
word, enters  the  newly constructed word i n t o  the symbol table ,  
and f l ags  the  word as  being of a l e x i c a l  type determined by 
the  l e x i c a l  s ta , te  a t  the  time t h a t  the  word-end condition i s  
detected.  

One addi t ional  remark w i l l  be helpful  i n  understanding the 
d e t a i l s  of the  pa r t i cu l a r  example considerea below. Any l e x i c a l  
type which has the  property t h a t  the  words which belong t o  it 
a r e  always complete as  soon as  the  type i s  d e f i n i t e l y  known 
may be omitted from the  s t a t e  t ab le .  Thus, f o r  example, i n  many 
languages, any s ing le  spec ia l  character  ( a s  *, -, +, /, e tc .  ) 
w i l l  a c t  as  a del imi ter .  Such spec ia l  characters  always 
cons t i tu te  s ing le  character  words; the type of such a word, 
namely "special"  , i s  known as  soon as the  character  - i s  detected.  
For t h i s  reason it i s  not necessary t o  include a "specia l  character"  
column i n  the  l e x i c a l  analys is  table .  Instead, it i s  merely 



necessary t o  include a 3 r a n s f e r  t o  a "generate spec ia l  characterf t  

ins t ruc t ion  i n  the  "next subunit t o  beginf' row of the  l e x i c a l  
s t a t e  t r a n s i t i o n  table ,  

As a f i rs t  example t o  be analyzed i n  d e t a i l  we consider a 
hypothetical FORTRAN whose l i s t  of allowed l e x i c a l  types 

a s  follows, 
Integer: any sequence of d i g i t s ,  imbedded blanks allowed. 

Examples : 127, 0359, 0 359 275 851 
Rea1 number: an integer,  followed by a decima1 point,  and 
optionally followed by a second integer.  

Examples: 37., 37.0, 37.8910, 3 7.89 10  
Name: any s t r i n g  of nonspecial characters beginning with 
an alphabetic; no embedded blanks allowed. 

Examples : J I M ,  TIM23, T23IM. 
Special character:  any character  other than blank o r  period. 
Examples: *, ) (, etc .  
Period-delimited operator: any s t r i n g  of nonspecial charac- 
t e r s ,  beginning with an alphabetic,  containing no blanks, 
and delimited fore  and a f t  by a period. 
Examples : . GE., .AND., J ~ N . ,  .SHiFT. 
Hol ler i th  constant: any number of d ig i t s ,  followed by the 
l e t t e r  H, followed by an a rb i t r a ry  character  s t r i n g  of the 
length specif ied by these two d i g i t s .  
Example: ~HH(@" . 
A f i n i t e - s t a t e  process which can perform the l ex i ca l  scan 

f o r  our hypothetical FORTRAN w i l l  have one s t a t e  corresponding 
t o  each of the  above l e x i c a l  types, and, i n  addition, w i l l  have 
one s t a t e  corresponding t o  each possible s t a t e  of l e x i c a l  
ambiguity which can a r i s e  during l e x i c a l  scan of an input s t r i ng .  
The possible s t a t e s  of l ex i ca l  ambiguity a r e  
12 .  Integer o r  rea1 number? (s ince  those two l ex i ca l  types 

can begin with s t r i ngs  of ident ica1 form.) 
126. Integer,  rea1 number, o r  Hol ler i th  constant? (This 

addi t ional  ambiguity i s  possible un t i1  more thm two d i g i t s  
have been scanned.) 



25.  End of decima1 Qr beginning of period-delimited operator? 
Consider e.@;. the hypothetical statement I F ( ~ o . G E . ~ ~ . o )  l,2,3. 

In addition, we require a s t a t e ,  10, indicatirig t h a t  'the 
f i r s t  character of the  next following l e x i c a l  unit has not 
been scanned. 

The relevant character  subclasses f o r  the  l e x i c a l  scan are: 
alphabetic other than H, H, d i g i t ,  spec ia l  other th& period, 

period, blank, end-of -card mark. 
The following l ex i ca l  t r ans i t i on  tab le  indicat ing the  act ions 

to  be taken i n  each l ex i ca l  s t a t e  on the occurrence of any given 

input character  may now be drawn up. 

Table I. S ta t e  t rans i t ions  f o r  FORTRAN-like l e x i c a l  scan. 

Character Classes . 

3 .  Name 
Period- 
delimited 

1 
5. operator 

( PD@ 
I 
1 
I 

integer or  1 
Rea1 ( I R )  

Integer,  Real: 
126. o r  Holleri thi  

( 

Next subuni t 
LO. t o  begin 

(JJxT) 

Alph. 1 H 
+fi 1 

iDigit 

END 

C ONT 

C ONT 

END 

END 

ENDX 

aONAM 

END 

C ONT 

C ONT 

END 

IOLCOII 

ENDX 

f ONAM 

C ONT 

C ONT 

C ONT 

C ONT 

CONT 

GOR 

T O r n  

I 
END / WD END 

ii 
5 t 

END : END1 I END 1 1 I 

GODCOPI G O I R  
! 

i 
WD i D / GOR 

GOPDO 1 SKIP 
1 

Wd 1 End i 
Card F i l e  

*r . . -r . .LIU <CC--- or 



The procedures t o  be. taken on t r a n s f e r  t o  the various points  

indicated i n  the  above l e x i c a l  t r ans i t i on  t ab l e  a r e  shown in 
the f ollowing table .  

Table 11. Genera-tive l ex i ca l  act ions f o r  FORTRAN-like scan. 

End: Enter the  immediately preceding block of characters  

i n t o  the symbol table,  ca lcula t ing the  in terna1 
representation of i t s  value i f  appropriate.  

F h g  the  symbol a s  rea1 if s t a t e  = 2; name i f  s t a t e  = 3; 
operator i f  s t a t e  = 5; in teger  i f  s t a t e  = 12; 

in teger  i f .  s t a t e  = 126; r e a l  i f  s t a t e  = 25; 
spec ia l  i f  s t a t e  = 10. 

Set  s t a t e  = 10. 

Advance the Ibeginning of next l e x i c a l  blockl pointer  t o  
1 l e s s  than the current  posi t ion of the scan pointer,  and go 

t 0  JUMP. 

END1: 

ENrn: 

GODCOP: 

GOIR 

GOR: 

GONAM: 

GOIRH: 

GOPDO: 
SKIP: 

Advance the  scan pointer  by 1, and go t o  END. 
Reduce scan pointer  by 1; s e t  s t a t e  = 12; go t o  END. 

Set  s t a t e  = 25, go t o  CONT. 
Set s t a t e  = 12, go t o  CONT. . 

Set s t a t e  = 2, go t o  CONT. 

Set s t a t e  = 3 ,  go t o  CONT. 

Set s t a t e  = 126,go t o  CONT. 

Set s t a t e  = 5, go t o  CONT. 

Advance 'beginning of next l e x i c a l  block" pointer  by 1; 

go t 0  CONT. 

NELXT: Read i n  next card, r e - in i t i a l i ze ,  go t o  CONT. 

EXIT: Enter E of mark i n  l ex i ca l  output s t r ing ,  
and terminate l ex i ca l  scan. 

HOLCON: Convert the  immediately preceding block of characters 

t o  an in teger  value; advance the  scan pointer  by 
t h i s  amount. 

Enter the block of characters thus delimited i n t o  the hash table ,  



f lagging i t  a s  a Hol le r i th  cons tant .  S e t  s t a t e  = 10. 
Advance the 'beginning of next l e x i c a l  block' po in t e r  t o  
1 l e s s  than scan po in t e r .  Glo t o  CONT. 

The reader,  using any s u i t a b l e  algorithrnic language, 
w i l l  have no d i f f i c u l t y  i n  converting t he  above algorithm 
i n t o  an e x p l i c i t  program. 

A s  a second example of a l e x l c a l  scan, w e  consider  t he  
scan belonging t o  the  Dartmouth BASIC language described i n  
sec t ion  4 of Chapter 2 .  The l e x i c a l  types i n  t h i s  language 
a r e  a s  fol lows.  A name is  any s t r i n g  of charac te r s  and d i g i t s ,  
beginning wi th  charac ter ,  and not beginning wi th  t he  p a i r  
of cha rac te r s  FN. A funct ion name Sa any s t r i n g  of charac te r s  
and d i g i t s  beginning with the  two l e t t e r s  FN. An i n t ege r  
i s  any s t r i n g  of d i g i t s .  A rea1  number is any s t r i n g  of 
d i g i t s  including a period,  and poss ib ly  including an  exponent 
p a r t ,  which has the  form E, denoting exponent,. followed by 
a s t r i n g  of d i g i t s ,  or ,  a l t e rna t i ve ly ,  E followed by a minus 
s ign  followed by a s t r i n g  of d i g i t s .  A messa& is  any s t r i n g  
of charac ters  beginning with and ending with a quote mark. 
Specia l  cha rac te r s  form the  f i n a l  l e x i c a l  type; each such 
l e x i c a l  element i s  only one charac te r  long. We include an 
end-card mark and an end- f i l e  mark amoung the  npecial  charac- 
t e r s .  None of our l e x i c a l  types,  o the r  than message, a r e  
allowed t o  contain blanks.  Table I11 below shows the  p a t t e r n  
of s t a t e  t r a n s i t i o n s  required f o r  the  recognit ion of the  above- 
described family of l e x i c a l  types.  
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I n  the above table, s t a t e  1 i s  the scan s t a t e  reached 
a f t e r  an i n i t i a l  F has been scanned; s t a t e  2 i 8  the scan 
s t a t e  reached a f t e r  an i n i t i a l  F and N have both been scanned. 
RE1 i s  the lexical  s t a te  reached a f t e r  an integer followed 
by a period has been scanned; RE2 i s  the s t a t e  attained 
a f t e r  an integer followed by a period and the l e t t e r  E has 
been scanned; and RE3 i s  the lexical  s t a t e  reached a f t e r  an 
integer followed by a period and E and a minus .si@ has been 
scanned . 

Table I V  describes the generative actions which correspond 
to each of the entr ies  i n  the above transit ion table.  

Table I V .  Generative lexical  actions fo r  the BASIC scan. 

end : Enter the immediately preceding block of characters 
into the symbol table, calculating the interna1 
value of i t s  representation i f  appropriate. Flag 
the symbol as a function name i f  state=2; a name i f  
s t a t e  = 1 or 3; an integer i f  s t a t e  = 4; a rea1 number 
i f  s t a t e  = 5, 6, or  7; a message i f  s t a t e  = 8; 
a special character i f  s t a t e  = 9 .  
Set s t a t e  = 9 .  
Advance the "beginning of next lexical  block" pointer 
to  1 less  than the current position of the scan 
pointer, and go to  JUMP. 
Advance the scan pointer by 1; 

GO t 0  NORF, NORF2y NAME, IRE, RE1, RESy RE39 MSG, 
cont: 

J ~ P  = 
or NXT depending on the current lexical  s t a t e .  
Set s t a t e  = 3 and go to CONT. 

Set s t a te  = 2 and go t o  CONT. 

Set s t a te  = 5 and go to CONT. 
Set s t a te  = 7 and go to CONT. 

Set s t a t e  = 4 and go to  CONT. 

Set s t a t e  = 8 and go to  Com. 



base : 

exp2: 

realpn t : 

exp3 = 

gen : 

nxted: 

ex i t  : 

Convert quantity to rea1 number, save value, save 
value of scan pointer, go to  CONT. 

Calculate integer exponent ~ a l u e  using saved value 
of scan pointer; 
Calculate rea1 value uslng exponent and saved r ea l .  
Go to  END. 

Calculate negative integer exponent value using 
saved value of acan pointer.  Go to  REALPNT. 
Enter the preceding block of characters in to  message 
storage buffer.  Replace t h i s  block wi th  characters 
referencing beginning and end of buffer area. Go 
to END. 

Read i n  next card, r e - in i t i a l l ze ,  enter endcard 
mark i n  lex ica l  atom atring,  and go t o  CONT. 

Enter eof mark i n  lexical  output s t r ing,  and tennimate 
lexical  scan . 

The reader w i l l  note that  the two lexical  scans described 
above resemble each other ra ther  closely. A language 
which adrnits a  larger  variety of lexical  types (e .g . ,  
a l ternate  forms of Hollerith constants; quoted s t r ings  i n  
a  variety of forms, additional constant forms including 
oc t a l ,  hexidecimal, e t c .  constants) may require a  somewhat 
more elaborate lexical  scan algorithm; though lexical  scans 
rarely deviate very f a r  from the pattern discussed i n  the 
above examples. However, various somewhat more sophisticated 
types of processing may conveniently be incorporateci into 
a  lexical  scanner. One of the most useful and interest ing 
of these is  a  substi tutable parameter feature.  Detailed 
parameter substi tution conventions may be s e t  up i n  a  variety 
of ways; i n  what follows, we shal l ,  f o r  the sake of definiteness, 
describe one par t icualr  s e t  of conventions. 

The basic idea i n  lexical  parameter substi tution i s  to 
allow certain lexical  atoms to  act  as logica1 abbreviations 
for larger s t r ings .  Suppose, fo r  example, that ,  i n  the basic 

lexical  contextdescribed by Tables I and I1 above, ae agree 
that any symbolic name may be established as a  parameter by 





T a b l e  V. S t a t e - t r a n s i t i o n s  for lexlcal  scan with p a r a m e t e r  feature. 

Name 

P e r i o d -  
d e l i m i t e d  
o p e r a t o r  

I n t e g e r  
o r  rea1 
I n t e g e r  

I n  teger, 
rea1 o r  
H o l l e r i t h  

Decima1 
o r  PDO 

Special o r  
Def i n i  t i o n  
Swi t c h  

D e f i n i t i o n  

Next 
s u n b u n i  t 
t o  Beg in  

End 

Cont 

Cont 

End 

End 

Endx 

End 

Cont 

003 

H 

End 

Cont 

Cont  

End 

Holcor 

Endx 

End 

Cont 

D i g i i  

Cont 

Cont 

Cont 

Cont 

Cont 

Go2 

End 

Cont '  

Go12t 

S p e c i a :  
# 

/, ,= 

End 

End 

End 

End 

End 

End 

End 

End z 

End l  

End 

End 

End l  

~ 0 2 5  

~ 0 2 5  

End 

End 

Endz 

Go5 

S l a s h  
/ 

End 

End 

End 

End 

End 

End 

Def s w  

O f  fde 

C078 

_I__ 

Equa: 
S i g n  
- - 

End 

End 

End 

End 

End 

End 

9nd 

Sndy 

Endl 

Blanl 

Cont  

End 

End 

Cont 

Go12 

Go12 

End 

End 

S k i p  

- 
End 
o r  
Carc 

End 

End 

End 

End 

End 

End 

End 

End 

Nexl 

End 
of 
F i l  t 

End 

End 

End 

End 

End 

End 

End 

End 

E x i t  



Table V I  shows t h e  genera t ive  l e x i c a l  ac t iona  which 
correspond t o  each of the  e n t r i e s  i n  Table V .  Note t h a t ,  
i n  the algori thm of Table V I ,  we have devla ted  s l i g h t l y  from 
the  s t y l e  employed i n  t h e  coding of Tables 11 and IV ,  i n  t h a t  
w e  allow the  p r i n c i p a l  genera t ive  a c t i o n  taken i n  the  s e c t i o n  
of code fol lowing the  END l a b e l  t o  depend on an  i n t e r n a l l y  
maintained " genera tor  switch . t t 



Table V I .  Generative l e x i c a l  ac t iona  for ecan wi th  parameter 
f e a t u r e  . 

End : 

Adv : 

Cont : 
Jwnp : 

Endl : 
Endx : 

Endy : 

Endz : 

Offdef: 

Def s w  : 

Enter  t h e  imrnediately preceding block of c h a r a c t e r s  
i n  t h e  aymbol t a b l e  if necessary.  I f  t h e  symbol i s  
f lagged a s  a parameter, go t o  SUBSTIT. Else  
f l a g  t h e  symbol a s  r ea1  i f  s t a t e  = 2; name i f  s t a t e  = 

opera to r  i f  s t a t e  = 5; i n t e g e r  if s t a t e  = 1 2  o r  126; 
r ea1  if s t a t e  = 25; s p e c i a i  if s t a t e  = 10 o r  78. 
Place symbol t a b l e  p o i n t e r  i n  l e x i c a l  output  b u f f e r  
if genera tor  switch = 0; but  i n  parameter values  
b u f f e r  i f  gene ra to r  switch = 1. 

Advance t o  "beginning of next l e x i c a l  block" p o i n t e r  
t o  1 l e s s  than t h e  c u r r e n t  p o s i t i o n  of the  scan 
po in te r ;  go t o  JUMP 
Advance t h e  scan p o i n t e r  by 1; 

Go t o  2, 3, 5, 12, 126, 25,. 78, 8, o r  10, depending 
on the  c u r r e n t  l e x i c a l  s t a t e .  
Advance the  scan p o i n t e r  by 1 and go t o  END. 
Reduce the  scan p o i n t e r  by 1, s e t  s t a t e  = 12, 

and go t o  END 
Enter  t h e  imrnediately preceding block of cha rac te r s  
i n  t h e  symbol t a b l e ,  f lagging  i t  a s  a parameter.  
Advance t h e  "beginning of next l e x i c a l  block" p o i n t e r  
t o  the  p resen t  value of t h e  scan p o i n t e r .  S e t  
genera tor  switch = 1, s t a t e  = 10, and go t o  CONT. 
Enter  t h e  irnrnediately preceding blook of charac te r s  
i n  the  symbol t a b l e ,  f lagging  i t  as a parameter.  
S e t  genera tor  switch = 1, s t a t e  = 10, and go t o  ADV. 
Enter  t h e  imrnediately preceding quan t i ty  i n t o  the  
symbol t a b l e ,  dropping the  parameter f l a g  at tached 
t o  t h i s  quan t i ty  i f  s e t .  Go t o  SKIP. 
Advance the  "beginning of next l e x i c a l  block" p o i n t e r  
by 2 .  

(continued) 



S u b s t i t  : 

Go25: 

Go12: 
Go2 : 

Go3: 

~ 0 1 2 6 :  

Go5: 

~ 0 7 8 :  

Skip : 

I f  the, genera tor  switch 1s 1, set  i t  to zero, 

s e t  s t a t e  = 10, and go t o  CONT. 
I f  the  gene ra to r  switch i s  0, set  s t a t e  = 8 
and go t o  CONT. 

Copy t h e  s t r i n g  of l e x i c a l  atom po in te ra  

referenced by the parameter symbol from t h e  

parameter values  b u f f e r  t o  t h e  ou1;put b u f f e r .  

Go t o  ADV. 

Se t  s t a t e  = 25; go t o  CONT, 

S e t  s t a t e  = 12; go t o  CONT. 

S e t  s t a t e  = 2; go t o  CONT. 

S e t  s t a t e  = 3; go t o  CONT. 

S e t  s t a t e  = 126; go t o  CONT. 

S e t  s t a t e  = 5; go t o  CONT. 

S e t  s t a t e  = 78; go t o  CONT. 

Advance 'beginning of next lexica1- block p o i n t e r '  

by 1; go t o  CONT, 



The parameter-subst i tut ing l e x i c a l  scan algorithm shown 
i n  Table V I  may be regarded aa a very simple aymbolic 
macro expander. Of "course,  very much more general  and 
powerful macro processor  f e a tu r e s  might a l s o  be 
designed i n t o  a symbolic input  program; a t  t h e i r  most general ,  
these  would provide a f u l l y  recurs ive  set of ar i thmet ic  and 
symbol manipulating rou t ines  executable at compile time using 
an i n t e r p r e t e r  which may very conveniently be combined with 
a compiler using the  same l e x i c a l  scan. This may be accomplished 
by providing a switch which w i l l  toggle a l 1  t he  genera tor  
rou t ines  comprising the  compiler back and forth between a 
norma1 "compile" mode and a d i r e c t  " i q t e rp r e t i ve "  mode. 
I n  the  compile mode a generator  rou t ine  w i l l ,  when ca l l ed ,  
emit a block of code; i n  t he  i n t e r p r e t i v e  mode the same 
genera tor  rou t ine  when ca l l ed  w i l l  execute t he  corresponding 
i n s t ruc t i ons  d i r e c t l y .  A t  a r e l a t i v e l y  small expense i n  
add i t iona l  programming, t h i s  scheme can provide f o r  a very 
powerful system of compile time ca lcu la t ions  and corresponding 
condi t ional  macro expansions, wr i t t en  i n  what i s  subs t an t i a l l y  
the language being compiled. A dBscussion of t h i s  idea  
would take us  r a t h e r  far from the  quest ions which we have 
s tudied i n  the  present  chapter;  consequently, we choose not  
t o  pursue t h i s  lfne of thought here.  



We conclude the  present  chapter  with a number of remarks 
concerning departures from the  s t r i c t  " s t a t e  t r ans i t i on"  s t y l e  

described above which may be used t o  increase the  power and 
ef f ic iency of l e x i c a l  scan programs. 

1. In terna1 f l ags  o r  switches may be maintained, and 
may be used t o  govern t he  ac t ion  of the  l e x i c a l  scan a t  

p a r t i c u l a r  points  i n  i t s  course. Table V I  above has already 
shown 'the use of t h i s  f eature.  More generally,  i f  the  s t a t e  
t r a n s i t i o n  t ab l e  m w s  corresponding t o  two o r  more l e x i c a l  
s t a t e s  a r e  iden t ica1  except f o r  the  ac t ions  i n i t i a t e d  by 
a few characters ,  we may combine the  two s t a t e s  a s  sub-states  
of a s ing le  nominal state,and correspondingly combine two rows 
of the  s t a t e  t ab l e  i n t o  a s ing le  row, introducing a s t a t e  f l a g  

t o  d i s t ingu ish  the  two sub-states  within the  s ing le  nominal 

s t a t e  i n t o  which they have been combined. Input characters  
which would be treaked d i f f e r e n t l y  i n  the  two s-tates which 
have been combined w i l l  cause the  d is t inguishing s t a t e  f l a g  

t o  be consulted and the  cor rec t  ac t ion  a s  shown by t h i s  f l a g  
t o  be taken. Using such a technique we could, f o r  example, 
combine the  two rows IRH and I R  of Table I i n t o  a s ing le  row. 
To t h i s  end we could, of course, employ a f l a g  J whose values 

1 and O d i s t ingu ish  what i n  Table I i s  the  IRH s t a t e  from what 
i n  Table I i s  the I R  s t a t e .  

2. Various use fu l  i n t e rna l  counts can be maintained and 
incremented o r  decremented from time t o  time depending on the 
s t a t e  of the  scanner and the  input character  t o  be processed. 
This device enables the  l e x i c a l  scanner t o  d is t inguish ,  e.g., 
balanced-parenthesis substr ings within an input s t r i ng ,  a 
pos s ib i l i t y  useful  i n  the  pre-processing of various languages. 

3. A su f f i c i en t ly  powerful l e x i c a l  scanner can, i n  
ce r t a in  cases, be used t o  perform sirnple syn tac t i c  operations, 
thereby enhancing the  ef f ic iency of the  fu11 parse which i s  

t o  follow. For example, a l e x i c a l  scanner which pre-scans 





CHAPTER 4. DATA DIRECTED PARSING METHODS 
----m ---p ---p-- 

1. The Genera1 ------- "Bottom-Up" Parsing Msthod. -- . - .. 

The methods of s y n t a c t i c  a n a l y s i s  discuesed i n  Chapter 2 

a r e  of ten c a l l e d  "top-down" methods . The pa r s ing  s t r a t e g y  
which theae methods employ i s  e s s e n t i a l l y  g o a l  o r e c t e d .  
That i s ,  s t a r t i n g  with an i n i t i a l  goa l ,  t h a t  of oonet ruc t ing  
a  sentence v a l i d  according t o  t h e  BNF grammar a t  hand, t h e  
pa r s ing  program b u i l d s  up a  s t a c k  of sub-goals. A 8  a  sub-goal 
i s  pursued, a d d i t i o n a l  sub-goals ape generated and r e c u r s i v e l y  
added t o  the  s t a c k .  Before t h e  algori thm w i l l  r e t u r n  t o  
any h igher  l e v e l  goa l ,  a l 1  p a r t s  of a l 1  sub-goala generated 
by t h i s  h igher  l e v e l  goa l  must be completely and success fu l ly  
accomplished . 

The l bottom-up method is, i n  comparison, -_ d a t a  d i r e c t e d  . 
The ac t ion  of a bottom-up pa r s ing  algori thm i s  a t  each p o i n t  
guided by the  cha rac te r s  c o n s t i t u t i n g  the  input  n t r i n g .  
T h i s  s t r i n g ,  and more p r e c i s e l y  a p a r t i c u l a r  cha rac te r  
i n  the s t r i n g ,  i s  taken up f o r  a n a l y s i s .  S t a r t i n g  with 
t h i s  s t r i n g  and charac t e r ,  t he  pa r s ing  program aqttempts 
t o  f i n d  a  production of the  grammar by revers ing  which one 
may combine the  given cha rac te r  and a nwnber of : t t s  
adjacent  cha rac te r s  i n t o  an  in te rmedia te  symbol a f  the  
grammar, which, according t o  the  given production,  might 
have generated the  cha rac te r s  i n  ques t ion .  . When such a  
subs t r ing  i s  found, the  algorithm condenses i t ,  rep lac ing  
t h e  subs t r ing  by  the s i n g l e  in te rmedia te  symbol which has 
generated i t ,  and thus r ep lac ing  the  given inpu t  s t r i n g  b y  

a (gene ra l ly  s h o r t e r )  s t r i n g  containing both termina1 and 
in te rmedia te  symbols of the  grammar. T h i s  process  of condensation 
i s  appl ied i t e r a t i v e l y ;  the  over-al1 goal  of the  pa r s ing  
program i s  of course the  complete condensatlon of the  i n i t i a l  
sentence i n t o  a s i n g l e  cha rac te r  represent ing  t h e  roo t  type 
of the  grammar a t  hand. Note t h a t  i n  t h e  bottom-up a n a l y s i s  



method no de t a i l ed  s e t  of intermedlate  goa l s  is  maintained; 
t he  inverse  of any p a r t i c u l a r  grammatica1 production i s  applied 
when poss ib le  . 

Since f o r  a general  Backus normal form grammar any 
p a r t i c u l a r  appl ica t ion  of a grammatical production i n  t he  
reverse  d i r e c t i o n  may be i n  e r ro r ,  t h a t  is, may not lead 
t o  a fu11 pa rse  of the  input  sentence, the  bottom-up method, 
l i k e  the  top-down method, must i n  general  be prepared t o  

Il "back up . I n  consequence, the  pars ing  program must keep 
t r a ck  of the  sequence of t e n t a t i v e  combinations made during 
i t s  attempt t o  pa r se  a s t r i n g ,  i n  o rde r  t h a t  any s t ep  taken 
may be undone i f  t h i s  proves necessary i n  t he  l i g h t  of 
s t r i n g  elements subeequently encountered . As a general  
method, therefore ,  the  bottom-up pars ing  s t r a t egy  has no 
rea1  advantage over the  top-down procedures developed i n  
Chapter 11. However, f o r  c e r t a i n  p a r t i c u l a r  types  of unam- 
biguous grammars, i n  which t he  reverse-di rec t ion  a p p l i c a b i l i t y  
of a given grammatica1 production may be in fe r red  with c e r t a i n t y  
from the  l o c a l  s t r u c t u r e  of the  input  s t r i n g ,  the  bottom-up 
method can a t t a i n  rea1  advantages of speed and e f f i c i ency  
as compared t o  the  top-down method. I n  p a r t i c u l a r l y  favorable 
cases the  bottom-up method w i l l  permit a language t o  be 
parsed by the  i t e r a t i v e  appl ica t ion  of condensing transforma- 
t i o n s  of the  kind al luded t o  above without any back-up a t  a l l .  
Most of our a t t e n t i o n  i n  the  present  sec t ion  w i l l  be 
d i rec ted  toward those p a r t i c u l a r  languages, the so-cal led 
bounded-context and precedence languages, f o r  which a bottom- 
up syn t ac t i c  ana lys i s  s t r a t e g y  l eads  t o  an e f f i c i e n t ,  un- 
ambiguous, and complete parse  of every poss ib le  input  
sentence.  We begin, however, by d iscuss ing  a form of the  
bottom-up pars ing  algorithm which i 8  appl icable  t o  generai  
Backus normal form grammars . 

A bottom-up pars ing  algorithm is, a t  each of i t s  s tages ,  
concerned with a s t r i n g .  T h i s  s t r i n g  i s  given i n i t i a l l y  a s  
a s t r i n g  of termina1 charac ters  t o  be parsed.  4 pars ing  



algori thm at tempts ,  aa ind ica ted  above, t o  condenae t h e  
s t r i n g  w i t h  which i t  i s  concerned, s t a g e  by stage, through 
a sequence of s h o r t e r  s t r i n g s  involving both termina1 and 
non-termina1 symbols of t h e  grammar, u n t i 1  t h e  o r i g i n a 1  
s t r i n g  has been condensed t o  a s i n g l e  cha rac te r .  We w i l l  
f i n d  i t  convenient i n  d i scuss ing  our  genera1 bottom-up 
pa r s ing  algori thm t o  assume t h a t ,  a t  a l 1  times, the s t r i n g  
i s  divided i n t o  two p a r t a ,  a f r o n t  and a back, which a r e  
kept i n  sepa ra te  pushdown s t a c k s  which we w i l l  c a l l  s t a c k l  
and s tack2.  S tack l  w i l l  always contain t h e  f r o n t  p a r t  of 
the  s t r i n g  being parsed,  the  f i rs t  c h a r a c t e r  of the  f r o n t  
p a r t  being "deepest i '  i n  t h e  s t a c k .  Stack2 w i l l  contain t h e  
back p a r t  of the  s t r i n g  being parsed,  t h e  l a s t  c h a r a c t e r  
of the  s t r i n g  being deepest  i n  s tack2.  

A s  t he  pars ing  algori thm scans forward p a s t  t he  var ious 
cha rac te r s  i n  t h e  input  s t r i n g ,  these  cha rac te r s  w i l l  be 
moved from t h e  top of s tack2 t o  the  tbp of s t a c k l ;  scanning 
i n  t h e  reverse  d i r e c t i o n  w i l l  move c h a r a c t e r s  bac:k from 
s t a c k l  t o  s tack2.  The use of two s t a c k s  i n  t h i s  fashion 
makes the  i n s e r t i o n  of cha rac te r s  i n t o  a s t r i n g  and t h e i r  
removal f'rom the  s t r i n g  qui  t e  convenient . 

I n  searching through a s t r i n g  t o  be parsed f o r  a p o i n t  
a t  which a given production of the  gramrnar may be appl ied 
i n  the  reverse  d i r e c t i o n ,  we s h a l l  assume, a s  a ma t t e r  of 
convenient s tandard iza t ion ,  t h a t  only subs t r ings  whose 
f i n a l  cha rac te r  i s  the  top cha rac te r  on s tack2 w i l l  be condensed. 
T h i s  convention e s t a b l i s h e s  an o r d e r l y  l e f t - t o - r i g h t  flow 
of the  pa r s ing  process .  When a condensation i s  performed, 
w e  rep lace  the  top cha rac te r  on s tack2 by t h a t  in te rmedia te  
cha rac te r  which, according to t h e  Backus norma1 form gramrnar 
w i t h  which we are working, expands d i r e c t l y  i n t o  the  s u b s t r i n g  
encountered. Condensation of a subs t r ing  w i l l  a l s o  involve 
the  removal of the  top few cha rac te r s  from s t a c k l ;  these  a r e  
the  cha rac te r s  which imrnediately precede the  top c h a r a c t e r  
on s tack2 in t he  s t r i n g  under a n a l y s i s .  The charac te r s  



c o n s t i t u t i n g  t h e  condensdd s u b s t r l n g  become nodee i n  t h e  
c o l l e c t i o n  of syntax t r e e  fragments which t h e  p a r s e  is 
developing. Management of these  t r e e  fragments 1s most 
convenient ly  accomplished by t h e  use  of  y e t  another  s tack ,  
which we w i l l  c a l l  s tack3.  This  t!onetitutea a u s e f u l  bas i8  
f o r  t h e  "back-up" opera t ions ,  which, a s  we have a l ready 
noted, w i l l  occas lona l ly  be necessary.  The in te rmedia te  
c h a r a c t e r  genera t ing  t h e  most r e c e n t l y  condensed s t r i n g  is,  
a s  noted above, t o  be placed on s tack2 when a condensation 
is  p e r f o n e d ;  t h i s  in te rmedia te  c h a r a c t e r  may then be 
assoc ia ted  with a p o i n t e r  i n d i c a t i n g  t h e  p o s i t i o n  of the  top 
of s t ack3  a t  t h a t  moment when the  condensation is performed. 
A second f i e l d  i n d i c a t i n g  t h e  number of cha rac te r s  t h a t  
have been condensed should a l s o  be assoc ia ted  with t h e  same 
in termedia te  cha rac te r .  If these  two p o i n t e r s  a r e  placed 
on s t ack3  along with every  c h a r a c t e r  t r a n s f e r r e d  t o  t h i s  

s tack ,  s t ack3  w i l l  always contain a complete d e s c r i p t i o n  
of the  s e t  of t r e e  fragments constructed by the  p a r s e .  When 
t h e  pa r se  comes t o  a successfu l  conclusion,  s t ack3  w i l l  
conta in  a complete r ep resen ta t ion  of t h e  p a r s e  t r e e  f o r  t h e  
i n i t i a l '  sentence . 

By a s s o c i a t i n g  the  p o i n t e r  and block s i z e  f i e l d s  descr ibed 
above w i t h  each cha rac te r  of a s t r i n g  t o  be parseci, we 
a r r i v e  a t  a b a s i c  d a t a  item of t h e  fol lowing form: 

( 3 )  charac te r  I s t a c k  3 p o i n t e r  I s tack3 block s i z e  

It i s  most convenient, i n  desc r ib ing  a bottom-up pa r s ing  
algorithrn, t o  assume a s e r i a 1  enumeration of  t h e  product ions 
of the  Backus n o m a l  form gramrnar, and t o  assume t h a t  a l1  
t h e  p o s s i b l e  a l t e r n a t i v e  d e f i n e r s  of a given in te rmedia te  
grammatica1 type a r e  s e p a r a t e l y  enumerated. That is,  ins t ead  
of w r i t i n g  



i n  the  conventional Backus s t y l e ,  we ahal l  p r e f e r  t o  w r i t e  

Such a  l i s t ,  extended t o  a l 1  t h e  product ions of a grammar, 
provides  a  convenient s e r i a l  enumeration by which we may 
r e f e r  t o  p a r t i c u l a r  product ions as necessary.  

The complete working of a  general  bottom-up pa r s ing  
algorithm r e q u i r e s  the  add i t ion  of a  f o u r t h  f i e l d  t o  t h e  
t h r e e  f i e l d s  shown i n  ( 3 ) .  This f o u r t h  f i e l d  is  necessary 
i n  connection with the  back-up procedure which a genera l  
pars ing  algorithm must occas ional ly  employ. If a given 
condensation t u r n s  ou t  i n  the  subsequent course of a pa r se  
t o  have been inappropr ia te ,  i t  must be undone, t h i s  r equ i re s  
the  r e t u r n  from s tack3 of previous ly  atacked cha rac te r s  . 
The returned cha rac te r s  a r e  of course t o  be pu t  back on 
s t a c k l  and on the  top of s tack2.  After  t h i s  back-up opera t ion  
has been performed, the  pars ing  algorithm w i l l  again attempt 
t o  proceed; of course the  algorithm i s  not t o  repea t  any 
condensation which has a l ready been attempted. For this 
reason, we s h a l l  a s s o c i a t e  with each cha rac te r  the  number 
of the  l a s t  Backus production whose inve r se  has  a l ready been 
appl ied t o  condense a subs t r ing  ending with t h e  given 
cha rac te r .  Equivalent ly  and somewhat more. conveniently,  
we may a s s o c i a t e  w i th  each cha rac te r  the  nwnber of t h e  f i r s t  
production i n  the  Backus grammar which has y e t  t;o be appl ied 
t o  a subs t r ing  of cha rac te r s  ending with t h e  given cha rac te r .  
Adding t h i s  fou r th  f i e l d  t o  the  t h r e e  f i e l d s  shown i n  (9, 
w e  a r r i v e  a t  a b a s i c  d a t a  i tem of t h e  following form: 

( 4 )  cha rac te r  s tack3 stack3 
p o i n t e r  block s i t e  

produc t i o n  



T h i s  da t a  item containa al1 of the neceaeary f i e l d s  f o r  
the operation of the  fu11 bottom-up parsing algorithm whoee 
d e t a i l s  a r e  given i n  Table I below. A number of addi t ional  
comrnents w i l l  make the  strutture of the algorithm shown i n  
Table I somewhat more p l a in .  A t  the  beginning of a parse,  
s tacks  1, 2 and 3 a r e  i n i t i a l i z e d .  Stacks 1 and 3 a r e  
empty. Stack2 contains a co l lec t ion  of items of the  form 
shown i n  (4), repreruenting the  atomic words of the  i n i t i a l  
input  s t r i ng ,  i n  reverse order .  A l 1  t he  "pointer" f i e l d s  
f o r  these items a r e  s e t  to zero; a l 1  the  "block s ize"  
f i e l d s  a r e  s e t  t o  zero. 

I n  each case the  "next a l t e r n a t i v e  production" f i e l d  
i s  s e t  t o  1, t h a t  is, i s  e e t  t o  reference the  first porduction 
of the  Backus grammar def in ing the  parse .  



Table I .  Deta i l s  qf the Genera1 Bottom-Up Parsing Algorithm. 

i n i t f a l l y :  stack2 contains input  s t r i n g ,  
f irst  element on top 
a l 1  next-al ternat ive pointers  
s e t  t o  1 

a l 1  s tack3 reference po ln te r s  
s e t  t o  O 

s t ack l  and stack3 a re  empty 
advance: take top element of stack2 

n = next production t o  t r y  
areprodns: i f  n exceeds t o t a l  number of 

productions, go t o  f a i l .  
i f  n-th production matches 
substr ing ending with given 
character ,  go t o  succeed. 
e l s e  s e t  n=no. of next 
production i n  grammar ending 
with same character ,  and go 
t o  areprodns . 

succeed: s e t  next production f i e l d  of 
top of stack2 t o  number of 
next production ending with 
same charac t e r  . 
move top of stack2 and 
appropriate number of elements 
of s t ack l  t o  s tack3- 

i n s e r t  stack3 top pointer  i n  
appropriate f i e l d  of i n t e r -  
mediate character .  
place new intermediate symbol 
a t  top of stack2e 
i f  s t ack l  i s  empty and 
s tack2.conta ins  only a 
s ing le  character,  parse 

i s  complete a 

stack2 contains input  s t r i n g ,  
first element on top 
f o r  j 1 ti11 p 2 4  do: 

(nex t ( s t ack2( j ) )= l ;  po in t ( s t ack ; ! ( j ) )=~)  

~ 1 4 ;  p 3 4  
n = next(stack2(p2-l))  

i f  (n .g t  .maxprodns) go t o  f a i 1  

i f  (matches(n,pl,p2))go t o  succeed 

n = nextry; go to  areprodns 

stack3(p3) =stack2(p2) ; p3=p3+1 
f o r  k = 1 ti11 number do: 
(p l=pl - l ;  stack3(p3) =stackl  ( p l )  ; 

~ 3 = ~ 3 + 1 )  
p o i n t ( i n t e n e d )  = p3 

stack2(p2) = intermed; p2=p2+1 

i f ( ( p l . e q . 1 )  .and.(p2.eq.2)) 
re turn  successful ly 



else go to advance to 
continue parse. 

insert n in next field of 
item at top of' stack2 

move item from top of stack2 

to top of stackl. 

if stack2 is not empty go to 
advance; else enter backup 

loop , 
backup : if stackl is empty, parse has 

failed o 

if top element of stackl 
is not intermediate symbol, 
reinitialize its next 

production field to 1, and 

move it to stack2; then go 

to backup. Else re-expand 

intermediate symbol as 

follows: 
expand : return appropriate nwber 

of elements from stack3 

to stackl; and one additional 
element to stack2. 

then go to advance. 

go to advance 

p2=p2-1; next (etack2(p2) ) = n 

advance 

if (p1 .eq.l) return unsuccessfully 

pl=pl-l; 

if ((point(stackl(p1)) .ne .0)go to 

exp and 

next(stackl(pl))=l 

stack2(p2) =stackl (pl) ; p2=p2+1 

go to backup 

k = numb(stackl(p1)) 
for j=l ti11 k do: 
(p3=p3-1; stackl(pl)=etack3(p3); 

pl=pl+l) 
p3=p3-1; stack2(p2) =stack3(p3) ; 

p2=p2+1 

go to advance 



I n  advancing t o  the  r i g h t ,  t h e  parsing algori thm takes  
up the  top c h a r a c t e r  on s tack2 f o r  cons idera t ion .  This  
cha rac te r  w i l l  be p a r t  of a stacked data i tem having t h e  
add i t iona l  f i e l d s  shown i n  (4 )  . I n  p a r t i c u l a r ,  t h e  next 
production i n  the  t o t a l  l i s t  of product ions c o n s t i t u t i n g  
the  Backus grammar de f in ing  t h e  pa r se  w i l l  be s p e c i f i e d  by 
the  l a s t  f i e l d  of t h i s  d a t a  i tem. If t h e  number contained 
i n  t h i s  f i e l d  exceeds t h e  t o t a l  number of product ions i n  t h e  
grammar, then i t  i s  c e r t a i n  t h a t  every poss ib le  way of condensing 
a subs t r ing  terminat ing a t  t he  p a r t i c u l a r  cha rac te r  under 
cons idera t lon  has a l ready been t r i e d .  When t h i s  circumstance 
a r i s e s ,  t h e  given cha rac te r  must merely be t r a n s f e r r e d  
from s tack2 t o  s t a c k l ;  t h e  pa r s ing  algori thm must then 
proceed t o  consider  t h e  next cha rac te r  which r i s e 8  t o  t h e  
top of s tack2.  I f ,  on the  o t h e r  hand, the  i n t e g e r  contained 
i n  the  f i n a l  f i e l d  of t h e  d a t a  item (4 )  does not exceed t h e  
t o t a l  number of product ions i n  the  grammar, then i t  i s  p o s s i b l e  
t h a t  the  production referenced by t h i s  i n t e g e r  i s  appl icable  
t o  t h a t  subs t r ing  of the  s t r i n g  a t  hand which c o n s i s t s  of 
the  cha rac te r  on the  top of s tack2 and i t l s  immediately 
preceding charac ters ;  these  a re ,  of course, t he  top few 
cha rac te r s  on s t a c k l .  The pars ing  program then checks t o  
see  i f  t h i s  i s  indeed the  case ,  I f  i t  is  the  case,  a 
condensation i s  pe r fomed .  On t h e  o t h e r  hand, i f  condensation 
according t o  the  spec i f  i e d  produc t i o n  i s  impossible, t he  production 
number contained i n  the  f i n a l  f i e l d  of ( 4 )  i s  advanced, and 
t h e  next a l t e r n a t i v e  production i s  t r i e d .  When an appl icable  
production i s  found, the  cha rac te r s  condensed a r e  removed 
from t h e  top of s t a c k l ,  and the  cha rac te r  a t  t he  top of 
s tack2 i s  removed and replaced by the  single i n t e m e d i a t e  
cha rac te r  which, according t o  the  production t h a t  has been 
used, can genera te  the  newly condensed subs t r ing .  A l 1  t h e  
cha rac te r s  removed a r e  placed i n  order  on t h e  top of stack3, 
and the  second and t h i r d  f i e l d s  of the  i tems i n s e ~ t e d  a t  t he  top of 
s tack2 a r e  s e t .  The pa r s ing  algorithm proceeds i t e r a t i v e l y  



i n  t h i s  fashion un t i l  e-ither the i n i t i a l  character s t r ing  
has been condensed to  a aingle character, i n  whlch case 
the parse is successf'ul, o r  u n t i l  an end-of-string condition 
not permitting any further conden~ations is encountered. 
If, i n  t h i s  l a t t e r  case, theAni t i a1  s t r ing  i s  not ungranimatiital, 
i t  follows tha t  a t  a certain stage of the attempted parse a 
condensation which i s  not a par t  of the true parse t ree  of 
the input sentence has been made. TQ discover the point a t  
which t h i s  fa ta1 er ror  ha8 occurred, the parsing algorithm 
must undo as many of i t s  preceding decisions a8 necessary. 
T h i s  is  accomplished by reviewing the characters which occur 
i n  the condensed input s t r ing,  i n  reverse sequence, and by 
re-expanding any intermediate character which corresponds 
to a substring saved on stack3 in to  i ts  origina1 form. 
When such a re-expansion of or  "back-up" operation has been 
performed, the fourth f i e l d  of the data item standing a t  
the top of stack2 references a condensing production which 
has not yet been t r i ed .  The parsing algorithm then proceeds 
t o  t r y  t h i s  production; the i t e ra t ive  use of such a back-up 
and re-try procedure w i l l  lead the parsing algorithm down 
every possible parse path and w i l l ,  if the i n i t i a l  sentence 
i s  i n  fac t  g r m a t i c a l ,  eventually bring the algorithm to 
discover a fu11 parse t ree .  

Table I gives a l1  de ta i l s  of the parsing algorithm 
which we have described informally i n  the l a s t  few paragraphs. 

The following comrnents w i l l  aid the reader t o  understand 
the algorithm given i n  Table I.  I n  the f irst  place, i t  i s  
to  be noted that  we have written out the algorithm twice, 
i n  two para l le l  forme. The l e f t  hand column of Table I 
contains a relat ively informa1 description of the various 
steps of our bottom-up parsing algorithm. The r ight  hand 
colwnn i n  Table I shows the same steps represented i n  a 
somewhat more forma1 way, and i n  a hypothetical language 
close t o  AUSOL or  FORTRAN. The algorithmic steps shown i n  
the l e f t  hand column may therefore be regarded as explanatory 



comments pointint:  ou t  t h e  over -a l1  significante of t h e  
corresponding s t e p s  found i n  t h e  r i g h t  hand colwnn of Table I. 

I n  the  algori thm of Table I, s t a c k l ,  stack2, and s t ack3  a r e  
regarded a s  a r r a y s  . The q u a n t i t i e s  p l ,  p2 and p3 a r e  i n t e g e r s  
de f in ing  the  firfit empty push-down e n t r y  i n  s t a c k l ,  s tack2 
and s tack3 re spec t ive ly .  T'nus, t h e  top e n t r y  i n  t h e  push- 
down s t a c k l  is  always the  e n t r y  referenced by p l - l .  Each 
s t a c k  e n t r y  i s  armxned t o  c o n s i s t  of t h e  f o u r  Oields  shown 
i n  (4 )  above. Where necessary,  t he  "next  a l t e m a t i v e  
production f i e l d u  is r e f e r r e d  t o  formally by the  s u b f i e l d  
funct ion  "next . l 1  Simi la r ly ,  t h e  " s t ack3  p o i n t e r  f i e l d J  i s  
re f  e r r ed  t o  a s  nt cessary  by the  subf i e l d  funct ion"poin t"  ; 
while the  b t a c k f  block s i z e  f i e l d f 4  is  r e f e r r e d  t o  a s  
necessary by the  sub-f ie ld  f'unction " numb . " 

The algori thm shown i n  Table I uses  a p r i n c i p a l  subrout ine 
c a l l e d  matches wk ose t h r e e  arguments a re ,  r e spec t ive ly ,  
the  number n of E. p a r t i c u l a r  and two p o i n t e r s  p1 and p2, 
one t o  the  top of s t a c k l ,  t h e  o t h e r  t o  t h e  top of s tack2.  
This subrout ine Js assumed t o  examine t h e  s t r i n g  S under 
ana lys i s ,  s p e c i f i c a l l y  t h e  subs t r ing  ending with the  cha rac te r  
a t  the  top of s t sck2 ,  to see if'. t he  n-th production can be 
appl ied i n  the  reverse  d i r e c t i o n  t o  achieve a condensation 
of S .  I f  condensation is  poss ib le ,  the  value " t rue"  i s  
t o  be re turned;  if condensation i s  impossible t h e  value " f a l s e "  
i s  t o  be r e tu rned .  

We a l s o  assume t h a t  when the  subrout ine matches i s  -- 
c a l l e d ,  t he  values  of t h r e e  add i t iona l  q u a n t i t i e s  a r e  s e t .  
These th ree  q u a n t i t i e s  a r e  c a l l e d  f n e x t r y ' ,  ~nuunberf, and 
Yntermedl i n  the algorithm shown i n  Table I .  'Nextryf i s  
assumed t o  be the number of the next production i n  t h e  grammar 
having the  same termina1 cha rac te r  as production number n, 
o r ,  if no such production e x i s t s ,  t o  be equal t o  the  t o t a l  
nwnber of productions,  p l u s  one. The q u a n t i t i e s  fnumberf 
and ' i n t e m e d f  a r e  required only i n  case the  attempted 
condensation succeeds. 'Number' i s  assumed t o  be s e t  equal 



t o  one l e s s  than t h e  t o t a l  nwnber o f  c h a r a c t e r s  involved 
in t h e  sucbessfu l  condensation.  i in te rmedl  i 8  asaumed t o  
be an i tem of t h e  form shown i n  (4), i n ~ w h i c h  t h e  c h a r a c t e r  
f i e l d  i s  p r e - s e t  t o  show the intermediate c h a r a c t e r  which 
genera te s  t h e  sub-s t r ing  which is t o  be condensed, i n  which 
t h e  block s i z e  f i e l d  i s  appropr i a t e ly  set, ( i  .e. is  a e t  t o  
equa1 t o  t h e  q u a n t i t y  'number1), and i n  which t h e  'next  
a l t e r n a t i v e  product ionl  s u b f i e l d  is p re - se t  t o  t h e  value 1. 
The algori thm i t s e l f  then s e t s  t h e  ' a tack3 p o i n t e r  f i e l d l  
appropr ia te ly ,  us ing  the  known value of t h e  q u a n t i t y  p3.  

The subrout ine fmatchesl  used i n  t h e  algori thm of 
Table I can be simple and e f f i c i e n t  i f  each of t h e  pro-  
duc t ions  c o n s t i t u t i n g  t h e  Backus normal form grammar 
de f in ing  the  required pa r se  i s  maintained i n  t h e  f o m  
shown below: 

I n  (5)  we assume t h a t  cl, c2, . . , C, a r e  t h e  successive 
cha rac te r s  c o n s t i t u t i n g  the  r i g h t  hand s i d e  of a  grammatica1 
production,  t h a t  co i s  the  in te rmedia te  cha rac te r  occuring 
on t h e  l e f t  hand s i d e  of the  production,  t h a t  k i s  an 

t- T 

i n t e g e r  i d e n t i f y i n g  the  next production i n  the  grammar 

(5)  

which has t h e  same terminal  cha rac te r  cm a s  t h e  production 
( 5 ) , a n d  t h a t  m - l  i s  one l e s s  than t h e  number of cha rac te r s  

- i 

cl, . . .  ,cm. Note then t h a t  t h e  l a s t  f o u r  f i e l d s  i n  the  
d a t a  strutture shown i n  (5)  w i l l  c o n s t i t u t e  an i tem of 
p r e c i s e l y  the  fom (4 ) ,  which t h e  subrout ine matches may 
r e t u r n  without modif icat ion a s  the value of the  quan t i ty  
l i n t e m e d l .  The subroutine Imatchesl w i l l  func t ion  most 
e f f i c i e n t l y  i f  i t  1s a l s o  provided with a  t a b l e  ind ica t ing ,  

C1 

f o r  each cha rac te r  C ,  t h e  number of t h e  f i rs t  production 

'm 

i n  t he  grammar possessing C a s  r i g h t  hand terminal cha rac te r .  

C2 

An appropriate  input  rou t ine  w i l l  make the  use of an 

* m .  k l  m - l  

a lgori thm of the  form shown i n  Table I q u i t e  convenient.  

1 

T h i s  input  rout ine,may,  for example, read a se t  of cards  
containing a  grammar spec i f i ed  i n  Backus normal fomn and 



written i n  ang  corweniéait n o t a t i o n .  The i n p u t  : rout ine  can 
* 

then s o r t  the p r o d i x t i o n s  of t h e  yramrnar l n t o  convenient  
o r d c r  m d  e s t a b l i s h  a t a h l e  of p roduc t ions  i n  which each 
i n d i v i - d u a l  p rod ix t ion  1s ~ e p r e s e n t e d  by a s e t  o f  f i e l d s  of  

the  Porm shown i n  ( 5 ) .  When t h c  i n p u t  r o u t i n e  has 
completcd t h e s c  i n i t i a l i z a t i o n s ,  t h e  process  d c f i n e d  by 
the a l p w i t h m  of Table 1 may be c a l l e d  t o  p a r s e  sen tences  
accordinp; t o  t h e  grarnmar j u s t  r ead .  

2 .  Bounded context -- grarnrnars W --.-m and a s s o c i a t e d  de t e rmin i s  t i c  scans  . 
- - - - - I - - < - - - . - - - - - - -  

The back-iip procedure employed by t h e  general bo ttom- 
up algorithm shown i n  T a b l e  T i s  r a t h e r  i ne f f i c i l en t ;  no t e  
i n  p a r t i c u l a r  t h a t  t h e  a lgor i thm w i l l .  always fa-L1 t o  d e t e c t  
t h e  need t o  back up u n t i 1  i t  has  acanned i t s  s t r i n g  a l 1  t h e  
way throllgh t o  t h e  f ' lnal  character ,  The top-down a lgor i thms  
dlsciissed i n  Chapter  I1 w i l l  normally begin to c o r r e c t  a  
developing p a r s e  error  a t  a much e a r l i e r  s t a g e .  I t  i s  
t h e r e f o r e  impor tan t ,  i n  o r d e r  t o  improve t h e  e f f i c i e n c y  
of al-gorj.thms of' thi? gene ra l  type shown i n  Table T, t o  avoid 
hacking up a s  much 2s p o s s i b l e .  This  can be done p a r t i c u l a r l y  
s i ~ c c e s s f u l l y  i f  t h e  p a r s i n g  algori t iun i s  modified so  a s  to 
per iomi a condensation on ly  when a l o c a l  con tex t  i n  the  

s t r i n g  being surveyed i s  such a s  t o  ins inre  t h a t  such a  
condensation n e c e s s w i l y  corresponds t o  t h e  trucr s tmrc tu re  
o t  t h e  syn tax  t r e e  c d '  t h e  s t r i n g  under a n a l y s i s .  O f  course ,  
no t  e v e r y  grammar w J l l  permit  a s i m p l l f i e d  procedure of 
this k i n d  t o  be employed. However, those  grammars whose 
languages may be paraed b y  such a "no back-up" procedure 
c m  be h a n d l e d  p a r t i c u l a r l y  ef f  i c i e n t l y  . 

Given a grammar i n  Rackus n o m a l  fomn, i t  rnay be the 

case  t h a t  i n  every  p o s s i b l e  parse  of a s t r i n g  of t h e  p a r t i c u l a r  
f o m  



the substrlng cl.. .C, pust neceasarily be derlved from a 
particular intermediate character x. In suoh a context, 
the condensation of (6) into 

( 7 )  SA pia e * %  (11- Sr 'r 

can never be in error. Thus, for example, In various standard 
grarnmars for the ordinary arithmetlc expression the sequence 
of elements 

can only be derived from the condenaed sequence 

via the reverse of the Backus production 

( 10) 4 factorl = 4element> + cfactor) 

If, in the context ( 6 ) ,  the substring cl,...,c, can only be 
derived from the intermediate symbol x, then pl, . . .,p/, 

cl, ..., ql,. . .,qr is called an &r)- unambiguous context. 

Using the cxistence of such contexts, the parsing algorithm 
of Table I may be modified to eliminate back-up as follows. 
First, we assume that a complete collection of al1 &r)- 
iinarnbigi.aous contexts f o r  which d 5 some upper bound Lo, 
and for which r r. some upper bound ro, is avallable. Given 
this table of unambiguous contexts, we revise the algorithm 
of Table I so that before applying any condensation, the 
parsing program will verify that the context in which the 
sub-string to be condensed appears i8 one of the available 
list of unambiguous contexts. Ry restricting the attempted 
s e t ' o f  sub-string condeneations in this manner, we insure 
that the parsing algorithm need never undo any condensation 
which i t  has perf'ormed . Unfortunately, for certain grarnmars, 
the fi111 s e t  of unambiguous contexts will be 'thinl in the 
seme that the bottom-up parsing algorithm, restricted in 
thhs way, will be unable to condense every grammatica1 
string to a single character. However, if a grarnmar has the 



s p e c i a l  proper ty  t h a t  the  r e a t r i c t e d  bottom-up pa r s ing  
algorithm which we have just descr ibed n111 siic:ced i n  
condenslng every grammatica1 s t r i n g ,  we c a l l  t h e  glamrnar 
an , r bounded contextgrammar . O o --- - 

I n  Chapter V, we s h a l l  show t h a t  not eve ry  context-  
f r e e  gramrnar has t h i s  bounded*.context proper ty .  We s h a l l  
a t  t h a t  time discims t he  r e l a t i o n  between genera1 context  
f r e e  grarnmars and t h e  bounded context  grarnmars a s  a  sub- 
class i n  somewhat more d e t a i l . '  

I n  the  p resen t  ,chapter  however, we w i l l  be i n t e r e s t e d  
not i n  finndamental t h e o r e t i c a l  dl.scussions, which w e  pos t -  
pone t o  Chapter V, but i n  r e l a t i v e l y  pragmatic ma t t e r s .  
I n  p a r t i c u l a r ,  w e  s h a l l ,  i n  t h e  Pollowing paragraphs, develop 

var ious use fu l ,  a lgo r i thmica l ly  v e r i f i a b l e  s u f f i c i e n t  
condi t ions  which giiarantee t h a t  a  grammar is a (k,d) - 
boiinded- contex t  gramrnar w i t h  r e l a t i v e l y  small  k anà d 

We begin by de f in lng  t h r e e  r e l a t i o n s  
I - 

a -73, b b ,  a <. b 
' I 4 a 

between symbols of a'gramrnar, termina1 o r  non-terminai. 
>. i 

These ~ e l a t i o n s  a r e  T , defined a s  follows: 

i)  The r e l a t i o n  a e> b holds i f  there e x i s t s  a gram- 
matical  s t r i n g i n  which a and h a r e  succe,asive elements and i n  
whose syntax tree,  a i s  the  f i n a l  element of a sub- t ree .  

ii) T h e . r e l a t i o n  a b holds  if t h e r e  e x i s t s  a gram- 
mat ica l  s t r i n g . i n  which a and b .are successive elements, and 
i n  whose syntax t r e e  both a and b a r e  irnrnediately der ived 
from a  cornmon node, 

iii) The relation a b holds l f  there e x i s t s  a gram- 
ma t i ca l  s s t r i n g  imwhich a  and b a r e  successive elements and i n  

whose p a r s e . t r e e  t b e r e . e x i s t 8  a node x c w i t h  the  following 
proper ty :  a is , imniediately derived f r o m ~ ,  while b i s  
i n d i r e c t l y  desiyed frornaA. 



Note t h a t ,  if a and b are consecutive c h a r a c t e r s  in any 
grammatica1 s t r i n g ,  a t  leaet  one of these t h r c e  r e l a t i o n s  
must n e c e s s a r i l y  hold.  Indeed, l e t  be ' the pa r se  tree of 
t h e  given s t r i n g .  Consider the amalleat sub-tree V t o  which 

both of t h e  successive c h a r a c t e r s  a and b belong, and l e t M  
be t h e  r o o t  node of sub-bree. Then e l t h e r  both a  and b 

a r e  d i r e c t l y  der ived f r o m p ,  i n  which case (ii) holds;  o r  a  
but not  b i s  d i r e c t l y  der ived fromp, i n  whlch case  ( i i i )  
holds,  o r  a  i s  der ived fran sub-tree 6 of Y which, by d e f i n i t i o n  
of v ,  cannot inc lude  b; so  t h a t  i n  this case,  a i 8  n e c e s s a r i l y  
t h e  termina1 c h a r a c t e r  of t h e  aub-tree,  and ( i )  holds .  

We c a l l  our  context - f ree  grammar a precedence grammar 
i f  the  t h r e e  r e l a t i o n s  a e> b, a b, a b a r e  mutually 
exclusive f o r  every p a i r  of symbols a, b of t h e  grammar. 
Suppose that t h e  grarnmar i n  which we are  i n t e r e s t e d  is  a  
precedence grammar, t h a t  W& a r e  given a s t r i n g  S whfch i s  
grammatica1 according t o  t h i s  precedence grammar, and t h a t  
al. . .an i s  t h e  lef t -most  sequence of cha rac te r s  i n  t h e  
s t r i n g  S which is d i r e c t l y  der ived from a minima1 sub-tree 
of t h e  p a r s e  t r e e  of S .  I n  t h i s  case,  i t  fol lows i m e d i a t e l y  
from d e f i n i t i o n  ( i i )  tha t  we must have al a2 2 ... i a,. 

L e t  a be t h e  cha rac te r  of the  s t r i n g  S which imrnediately 
precedes al, and l e t  b be t h e  character of the s t r i n g  S 

Which imrnediately fol lows t h e  c h a r a c t e r  a,. Then i t  i s  
c l e a r  from d e f i n i t i o n  ( i )  t h a t  a, .)b. Moreover, the 

r e l a t i o n s h i p  a a al i s  impossible,  s i n c e  some o t h e r  r e l a t i o n  
holds  i n  t h e  pa r se  tree of 5 ;  while  a  *>al i s  impossible 
s incc  +..a, is the lef t -most  sequence of cha rac te r s  i n  
S derived from a sub t ree  oF S. 

Thus,  we must have a &  al ... a, O '  b. 

Moreover, s ince  al . . . a, Ss t h e  lef t -most  sequence of 
characters  of the s t r i n g  S derived from a minima1 sub-tree, 
no chnrac te r  precedine al can be t h e  termina1 cha rac te r  of 
the sub-tree of the  parse tree o f  S. ' I ? ~ ~ J S ,  t h e  r e l a t i o n s h i p  
C *>  d can n e v e r  be satisfied by an adjacent  p a l r  of cha rac te r s  
c , d  of the s t r i n g  S which preceed a l .  Therefore,  f o r  the 



s p e c i a l  c l a s s  of precedence gXwmmars, t h e  f i r s t  sub-s t r ing  

a l .  . .an which i s  t o  be condensed according t o  the pa r se  
of the  s t r i n g  S i s  uniquely def'ined a s  t h e  left-mmoot s t r ing  
f o r  which t h e  sequence of r e l a t i o n s  a ( e  a l  2 . . . an e> b 

ho lds .  I f  we assume of our  grammar, I n  a d d i t i o n  t o  t h e  
s tanding assumption t h a t  i t  1s a precedence grammar, t h a t  

d i s t i n c t  in te rmedia te  symbols n-ever have t h e  samn d e f i n e r ,  
then tlie condensation operatrion 

( 1-1 al. as . . .  a n -P 
af r e c t i n g  the  sub-s t r ing  al . . . a, i s  uniquely defined i n  
i t s  context .  I t  follows a t  once t h a t  every precedence 
grammar 1s a (1,l)-bounded context  zramrnar i n  t h e  sense 

of t h e  fj .nal .  paragraphs of t h e  prcceding s e c t i o n .  

The above d iscuss ion  rnay be genera l ized  i n  a  very 
usefu l  way. lf 6 i s  any  s t r i n g  of termina1 o r  in te rmedia te  
s p b o l s  of a grammar, we may introdiux? the  three following 

r e l a t i o n s ,  corresponding t o  the  r e l a t i o n s  ( i ) ,  ( i l ) ,  (iii) 

def ined above: 

i') We wri te  a >  db 

iP t h e r e  exists a grammatica1 s t r i n g  i n  which t h e  subs t r ing  ... 
d a  b .  .. occurs,  and i n  which a  i s  t h e  f i n a l  element of a 
sub- t ree  of the parse  t ree .  

i it) We w r i t e  a = d b  

if there e x i s t s  a  grammatical s t r i r ig  i n  which the  sub-s t r ing  
... d a b . . .  occurs,  and i n  which a and b a r e  both immediately 
der ived from a common node of the pa r se  t r e e  f o r  t h e  s t r i n g .  

iii') We w r i t e  a < o b  

i f  t h e r e  e x i s t s  a grammatica1 s t r i n g  i n  which the sub-s t r ing  
. . .dab . . . occurs,  and.  i n  which a i s  immediately der ived 
from some n o d e p o f  the  p a r s e  t r e e ,  while b  i s  i n d i r e c t l y  
derived from the  n o d e p .  . 



Let  S be a grammatica1 atring, and let ai and ai+l 
be successive characters In the strlng S. L e t  fll be t h e  
substring of S conslsting of a few- characters immediately 
preceding ai. Then one o f  the three relatlons ai C ai+l, 

- i 

ai - 6  a i + l ,  or ai 7 ai+l must alwaya hold.  The 
proof &f this assertion $s s i m i l i l r  in al1 regarda t o  the  
proof of t h e  corresponding assertion In the more special case 
t r e a t e d  above; cf . the  two paragraphs followlng def i n i t i o n s  

(i) , (ii) , ( i i i )  . We c a l l  a gramnar a generalized k- 
precedente Rrnmmar if for each s t r i n g  b o f  characters of 
l eng th  k, t h e  re la t ionsh ipa  a L 6 b r  a > b, and a - r b  are 
m u t u a l l y  e x c l u s i v e .  (1n making t h i s  d e f i n i t i o n ,  w e  i n t e n d  
to allow, among the s t r i n g a  6 appearing i n  the definition, 
s t r j - n g s  conststing actiially of a smaller nimber of characters 
than k, birt nominally padded out t o  length k by whatever 
nllmber of p r e r i x e d  "heginnlng of string" charactebs are 
nccessary). Suppose then that for each character  a o f  a s t r i n g  
S to be p m s e d ,  we Xet $ be t h e  immediately preceding k 
charncter  s u b - s t r i n ~ ,  supplemented a8 indicated  with p r e f i x e d  
begi n n l n p o f  -string characters  a s  neceasarg . We may dedu.ce 
junt as  i n  t h e  special case  expl.ic1tyl treated abovo t h n t  

1.9 the  left-niost sub-~tring a f  S belonglmg to a 

minimal sub-tree of t h e  paree troe of S, t h e n  a l . .  .a  , r! 
togefher with tke imcrli~tely preceding character a 3rd t h e  

occurrence in the string S of t h e  s e t  of rela . t ion8hj .p~ 

A4asi1mlng once more t h a t  no two intermediate ~ymbols o f  t h c  

g r a m a r  exist whtch have ident i ca1  def iners  accoriline t o  

gnneral ized k-precedente grammar 1s a (k, l) -boi~.n?ed context 



'Pable I1 below. g??vea t h e  d e t a i 3 s  oP an ilgorithm f o r  
p a r s i n ~  sucb a grammay. 

The f ol lowing cornrnents ~ 3 . 1 1  h e l p  tho r e a d c r  unders tand 
t h c  a l fo r i t hm shown i n  Table TI. Note, t o  begin wFth, t h a t ,  

, as  i n  T;lble I, we have w r i t t e n  owt tkie algori t t im twice  i n  
two p a r a l l e l  fams: a l e f t  hand column o f  informa1 d e s c r i p -  
t i o n  2nd a r i g h t  hand coliunn showing %he same s t e p s  i n  a 
somewhat more to rna1  way. As i n  Table I ,  each step shown 
jn t h c  I c f t  hand colurnn may be regarrled a s  an explana tory  
comment def  i n l - n 3  the ove r -a l1  s i g n i f  i cance  of t h e  
corresponding s t e p  i n  t h e  r i g h t  hand column of Table 11. 
Thz a lgor i thm makes use of f o u r  pilsb-down s t a c k s ,  c a l l e d  
s t a c k l ,  stack2, s tack3 ,  i n d  s t i c k b .  Tbc f i r s t  t h r e e  of 
thr 'ae s t a c k s  have e s s e n t i a l l y  t h e  same significante a s  

t h e  t h r e e  s t a c k s  used i n  t h e  a lgor i thm of  Table I .  Stackh,  
i-iowever, is imed t o  con ta in  a c h a i n  01.' p o i n t e r s *  t o  p o s i t i o n s  
i n  n t a c k l ;  the lise of theae  p o i n t e r s  w i l l  be explained 
s h o r t l g .  The p o s i t i o n  p o i n t e r s  f o r  s t a c k s  I,  2, 3, and 4 
a r e  call-ed p l ,  p 2 ,  p3,  and p4  i n  t h e  r i g h t  hand column o r  
Tab le  SI. Sincc t h e  a lgor i thm shown i n  Table 11, l i k e  most 
a lgor i thms  f o r  pa r s ing  bounded con tex t  grammars, does  no t  
involve any back-up p roces s  a t  a31, t h e  f o u r t h  f i e l d  of t h e  
d a t a  i t e m  shown l n ( 4 )  3.s unnecessary.  Thils, we may take  
t h e  d a t a  i tems contained i n  s t a c k s  1, 2 and 3 t o  have t h e  
sirnpler form shown In  ( 3 )  of t h e  preceeding s e c t i o n .  As i n  

Table  I, the " s t ack3  p o i n t e r "  f i e l d  i n  a - d a t a  i t em w i l l  
be re fe renced  by t h e  subf ie ld- f imct ion  "po in t  ." 

The over -a l1  flow of t h e  algorithrn 1x1 a s  flollows. 

S t a r t i n g  w i t h  t h e  r f r s t  c h a r a c t e r  of t h e  i npu t  s t r i n g ,  t h e  
p a r s i n g  program scans  through t h e  c h a r a c t e r s  of' t he  i npu t  
s t r i n g ,  i n  t u r n ,  t r a n s f e r r i n g  them from s t ack2  to s t a c k l .  
A s  each c h a r a c t e r  i s  examined, t h e  a lgor i thm determines  
whether i t  s t ands  i n  t h e  r e l a t i o n s h i p  a  7 g b ,  a = 6b o r  
a (gb t o  t h e  preceding c h a r a c t e r  a,  and to t h e  immediately 
preceding s t r i n g  b o f  c h a r a c t e r s .  T h i s  b a s i c  ope ra t ion  i s  



performed by t h e  subrout ine "compare" invoked by t h e  algori thm 
shown i n  Table 11. This  subrout ine  r e t u r n s  a f l a g ,  c a l l e d  
n i n  Table 11, and having one of t h e  f o u r  values  1, 2, 3, 
4. The f i r s t  t h r e e  values  of  t h e  f l a g  n correspond t o  t h e  
t h r e e  r e l a t i o n s  a 7 b, a = b, a < gb. The value n = 4 
i n d i c a t e s  t h a t  b s t ands  i n  none of these  t h r e e  r e l a t i o n s  t o  
t h e  preceding cha rac te r  a of t h e  inpu t  s t r i n g ,  and hence 
can only  occur  i f  t h e  inpu t  s t r i n g  involves  a syntax e r r o r .  
Once t h e  r e l a t i o n s h i p  between t h e  c h a r a c t e r  b being examined 
and t h e  immediately preceding c h a r a c t e r  has  been determined, 
a corresponding ac t ion  is  taken.  If  a ) *b  holds,  then a 
te rminates  a s u b s t r i n g  of t h e  input  s t r i n g ,  f o r  which 
condensation must be p o s s i b l e .  I n  t h i s  case,  t h e  pa r s ing  
program ( a f t e r  checking t o  see  whether the  pa r se  i s  i n  
f a c t  complete) condenses an appropr ia te  por t ion  of t h e  inpu t  
s t r i n g  t e n i n a t i n g  with t h e  c h a r a c t e r  a ,  and rep laces  i t  
w i t h  t h e  i n t e m e d i a t e  symbol of t h e  grammar which i s  the  
unique immediate genera tor  of t h i s  input  s t r i n g .  The 
beginning of t h e  por t ion  t o  be condensed i s  the  l a s t  preceding 
cha rac te r  d which s tands  i n  the r e l a t i o n s h i p  C cid t o  t is  
predecessor  C .  The p o s i t i o n  of d i n  the  input  s t r i n g  w i l l  
a l r eady  have been recorded a t  t h e  top of s tack4 i n  a manner 
t h a t  we s h a l l  desc r ibe  s h o r t l y .  Thus the  condensing procedure, 
which i s  ind ica ted  i n  Table I1 a s  a c a l l  t o  a func t iona l  
subrout ine 'condense, '  need merely remove the  top element 
from stack4,  and use  the  p o i n t e r  which i t  conta ins ,  tobe ther  
wi th  t h e  cu r ren t  value of the  p o i n t e r  p1 t o  the  top of s t a c k l  
t o  determine t h e  por t ion  of the  input  s t r i n g  which i s  t o  
be condensed. I f  such condensation is  impossible,  t h a t  is,  
if t h e r e  e x i s t s  no production whose r i g h t  hand s i d e  i s  
i d e n t i c a 1  with a given subs t r ing ,  then the  input  s t r i n g  is  
ungramrnatical . Correspondingly, it i s  assumed i n  t h e  algori thm 
shown i n  Table I1 t h a t ,  when the  subrout ine "condense" i s  
c a l l e d ,  i t  r e t u r n s  a f l a g  'success" which i s  used by t h e  
algorithrn of Table I1 t o  determine whether o r  not an e r r o r  



of t h i s  type ha8 occu.rred. 
Successfill  c a l l  t o  "condense" r e t u rn s  a d a t a  item 

"intermed!' represent ing  t h e  i n t e m e d i a t e  symbol from which 
the  condensed aiibstring i s  generated.  It is altso asswned 
t h a t  the  subrout ine 'condense' t r a n s f e r s  the  appropr ia te  
niimber of elements from t h e  top of s t a c k l  i n t o  s t ack3  when 
a condensation i s  performed. Following tm successfu l  
condensation of a  subs t r ing ,  t h e  "atack3 p o i n t e r '  f i e l d  of 
the  returned in te rmedia te  element ! ' lnte.med" i s  s e t  to t h e  
appropr ia te  value,  t h e  in te rmedia te  element t r a n s f e r r e d  t o  
the  top of s tack2,  and the  pa r s ing  program, s t a r t i n g  from 
t h i s  new pos i t ion ,  cont inues i t e r a t i v e l y  a s  before  . 

I f  comparison of a given input  s t r i n g  elernent b wi th '  
i t s  imrnediatelg preceding cha rac te r  a  r e v e a l s  t h a t  t h e  r e l a t i o n  
a  = a b  holds,  a d i f f e r e n t  procedure i s  followed. I n  t h i s  
case,  a and b w i l l  even tua l ly  form p a r t  of a s t r i n g  t o  be 

condensed i n t o  a s i n g l e  intermediate  symbol. For t h i s  

reason, the  pa r s ing  program merely passes  over the  symbol 
b ,  t r a n s f e r r i n g  it from the  top o f  s tack2 t o  t h e  top of 
o tackl  . Fina l ly ,  i n  case  the  cha rac te r  b a t  t he  top of 
stack2 is r e l a t e d  to t he  preceding element a  by t h e  r e l a t i o n -  
s h i p  a ) db, i t  fol lows t h a t  b i n i t i a t e s  a  new subsect ion 
of the  input  s t r i n g .  T h i s  subsect ion,  when complete, w i l l  
be condensed i n t o  a s i n g l e  in te rmedia te  cha rac te r .  In 
order  t o  avoid r e c a l c u l a t i n g  t h e  beginning of s e c t i o n s  of  
t h i s  s o r t  repeatedly,  t he  pars ing  algorithm can s t a c k  the  
loca t ion  of every cha rac te r  b r e l a t e d  t o  i t s  preceding 
cha rac te r  a by t h e  r e l a t i o n s h i p  a Cdb on s tack4.  When a  
sec t ion  t o  be condensed ia complete, t he  top i n i t i a l  address  
on s tackb i s  removed, and the  beginning address of the  next 
most inc lus ive  sec t ion  eventua l ly  t o  be condensed i s  revealed.  



Table 11. Parsing Algorithm f o r  Oeneralized Precedence Grammars. - 
. .. 

i n i t i a l 1 y : s t a c k l  conta ins  a  s i n g l e  beginning-oj 
s t r i n g  cha rac t e r  

s tack2 contains  s t r i n g  t o  be parsed, 
f irst  cha rac t e r  on top, terminated 
by end-of-string cha rac t e r  

a l 1  s tack3  re ference  p o i n t e r s  s e t  
t o  zero 

s tack3  and s tack4  a r e  empty 
compare: compare top charac te r  of s t a c k l  with 

top cha rac t e r  of stack2, using 
preceding context;  

depending on r e s u l t  of comparison, 
go t o  (bigger ,  sarne, smaller ,  e r r o r )  

bigger:  s t a c k  cu r ren t  value of p1 on s tack4  
same : move element from stack2 t o  stackl; 

go t o  compare 
smaller :  if only 1 charac te r  besides  begin- 

and end-of-string charac te rs  a r e  
l e f t ,  pa r se  i s  complete 

attempt t o  condense por t ion  of 
s t a c k l  from charac te r  referenced 
by s tack4 t o  top; i f  this f a i l s ,  
a  syntax e r r o r  has occurred 

i n s e r t  s tack3  p o i n t e r  f i e l d  i n  new 
intermediate  symbol 

p lace  new intermediate  symbol on 
top of s tack2 

go t o  compare t o  continue processing 
e r ro r :  r e tu rn  unsuccessful ly  

r. 

p l = l ;  s t ack l (p l )=beg ins t r ing ;  
p l = p l + l  

s tack2  conta ins  input  s t r i n g  
terminated by end-of - s t r i n g  
character ,  first elernent on top 

for j=l ti11 p 2 4  do: 
(poin t (s tack2(  j) )=O) 

p3=1; p4=1 
n-compare (p1 ,p2) 

go to(bigger ,  sarne, smaller,  e r r o r )  n  

s tackb(p4)  = p l ;  p4=p4+1 
p2=p2-1; s tackl (p l )=s tack2(p2)  ; 

p l=p l+ l ;  go t o  compare 
if((p1 .eq.2) . and . (p2 .eq . l ) )  

r e tu rn  successfu l ly  

p4=p4-i ; 
intermed=condense ( ~ t a c k 4 ( ~ 4 ) p 3 ;  
if (not.success)go t o  e r r o r  

stack2(p2) = intermed; p2-p2+1 

go t o  compare 
returri unsuccessful ly  



The algorithm ahown i n  Table I1 examines any given 

syrnbol of a n  i n i t i a l  input  string f o r  i t s  s y n t a c t i c  context  
o n l y  once.  The p a r s i n g  program descr ibed by  the  algori thm 
o r  Table I1 is consequsntly extremely r a p i d .  

I f  t h e  h a n d l e  of a  pa r se  t r e e  is defined as t h e  l e f t -  
most minimal. sub-tree,  then t h e  algorithm t h a t  we have 
descr ibed w i l l  f i m t  diacover  and condense t h e  handle of 

a p a r s e  t r e e  i n t o  a s ing le  charac ter ;  and proceeding 
i t e r a t i v e l y  w i l . 1  eventual.1 y condense the  pa r se  tiree i n t o  
a sFngle node. A t  any  r a t e ,  t h e  o rde r  of condensation i s  
l e f t  t o  r i g h t ,  the Left-most minimal sub t ree  always being 

condensed f i r s t .  Since the  o rde r  of condensatton i s  e n t i r e l y  
p red ic t ab le ,  a generat ion procedure may r e a d i l y  be assoc ia ted  
with the pars ing  algori thm of Table 11. Code generat ion 

procedures may convenient ly  be i n s e r t e d  a s  subrout ines  t o  
be c a l l e d  bg t he  funct ion  'condense" of Table 11. Each c a l l  
t o  t h i s  subrout ine corresponds t o  t h e  condensetion of a 
p a r t i c u l a r  sub- t ree .  Ins tead  of t r a n s f e r r i n g  condensed 
symbols onto stack3, t h e  condensation subrout ine,  having 
decided on t he  p a r t i c u l a r  production which i s  appl icable ,  
may c a l l  a genera tor  r o u t i n e  assoc ia ted  with t h i s  p ~ o d u c t i o n .  

A reasonable me ta l ingu i s t i c  convention expressing the  
necessarg semantic s p e c i f i c a t i o n s  might c o n s i s t ,  f o r  example, 
i n  the assoc ia t ion ,wl th  each of t h e  product ions c o n s t i b t i n g  
a  context-.?ree grammar, of t h e  name of a genera tor  subrout ine 

to be c a l l e d  b y  the  f'condense'' subrout ine when t h a t  production 
ì s  appl ied in thc reverse  d i r e c t i o n .  Such genera tor  narnes 
can, by an evident  extension of the Backils metalanguage, be 

appended t o  t h e  end of the  definer c o n s t i t u t i n g  t h e  r i g h t  
hand si.de of  a s y n t a c t i c  production,  following some s p e c i a l  
symbol o r  mark used t o  i n d i c a t e  the  end of the  d e f i n e r .  

The following simple scheme f o r  the generat ion of 
compiler d i agnos t i c s  1s appl icable  t o  precedence p a r s e s  of 

the  type shown i n  Table 11. A t  the po in t  a t  which a  
t r a n s f e r  t o  the  algori thmlc l a b e l  " e r r o r "  is made by the  
pars ing  program, a l 1  those cha rac te r s  of the  i n i t i a l  input  



s t r i n g  which have been condensed i n t o  in te rmedia te  symbols 
of the  i n p u t  s t r i n g  may be regarded a s  c o n s t i t u t i n g  a 
subsect ion q of the i npu t  s t r i n g  whose pa r se  is probably 
c o r r e c t .  The pa r s ing  algori thm can then f l a g  t h e  cha rac te r s  
belonging t o  the  s t r i n g  S1. Flagging these  cha rac te r s  w i l l  

show the  approximate p o i n t  of the  i n i t i a l  input  s t r i n g  a t  

which a syntax e r r o r  has occurred.  The standard d iagnos t i c  
procedure thus s p e c i f l e d  i s  genera1 and a p p l i e s  without 
any s p e c i a l  adaptat ion,  t o  an a r b i t r a r y  precedence grammar. 
On the  o t h e r  hand, s i n c e  a top-down procudure w i l l  always 
be aware of a  l o c a l  goal ,  and can r e p o r t  t h e  f a i l u r e  of t h i s  
goal a s  a p a r t  of the  d iagnos t i c  information i t  provides  
t o  the  compiler use r ,  t h e  d iagnos t i c s  ob t i ined  by the  procedure 
just ou t l ined  may be c ruder  than the  d iagnos t i c s  which can 
be obtained bg a top-down pa r s ing  procedure.  

3 .  Storage of precedence infonnat ion f o r  a  bounded context  
p a r s e .  

We now tinrn t o  consider  the  form i n  which the t a b l e s  
of precedencc r e l a t i o n s  t o  be used by the  subrout ine "compare:' 
c a l l e d  i n  the  algorithrn of Table I1 ape to be i n i t i a l i z e d  
and maintalned. These t a b l e s  may be taken t o  c o n s i s t  of 

two basic por t ions ,  tha f i r s t  of which i s  a  sirnple (character  

p a i r )  preced-ence t a b l e ,  and the  second of  which i s  a 
supplementarg (extended context )  precedence t a b l e .  The f i r s t  

of these  t a b l e s  may be regarded a s  a  two-dlmensional a r r a y ,  
which, for every p a i r  a ,  b of cha rac te r s ,  s p e c i f i e s  a 

value whtch i s  e i the r  I., 2, 3, 4 o r  5. 
l f  t he  v a l u e  1 3.s entered i n  the  f l r s t  of these  t a b l e s  

against a p a i r  a ,b  of cha rac te r s ,  i t  signiA'ies t h a t  the 

relation a < *  b ho lds ,  and t h a t  n e i t h e r  of the  r e l a t i o n s  
a b o r  a  e) b holds. If? t h e  val.ixe 2 o r  3 is entered 
agai -ns t  t he  p a i r  i n  t h i s  same t i b l e ,  it s i g n i f i e s ,  i n  a 
s l m i l a r  wag, t h a t  t he  r e l a t i o n s h i p  a  * b ( r e s p .  a 2 b )  ho lds ,  



and t h a t  rio ~ t h e r  o,f t h e  three reléitions a < a  b, a b, a a > b  

h o l d s .  lf t h e  va3 .m 5 1s en te r ed  a g a i n s t  t h e  p a i r ,  i t  
s tg r i i f i e s  tha . t  none of t h e  three p reced ine  r e l a t i o n s  holds .  

T h i s  v a l x  i s  equa l ly  d e c i s i v e  f o r  the comparison m u t i n e ,  
since, I E  l;>? coinparicon r o u t i n e  Is c a l l e d  upon t o  compare 
two r;!iccesi;tvi c?>aractc?rs  a ,  b di r r lng  a Far se ,  and i f '  

none  a f  t h ?  thrce p r o c c d i n g  rnlationo holds ,  then a syn t ax  

P . p F i n a l l y ,  i f  t h e  va1u.e 4 i s  e n t e r c d  a g a i n s t  
t h e  p a i r  a , b  of c 5 a r a c t e r s  i n  t h e  first preccdence t a b l e ,  
I t  i r - i d i caks  th?? -&l l e s t  two 9.f' thr r e l a t f o n s  a < @  b, 
a L - b, n 0 )  b ho ld .  I n  t h i s  cane s3rnple (pair-wise) prece -  

dzricr! i s  i n s u f f i c i e n t  t o  detcrmine t b e  pa r se ,  t h e  grammar 
is n u c e s s a r i l y  u gcne ra l i eed  precedence grarnrnar r a t h e r  
than a simple precedonce qrammar, and t h e  supplementary 
t3hl-es must be used .  

I n  t h i s  l a t t e r  case ,  the '%omparer sub rou t ine  o f  the 

p a r s i n g  a lgor i thm of  T a h l e  I1 m i x s t  proceed as fo l l ows .  
Tie s t i l n g  b i s  f i r s t  s e t  equa1 t o  t h a t  c h a r a c t e r  i n  t h e  

fu11 s t r i n g  be ing  parsed which immudiatcl y precedcs  t h e  
c h a r a c t e r  a .  The t r i p l e  6, a ,  b o f  t h r c e  c h w a c t e r s  is 
then  looked up I n  t h e  supplementwy precedence t a b l e ,  which, 
f o r  t h e  sakc  of d e t i n i t e n e s s ,  we may imagine t o  be mainta ined 
a s  >ZI l i s t  accesscd tl-irough a hash  f u n c t i o n .  E i t h e r  
t h i s  t r i p l e  w i l l  no t  be found a t  a l 1  in t h e  hash t s b l e ,  o r  

the hash t a b l e  w i l l  a s s ign  one of t h z  f o u r  va lues  1, 2, 3, 
14 t o  t h e  t r i p l e  6 , a , b .  These va lues  have t h e  same s i g n i f i c a n c e  
a s  be fo rc ;  I i n d i c a t e s  t h a t  t h e  r e l a t i o n  a  >d-b  holds ,  P and 
t h a t  none of t h e  r e l a t i  ons  a =$ b and a < b' holds ,  e t c .  

I f  an e n t r y  t o r  t he  t r i p l e  g a , b  i s  found i n  t h e  hash t a b l e ,  
then t h e  'compare1 r o u t i n e  may re t i l rn  a value d i r e c t l y  upon 
f i n d i n g  this e n t r y .  I f ,  on  t h e  o t h e r  hand, no e n t r y  f o r  
b , a ,b  is found i n  t h e  hash t a b l e ,  t h e n  t h e  "compare" 
r o u t t n e  must attem-pt t o  use a t  l e a s t  one a d d i t i o n a l  c h a r a c t e r  
of c o n t e x t .  T h i s  i s  done a s  fo l l ows .  S e t t i n g  f e q u a l  t o  
that s u b s t r i n g  of t h e  s t r i n g  being parsed  which c o n s i s t s  of 

t he  two charac  ters immediate1 y preced ing  a ,  t h e  compare 



r o u t i n e  looks f o r  an e n t r y  i n  t h e  supplementary precedence 
t a b l e  (hash t a b l e )  a g a i n s t  t he  s e t  of f o u r  cha rac te r s  r , a , b .  

If  an e n t r y  e x i s t s ,  t h e  hash t a b l e  w i l l '  supply one of t h e  
values  1, 2, 3, 4, and t h e  compare r o u t i n e  may proceed a8 
ind ica ted  above. I f ,  on t h e  o t h e r  hand, no such e n t r y  
e x i s t s ,  then t h e  "compare!' r o u t i n e  m i i s t  a t tempt t o  use  the  
t h r e e  cha rac te r s  of context  irnmediately preceding t h e  c h a r a c t e r  

a, . . . e t c .  An a p r i o r  dec is ion  a s  t o  the  maximum i n t e g e r  -- 
k which i s  allowed i n  t h e  cons idera t ion  of the  given grammar 
a s  a genera l ized  k-precedence grarnmar w i l l  l i m i t  t h e  maximm 
number of cha rac te r s  of context  allowed. The i n t e g e r  k 

w i l l  normally be chosen q u i t e  small ,  gene ra l ly  equa1 e i t h e r  
t o  1 ( t h e  case  considered by  McKeeman,to whom the  not ion 
of genera l ized  precedence gramrnar i s  due) o r  t o  2. Larger 
values  of k would r e q u i r e  excess ive ly  l a r g e  supplementary 
t a b l e s  and a r e  the re fo re  of l e s s  i n t e r e s t .  

For a  genera l ized  k-precedence grarnmar with k = 1 o r  2, 

the  simple precedence t a b l e  descr ibed above w i l l  normally -- P 11"- 

be a s  l a r g e  a s  o r  l a r g e r  than the  supplementary t a b l e ,  f o r  
which reason a  simple device,  due to  Floyd, f o r  reducing 
the  s i z e  of t h i s  t a b l e  i s  of i n t e r e s t .  This device i s  a s  
fol lows:  For each p a i r  a ,b  of termina1 o r  in te rmedia te  

symbols, w e  keep a  s i n g l e  au thor i za t ion  b i t  ~ ( a , b ) .  The 
.-p 

value of t h i s  b i t  i s  1 i f  e x a c t l y  one o r  the  t h r e e  a l t e r n a t i v e s  
a (. b,  a  4 b,  a ,:.;) b holds,  but  i s  zero i f  e i t h e r  none 
o r  more than 1 of these  a l t e r n a t i v e s  holds .  Given t h e  s e t  
of mutually e x c l i ~ s i v e  r e l a t i o n s h i p s  a  (. b, a  i b, a  0) b, 

holding between those p a i r s  a , b  of cha rac te r s  of a given 
grarnmar f o r  which ~ ( a , b ) = l ,  we attempt t o  f i n d  two p o s i t i v e ,  
i n t e g e r  valued funct ions  f ( a ) ,  g ( b ) ,  such t h a t  the  r e l a t i o n -  

s h i p  a ( *  b implies  the  numerica1 r e l a t i o n s h i p  f ( a )  ( g ( b ) ,  
s i x h  t h a t  t h e  r e l a t i o n s h i p  a  b implies  the  numerica1 
r e l a t i o n s h i p  f ( a )  = g(b) , and such t h a t  the  cha rac te r  
r e l a t i o n s h i p  a -> b  implies  the  numerical r e l a t i o n s h i p  f ( a )  
( a )  g .  A p a i r  of funct ions  s a t i s f y i n g  these  th ree  

condi t ions  i s  s a i d  t o  have t h e  precedence pvoperty* -.-. -- 



T f  such a p a i r  ,of i n t e g e r  valued f i inct ions  f ,g i . s  

a v a i l a b l e ,  then i f  ~ ( a , b ) = l ,  t h e  "compare" a lgor i thm can 
ra t i i rn  t h e  value 1 , 2 ,  o r  3 depending simply on whether 
~ ( a )  < g ( b ) ,  f ( a )  - g(b), f ( a )  ) g(b) which it f i n d s .  O f  

coimse, Sf ~ ( a ,  h )  =O, t h e  "comparet1 a lgor i thm m u s t  c o n s u l t  
t h e  - supplementary precedence t a b l e  desc r ibed  above t o  
complete i t s  a c t i o n .  The two-dimensional simple precedence 
t a b l e  may be rep laced  by t h e  union of a  t a b l e  of a u t h o r i z a t i o n  
b i t s  and of two l i n e a r  a r r a y s ,  wi th  consequent sav ing  of 
space .  

Next, we s h a l l  d e s c r i b e  F l o y d l s  a lgor i thm for f i n d i n g  
a  p a i r  of func t ions  f and g havtng t h e  precedence p p o p e p t ~ .  

Define sequences of func t ions  f n  and gn i n d u c t i v e l y ,  by 
p u t t i n g  f l ( a )  z @ a )  E 1 t o  s t a r t  t h e  i nduc t ion ,  and b  
defininrr, fn+l and i n  t e m s  of f n  and gn as  fol lows:  
i f  there (3xis ts  any p a i r  a , b  such t h a t  f n ( a )  L- gn(b )  and 

a  *> b, choose some such p a i r ,  p u t  fn+l(a)  = g ( b ) + l ,  and 
n  

p u t  f ,+l(al)  = f n ( a l )  f o r  a l 1  o t h e r  a l ,  and ~ , , ~ ( b )  = gn(b )  
f o r  a l 1  b .  Otherwise, i f  t h e r e  e x i s t s  any p a i r  a , b  such 
t h a t  f , (a)  2 g,(b) and a  (. b,  choose some such p a i r ,  p u t  

%+l (b )  = f ' ,(a)+l,  pu.t gn+l (b l )  = g n ( b l )  f o r  a l 1  o t h e r  b t ,  
and fn+ì  ( a )  = f,(a) f o r  a l 1  a .  Otherwise, i f  t h e r e  e x i s t s  

any p a i r  a,b such t h a t  a i b whi le  f , (a)  # g,(b), p u t  

f n + l ( a )  " a n + l  ( b )  = max ( f n ( a ) ,  g n ( b ) ) ,  and l e t  f ,+ l ( a t )  = 

f n ( a l ) ,  gn+ l (b l )  = g , (b l )  f o r  a l 1  o t h e r  a '  and b l .  

Tf f,+l fn and g,,l = gn, then f = fn+l and g = 

are  e v i d e n t l y  a  p a i r  of f u n c t i o n s  wi th  t h e  precedence p rope r ty .  
Conversely, suppose t h a t  t h e r e  e x i s t s  a p a i r  of f u n c t i o n s  
f , g  w i t h  t h e  precedence p r o p e r t g .  It i s  p l a i n  t h a t  both  

sequences [f ,) , a r e  monotone nondecreasing . P l a i n l y ,  
f$a) 5 f ( a ) ,  g l ( a )  f g(a) f o r  a l 1  a .  We s h a l l  prove 

i n d u c t i v e l y  t h a t  f n ( a )  5 f ( a )  and g,(a) L- g ( a )  f o r  a l 1  n .  
Suppose by induc t ive  hypothes i s  t h a t  t h i a  ho lds  f o r  a  given 
value of n .  Then, i f  a *> b  whi le  f n ( a )  5 n n ( b ) ,  then 



gn(b)  L g ( b ) ,  while f (,a) 7 d b ) ,  so t h a t  f(a),, gn(b)+l  

3 fn+l(a) . If a <. b while f n ( a )  2 g (b)  , it fol lows n - 
s i m i l a r l y  t h a t  f ( a )  2 fn+l(a) ,  g ( a )  2 gn+l(a) . A s i m i l a r  
observat ion i s  v a l i d  i n  case  f n ( a )  # gn(b) and a i b. 
It the re fo re  fol lows i n  al1 caaes  t h a t  f ( a )  2 f,+,(a), 
g(b) > gn+l(b), completing our  induc t ive  argument. Thus, 
i f  any p a i r  of func t ions  f ,g with' t h e  precedence p roper ty  
e x i s t s ,  t h e  monotone nondecreasing sequences fn\ , fgnI 
w i l l  be bounded above, and hence f o r  s u f f i c i e n t l y  l a r g e  n  
we w i l l .  have fn+l f,, gn+l a f,. Consequently t h e  con- 

s t n i c t i o n  descr ibed i n  t h e  preceding paragraph always l e a d s  
t o  a  p a i r  f , g  of func t ions  with the  precedence property,  
i f  any such p a i r  e x i s t s .  

Note f i n a l l y  t h a t ,  i f  f , g  i s  any p a i r  of func t ions  
w i t h  t he  precedence property,  and i f  m i s  any s t r i c t l y  
monotone funct ion  def ined on t h e  union of the  ranges of 
f and g, then t h e  t r a n s f o n e d  p a i r  m(f ( a ) ) ,  m(g(b))  of 
funct ions  a l s o  has the  precedence proper ty .  I f  N i s  the 
t o t a l  number of termina1 and in te rmedia te  symbols of our  
grammar, then the  range of each of t h e  func t ions  f  and g 

conta ins  a t  most N i n t e g e r s .  Therefore, i f  the re  e x i s t s  
any p a i r  of funct ions  wi th  t h e  precedence property,  t h e r e  
e x i s t s  a p a i r  whose ranges a r e  both contained i n  t h e  i n t e r v a l  

[l, ~ N ' J  . It follows, i f  a  p a i r  f , g  of func t ions  with t h e  
precedence p roper ty  e x i s t s ,  t h a t  t h e  sequences (fn] and [gn] 
of the  preceding paragraph a r e  bounded above by 2N. Since 
these  sequences a r e  monotone nondecreasing, the cont rary  
hypothesis  t h a t  fn+l fn and gn-+l i g never hold toge ther  
Frnplies t h a t  the  p a i r  of sequences f ,  ignl rnust be 
irnbounded above. Thus, cons t ruc t ion  of the  two sequences 

f f n l ,  will revea l  d i r e c t l y  and a lgor i thmica l ly  whether 
a p a i r  of funct ions  f ,g w i t h  t he  precedence proper ty  e x i s t s ,  
and g ives  t h e  funct ions  f,g when they do e x i s t .  

The above d iscuss ion  t e m i n a t e s  our  ana lys i s  of pa r s ing  
methods f o r  precedence gramrnars. I n  the  following sec t ion ,  
we s h a l l  d-iscims i n i t i a l i z a t i o n  algorithms f o r  precedence 
grarnmars, t h a t  i s ,  w e  s h a l l  g ive  an account of t h e  "read-in" 



al;;orithm w h i c h  cen be tised t o  examlne an a r b i t r a r y  
contex t - f ree  grammar, dec ide  whe thc r  o r  not t h i s  grammar 

1s a ~eneralized Ic-precedente grammar f o r  a i v e n  k, and, in 

case  t h e  grammar i s  found t o  be a precedence grammar, set; 
iip t he  two precedence t a b l e s  needed by t h e  p a r n i n g  algorithm 
devcloped in the  present s e c t i o n .  

. v Parse  in1 t i a l i z a t i o n  f o r  generalized prececlence grammaz. 

As w e  shal.1 show e x p l i c i t l y  in the present  sec t ion ,  
t h e  condi t ion t h a t  a context  f r e e  g r m a r  be a generalized 
k-preccdence grammar for a given k 1s a lgor i thrn ica l ly  
v r t r i f i a i ~ l e .  It is therefore  appropr ia te ,  i n  app3 y ing  the 

pars i  ng algorithm developed i n  t h e  preceding  sec t ion ,  t o  

~l~ipplernent  t h l s  algorithm by a "read-in" o r  parse-  
i n i t i a l i z a t i o n  algori thm. Slich an  S n i t l a 1 i s a t : ~ o n  procedure 
will examine any givcn context  f ree  grrlmmar, v e r l f g  t h a t  
t h e  zrammar 1s a general ized k-precedente gramrnar, and s e t  
i ~ p  the precedence tables requirefi by t he  sub:routine "compare" 
iiscd bg t h e  pa r s ing  a l g o r i  thm of tkle preceding sec t ion  . 
( c . f .  Tab le  11). 

T a h l c s  I11 A,R,C below give i n  account of such a 
slyntax i n i t i a l i z a t i o n  algorithm. The algorithm, which 
ì s  sornewhat lengthg,  i s  dlvided i n  t h e  var ious Tables I11 

i n t n  a m a ì n  routine, descr ibed by  Table I I I A ,  which c a l l s  
var-ious p r inc ipa l  sub rou t lnes  . Algorithms f o r  these  
s u b r o u t i n e s  m e  g i v e n  i n  Tables IIIB,C, e t c .  The over-al1 
s t r u c t v r e  o f  thcse algorithms 1s as fo l lows .  For each 
p a i r  a,b of termina1 o r  non-termina1 syrnbols of t h e  context  
f r ee  grarnmar f o r  whi-ch tables are  t o  be s e t  up, and f a r  

a v a r i e t y  of s t r i n g s  forming p o t e n t i a l  left-hand contexts  
of a ,  the  algorithm aims t o  d iscover  whether  o r  not one of 
the three r e l a t t o n s  a = @b, a > 6b and a 4 d b  holds.  I f  

a t  l e a s t  one of these r e l a t i o n s  holds,  then t h e  al-gorithm 
must discover  whether more than  one of these r8e la t ions  holds .  



Table IIIA. Main r o u t i n e  f o r  v e r i f y i n g  t h a t  a grammar 
has t h e  genera l ized  k-precedence p roper ty  . 

program precgram(k) 
f o r  a l 1  c h a r a c t e r  p a i r s  a,b of grarnmar, do a l 1  i n s t r u c t i o n s  

ti11 end: 
pu t  d = n u l l ;  overflow = f a l s e  
m = r e so lve  (6 ,a ,b)  
t a b l e l ( a , b )  - m 
if(m.ne.4) go t o  end 

empty pushdown s t a c k  
l e t  C =  f i r s t  cha rac te r  of symbol s e t  of grammar 

t r y  : m - reso lve(b ,a ,b)  

i f  (m.ne.4) go t o  e n t e r  
p u t  Con s t a c k  
l e t  C be f i rs t  cha rac te r  of symbol s e t  of grammar 

append: p r e f i x  cha rac te r  C t o  @ t o  g e t  new value of 6 
i f ( l e n g t h ( b ) . g t . k )  overflow = t r u e  and go t o  diagnose 
e l s e  go t o  t r y  

e n t e r :  i f  ( m  .eq. 5) go t o  tes tdone  

e n t e r  valile m aga ins t  d i n  hash t a b l e  
tes tdone:  i f  s t a c k  is empty go t o  end 

e l s e  l e t  = s t r i n g  a t  top of s t a c k  
l e t  C = t i rst  cha rac te r  of 6; l e t  6 =  por t ion  of b following C 

if C Ls l a s t  cha rac te r  of symbol s e t  of grarnmar, go t o  tes tdone  
else advance C t o  next cha rac te r  of symbol s e t  of grarnmar, 

and  go t o  eppend; 
cnd : continue 
finish: i f (overf1ow) emit d i agnos t i c  "grarnmar v i o l a t e s  spec i f i ed  

precedence depth ' l imit- '  and c a l l  e x l t  
e l s e  reduce newly constructed t s b l e s  t o  standard form and 

copy them onto t h e  appropr ia te  output  medium, then c a l l  e x i t  . 
diagnose :  de le te  i n i t i a l  cha rac te r  from 6 

p r i n t  out  d i annos t i c  messace "bab c o n s t i t u t e s  unresolvable  
context  of maxlmum length" 

go t o  tes tdone 



f u n c t l o n  reso lve  (a, a ,b)  
m = O 

i f ( e q i i a l ( a , ~ , b ) )  m = l 

for n l l  n  = 1 ti11 t o t a l  number of product ions,  do a l 1  
i n s t r i x c ' c t o n s  ti31 l oop l ;  

pu t  1 - i n t e r m e d h t c  qymbol forminp, l e f t  hand s ide  of n-th 
prodirc t i o n  ; 

t[' [not  .begin(A,b)) go t o  loopl  
if (not . e q u a l ( a , b , h ) )  ?;o to ì o o p ì '  

i f ( m . g t . 0 )  m - 4 nnd go t o  back 

esse m - 2 and  go t o  t e s t g r e a t e r  
l oop l :  contin1.m 

testgreater:for a l 1  n = 1 till t o t a l  number of productions, do a l 1  
i n s 1 m ~ c ~ - l o n s  t i 3 . 1  loop2 

p u t  h - I n t c m e d i a t e  syrnbol f o m i n g  l e f t -hand  side of n - t h  
production 

p ~ i t  C - l a n t  c h n r n c t e r  or r i g h t - h a n d  side of n-th product ion;  
p v t  p :: r i z h t - h a n d  s i d e  of n - t h  product ion,  with l a s e  

c h a r a c t w  C de7.eted; 

if ( C  .not-qua! .a)  go to loop2 

l f  6 1s a termina1 si . ihstr ing o f p  , p u t  - n u l l  and go 

t o  gramtest; 
i f  p ic a t e r m i n a 1  siiiostring of Q, p u t  5 - por t ion  o f b  

preced ing  P s n d  &o to gramtest; '  
esse go t o  loop2 

g r m t e s t :  ~ . f (no t . g r a rn s i l b (b~Ab) )  g o  t o  loop;! 
i?'(m.gt.0) n - h and go t o  back 

m = 3  
loop2:  continue 

m =. 5 

'i-iack: r e s o l v e  = m ;  return 



Table I I I C .  Subroutine t o  determine the  validity of a =db. 

funct ion  equal (a,#, b)  

do a l 1  i n s t r u c t i o n s  ti11 cont inuel ,  f o r  al1 n=l ti11 
t o t a l  number of productions:  

p u t  = in te rmedia te  symbol forming lef t -hand side of 
n- th  production 

i f  r ight-hand r i d e  P of n-th production conta lns  no 
occurrence of ... ab ..., go t o  cont inuel  

e l s e  f o r  each occurrence of ab i n  do a l 1  i n s t r u c t i o n s  
ti11 coa'cini.le2 : 

e 
l e t  d2 be the  subs t r ing  o f e  preceding given occurrence 

of ab; 

if 6 i s  a t e m i n a l  subs t r ing  of' f12, pu t  61 = n u l l  and go 

t o  granitest; 
else if' i s  a t e m i n a l  subs t r ing  of 6, p u t  5 = por t ion  

of preceding % and go t o  gramtest;  
e l s e  go t o  continue2 

gramtes t  : i f  (gramsub (dlh) ) go t o  yes 
continue2: c o n t i m e  

yes: 

e q w l  = f a l s e ;  reti lrn 

equal = t rue;  r e t x r n .  



Table IIID. Algori thrn f o r  the  gramsub functl.on . - - - .  - 

fune t i o n  gramsiib (6) 
i f  0 conta ins  only a  s i n g l e  cha rac te r ,  put gramsub = from(&,@), 

where h, is t he  roo t  cha rac te r  of the  grammar being 
processed and r e t u r n  . 

otherwise l e t  a  be the  f i r s t  cha rac te r  of 6 ; l e t  b be t h e  

l a s t  cha rac te r  of Q, and l e t  6, be the p a r t  of d t h a t  
remains a f t e r  the  d e l e t i o n  of i t s  f i r s t  and l a s t  
cha rac te r s  . 

genera te  a l 1  s t r i n g s  7 which may be obtained by rep lac lng:  

a bg any ssuch t h a t  end ( h ,  a )  , 
b by a n y F  such t h a t  begin ( p b )  , 
any cha rac te r  C of 0; by any d such t h a t  a l 1  ( ) / ,C)  . 

f o r  each of these  s t r i n z s  f ,  do a11 i n s t r u c t i o n s  t o  loopend: 

w r i t e  f i n  a l 1  poss ib le  waps a s  T== 55, where fl conta ins  
a t  l e a s t  2 cha rac te r s ,  and where t h e r e  e x i s t s  a  
production a  -+A of the  grammar being processed such 

e t h a t  r1 1s i d e n t i c a 1  w i t h  a termina1 s t r i n g  of& 
f o r  each such produation and each such decomposition 
r>f 7 do t h e  following i n s t r u c t i o n :  

t e s t l :  i f  (gramsub(af2)) go t o  isgram; 
w r i t e  r i n  a l 1  poss ib le  ways a s  T= where q conta ins  

1 2  
a t  1.east 2 cha rac te r s ,  and where the re  e x i s t s  a production 
a  -9 d o f  the  grammar being processed such t h a t  q 
i s  i d e n t i c a 1  w i t h  an i n i t i a l  s t r i n g  o f &  f o r  each 

such production and each such decornposition of 5 do 
the  .following i n s t r u c t i o n :  

t e s t 2 :  i f  (gramsub(rla))  go t o  isgram; 
w r i t e  f i n  a l 1  poss ib le  ways a s  2; 535) where 2; conta ins  

a t  l e a s t  2 cha rac te r s ,  and where t h e r e  e x i s t s  a  
production a 4 r2 of the  grammar being processed.  
For each such decomposition of T, do t h e  following 
i n s t r u c t i o n :  

t e s t 3 :  i f  ( g r a r n s u b ( q a T ) )  go t o  isgram; 

f o r  each production a  --) d o f  the  grammar being processed 
such t h a t  f i s  a  substring of d do the  fol lowing 

i n s t r u c t i o n :  - 17:o- 



t e s t 4 :  i f  .(from(o,a)).gotoiegram; 

grm.sub = no; r e  tu rn  . 
isgrarn: gramsub = yes; r e t u r n  

Any t r i p l e  a,b, f o r  which e i t h e r  none o r  a t  moat, 
one of the t h r e e  relations a b, a i b, a b holds,  

c o n s t i t u t e s  a  determinate case, i n  the sense 
t h a t  no left-hand context  of the p a i r  a,  b, 

beyond the  context  furn ished  b y c ,  i s  necessary f o r  the  
pa r s ing  algori thm shown i n  Table I1 of the  preceeding 
s e c t i o n  t o  proceed. On t h e  o t h e r  hand, a t r i p l e  a , b , 6  
f o r  which more than one of t h e  t h r e e  above r e l a t i o n s  he ld ,  
and f o r  which no a d d i t i o n a l  lef t -hand context  as ava i l ab le ,  

would l ead  t o  indeterminacy i n  t he  pa r s ing  algori thm of 
the  preceding sec t ion ,  The i n i t i a l i z a t i o n  rou t ine ,  on 
encountering such a  t r i p l e ,  must t h e r e f o r e  extend t h e  l e f t -  
hand context  s t r i n g  d b y  a l 1  p o s s i b l e  cha rac te r s  of the  
grarnmar a t  hand, each such c h a r a c t e r  t o  be appended t o  the  
l e f t  end o f 6 ,  a t tempting i n  t h i s  way t o  reaolve  the  
indeterminacy . 

The over-al1 flow of the  t a b l e  i n i t i a l i z a t i o n  process  
i s  determined by the  main rou t ine  shown i n  Table IIIA. This 
rou t ine  uses the  p r i n c i p a l  subrout ine t r e s o l v e , '  an algori thm 
f o r  which i s  given i n  Table I I I B .  The ' r e s o l v e '  Subroutine h a s  

t h r e e  argwnents d;a ,b ,  and r e t u r n s  a value m .  The 

re turned  value m is equa1 e i t h e r  t o  1 ,2 ,3 ,4  o r  5.  A 

re turned valile 1 i n d i c a t e s  t h a t  t h e  r e l a t i o n  a  = b and 
n o  o t h e r  of t h e  t h r e e  r e l a t i o n s  a 7 6 b ,  a <,b, a  = b b  
holds;  t h e  values m = 2 and m = 3 have a corresponding 
s i g n i f l c a n c e .  The value m = 5 s p e c i f i e s  t h a t  none of t h e  

t h r e e  above r e l a t i o n s  h o l d .  The value m = 4 s p e c i f i e s  t h a t  
more than one of the  t h r e e  p o s s i b l e  precedence r e l a t i o n s  
holds;  i n  t h i s  case ,  a d d i t l o n a l  lef t -hand context  for 
the charac te r  p a i r  a , b  L s  necessary if j-ndeterrninacy is 
t o  be avoided. Note t h a t  the  three arguments of t h e  " reso lve"  



runct ion :ire r e s p e c t i v e l y  a s t r i n g  and two c h a r a c t e r s ;  t h e  

n t r - i n e ;  I s  c>F covrse t o  be rega rded  a s  a p o t e n t i a l  Left-hand 
c o n t ~ x t  f o r  t h e  c h a r a c t e r  p a i r  formed by t h e  two f i n a l  
argiimenta . 

The m s i n  roixtine shown i n  Table TISA. i n i t i a l i z e s  
two t i b l e s ,  r e i e r r e d  t o  i n  its a lgo r i t hmic  d e s c r i p t i o n  a s  
" t a b ' l e l "  and "the hash t a b l e " .  Table l  10 a two-dimensional 
t a b l e ,  and c o n t a i n s  an e n t r y  f o r  every  p a i r  a , b  of c h a r a c t e r s .  

These e n t r i e s  have t h e  va lues  1,2,3,4,5, which have t h e  
significante explalned above. The haah table c o n t a i n s  
whatever siipplementary in format ion  is needed to r s so lve  
precedence ambigi i ì t ies  between c h a r a c t e r  p a i r s  on t h e  b a s i s  
of l e f t -hand  c o n t e x t .  Each e n t r y  i n  t h e  hash t a b l e  corresponds 
t o  a t r i p l e  b;a.b,  and s p e c i f i e s  one of t h e  f o u r  vali ies 
1,2,3,14 €'or this t r1pl .e .  The "lef ' t  hand con tex t  s t r i n g "  

i s  extended bg t h e  a lgor i thm of Table IIIA. t o  whatever 

l eng th ,  t o  a s p e c i f i s d  maximum limit, i s  riecessary i n  
o r d e r  t h a t  a t  most one o r  t h e  t h r e e  rei-ations a = 6 b ,  
a 7 &, 3 < db should ho ld .  If there i s  any p a i r  a ,b  f o r  
which more than one siich r e l a t i o n  ho lds  f o r  a  given l e f t  
hand con tex t  s t r i n g  6 of 'length k, then I t  fo l lows  t h a t  
the grarnrnar bcing t r e a t e d  by t h a  a lgor i thm shown Table 

I I I A .  1s n o t  a k-precedcnce g r m a r  a t  a31. I n  t i i s  case, 

t h e  program "precgram' s e t s  an overflow f l a g ,  emi t s  a 
diagnnstic spec i fy ing  t h a t  t h e  string dab a t  hand v i o l a t e s  
t h e  s p e c i f  ied precedence dep t h  l i m i t  k, . and p roces s ing  
continuen wi th  the nex t  s t r i n g  dab whi-ch woi.ild normally be 

cons idered .  No e n t r y  1s made i n  t h e  hasb  t a b l e  f o r  a triple 

@,h f o r  which a i inlque precedence r e l a t i o n  ho lds  with a 

s h o r t e r  context s t r i n g  than  6; nor  is any e n t r y  made f o r  
t r i p l e s  6 a,b f o r  which t h e  subrout ine  " r e so lve" ,  when c a l l e d ,  
w i l l  r e t u r n  the va lus  5 i n d i c a t i n e  t h a t  none of t h e  t h r e e  
r e l a t i o n s  ho lds .  This  convention i s  reasonable ,  i n  t h a t  i t  
packs a maximum amount of informat ion i n t o  a hash t a b l e  
o f  given s i z e .  



The main r o u t i n e  pf Table I I I A .  begins  by l n i t i a l i z i n g  
t h e  two-dimensional " ~ a b l e l "  using whatever value m is 
re turned  by the "resolve" funct ion  - of %he three arguments 
n u l l ,  a ,  b .  I f  a value of m which i s  different from 4 is 
re turned ,  i t  i n d i c a t e s  t h a t  a t  most one of t h e  t h r e e  r e l a t i o n s  
a  .> b, a 2 b, a t- b holds;  i n  t h i s  case,  no e n t r y  need 
be made i n  the hash t a b l e  aga ins t  the p a i r  a,b, and the  

algori thm goes on d i r e c t l y  t o  cons ider  another  pair of 
c h a r a c t e r s .  On the  o t h e r  hand, i f  t h e  "resolve" subrout ine  
c a l l e d  with a  n u l l  f i r s t  argument r e t u r n s  t h e  value 4, 
then add i t iona l  context  i s  necessary i n  o r d e r ' t o  e s t a b l i s h  
d e f i n l - t e  precedence r e l a t i o n s  f o r  t h e  p a i r  a,b and e n t r i e s  
r e f l e c t i n g  t h i s  f a c t  must be made i n  t h e  hash t a b l e .  I n  
t h i s  case,  an auxi l - la ry  push-down s t a c k  is  emptied, t h e  
s t r i n g  i s  i n i t i a l i z e d  t o  t h e  f i r s t  c h a r a c t e r  of t h e  symbal 
s e t  of t h e  grarnrnar, and the  " reso lve"  funct ion  is again  
c a l l e d .  I f  a value equa1 t o  1,2, o r  3 i s  now returned,  
then an e n t r y  f o r  t h e  t r i p l e  b,a,b can be made i n  t h e  hash 

t a b l e .  Af ter  making t h e  necessary en t ry ,  t h e  main r o u t i n e  
shown i n  Tahle I I I A .  w i l l  t hen  advance t h e  first cha rac te r  
of which the  s t r i n g  b c o n s i s t s  t o  t h e  next symbol. of t h e  
grammar i n  s equen t i a l  order ,  and loop back t o  call r e so lve  
again  and t o  make a new e n t r y .  I f ,  on t h e  o t h e r  hand, the  
subrout ine  "resolve," 'when c a l l e d ,  r e t u r n s  t h e  value 5 f o r  
a g i v e n  triple S,a,b,  t h e  sequ.ence . . . a b . .  . c m n o t  occur 
i n  a sentence,  and no e n t r y  need be ninde i n  t he  hash t a b l e .  
Final3.y,  1.f "resolve" r e t u r n s  t h e  valiie 4 for t h e  t r i p l e  
4 a , b ,  then addi t ions l  c o n t e x t  beyond the  context  c o n t a i n e d  
i n  b i s  required i n  o rde r  t o  e s t a b l i s h  a  d e f i n i t e  precedence 
r e l a t i o n  f o r  the charac te r s  a,b. I n  t h i s  case,  a somewhat 
d i f f e r e n t  p ~ o c e d u r e  i s  followed . T h i s  procedure is motivate? 
a s  fo l laws .  On the  one hand, t& givcn l e f t  context  s t r l n g  
6 must be extended by add l t iona l  cha rac te r s  f o r  the  reason 
we have mentionzd, On the  o t h e r  hand, a f t e r  t h i s  has been 
done, .  one M . l l  eventuql ly  war t  t o  re t l i rn  t o  t h e  l e f t  context  
s t r 1 . n ~  6, nclvance i t s  first c h a r a s t e r  from an c x i s t i n g  value 



t o  t h e  ncxt c h a r a c t e ~  in order ,  and loop again t o  make any 
necessary c n t r y  f o r  the t r i p l e  &a ,b  thus  ohtal.nud. In 

orde r  to keep t r ack  of the over -a l l  proceaa flow, one stacks 
t h e  s t r i n g  d a t  t h e  top o f  an a i lxf l ia ry  push-down stack.  
A f t e ~  this is done, t h e  C t ~ 8 t  c 9 a r a c t a r  of t h e  grammar i 8  

pre.fixed t o  the ~ t r i n g  f a t  i t s  left-hand end, and the 
a lgor i thm proceeds a s  above, u s i n ~ ,  however, the oxtended 
s t r i n ~ ~ ;  (f. When a l 1  p o s s i b l e  first  c h a r a c t e r s  Eor a ~ i t r i n g  

have becn m m  through i n  t h i s  way, t h e  algori thm examines 
t h e  a i lx i l i a ry  push-down stack. 'Sf t h e  ~ t a c k  I s  empty, then 
e v e r y  necessary case has a l r eady  been t reated.  I f ,  however, 

a s.yrnbol t s  foi.inA on t he  a u x i l i a r y  puah-down stack, then 
this symbol 1.s re t r ieved,  i t s  f i r s t  cha rac te r  advanced t o  

t h e  next fol lowing charac ter ,  and processing cont inues a8 

befare. Note that t he  aame procedure could have been w r i t t e n  
withciut, e x p l i c i t  use of a push-down s t a c k  i n  a. language 
pemit j t ing  recuinsion . 

The algorithm for t he  p r i n c i p a l  subro1xtine ' r e s o l v e '  
is given i n  Table TILB. T h i s  subrout ine i n  tu rn  uses  
three f u r t h e r  p r l n c l p a l  subrout ines ,  ' e q ~ a l , ~  Ibegin'  and 

gramsub . The func t ion  gramsub' has a s i n g l e  argwnent CI; 
and t e s t s  b t o  se? i f  t h e r e  l s  any v a l i d  grammatica1 s t r i n g  
containing d a s  an  embedded substring. The fiinction lequal '  
h a s  t h r e e  arguments, a ,  ,b,  and r e t u r n s  the value  ' t n l e l  
or f a l s e ,  dependlng 9n whether the precedgnce r e l a t i o n  
a = &  b ho ld s  o r  n o t .  An algorithm for t h i s  funct ion is 
shown i n  Table IIIC. 

The ' beg in '  Fiinction ha8 two arguments h and b, both 
c h a r a c t e r s  of t he  grammar, and tests to see whether h can 
genera te  a s t r i n g  whose f i r s t  cha~actcr is b.  This fianction 
need merely  consul t a b i t - m a t r i x  of "begin b i t s " ,  which has 
an  e n t r y  f o r  each h a n d  b qiving t h e  value of t h e  
begin func t ion .  This  rnatr ix can be. calculated.  a s  follows: 
S t a r t  w i t h  a mat r ix  A O ) , ~ )  equa1 t o  1 i f  b i s  the  first 
c h a r a c t e r  of a s t r i n g  der ived d i r e c t l y  from h; then repeat 



t h e  t rens format ion  ~ ( ) \ , b )  -) min ((r A ( A , ~ ) A ( ~ ~ ) ) ,  l) 
a s u f f i c i e n t  number n  of  t imes.  Here, n can be any i n t e g e r  such 
t h a t  2" > r, where r i s  t h e  t o t a l  nwnber of symbols of  t h e  
grammar being processed .  The t r e s o l v e l  a lgor i thm shown i n  

Table I I I B .  o p e r a t e s  a s  f o l l w s .  The va lue  m t o  be r e tu rned  
by t h e  func t ion  i s  i n i t i a l i z e d  t o  ze ro .  The sub rou t ine  
' e q u a l 1  i s  then c a l l e d ;  i f  it r e t u r n s  t h e  va lue  ' t r u e ' ,  

then t h e  q u a n t i t y  m i s  s e t  t o  I .  Next fo l lows  a loop t o  
d e t e m i n e  whether o r  no t  t h e  r e l a t i o n  a  Cdb ho lds .  This  

loop t e s t s  a l 1  t h e  produc t ions  of t h e  grarnmar t o  s e e  i f  t h e  
gramrnar c o n t a i n s  any c h a r a c t e r  A with  t h e  fo l lowing  p r o p e r t i e s :  
t h e  l e f t m o s t  c h a r a c t e r  of  t h e  same s t r i n g  de r ived  f romh ,  

must be b y  and t h e  r e l a t i o n s h i p  a =6 h must ho ld .  Note 
t h a t  t h i s  corresponds e x a c t l y  t o  t h e  d e f i n i t i o n  of t h e  
r e l a t i o n s h i p  a <$b a s  given i n  t h e  preced ing  s e c t i o n .  
If t h e  q u a n t i t y  m has  r o t  been s e t  t o  1, and i t  i s  found 
t h a t  a < 6b holds ,  then we s e t  m t o  2; on t h e  o t h e r  hand, 
i f  t h e  same r e l a t i o n  i s  found t o  hold ,  and m has  a l r e a d g  
been s a t  t o  1, then i t  fo l lows  t h a t  two c o n f l i c t i n g  prece-  
dente r e l a t i o n s  a r e  v a l i d .  I n  t h i s  ca se ,  w e  s e t  m - 4 
and r e t u r n  Immediately. Af t e r  a f i r s t  loop t o  test  f o r  
t h e  v a l i d i t y  of t h e  r e l a t i o n  a  cbb ,  t h e r e  fo l lows  a second 
loop,  of  a r a t h e r  s i m i l a r  strutture, t o  t e s t  f o r  t h e  r e l a t i o n -  
s h i p  a  ># b . The second p r i n c i p a l  subrout ine ,  grarnsub , 
is c a l l e d  i n  t h i s  second loop .  The r e a d e r  i s  d i r e c t e d  t o  
Table 11173. f'or a d e t a i l e d  account of  t h i s  p o r t i o n  of  t h e  

r e s o l v e  l procedure .  
A r e c u r s i v e  a lgor i thm f o r  t h e  s i i b ro i~ t ine  Igramsubf i s  

shown i n  Table I I T D .  This  r o u t i n e  r e c i n s i v e l y  condenses 
'che s t r i n g  which i t  i& t o  t e s t  v n t i l  e i t h s r  i t  has  been 
condensed into the sing1.e r o o t  symbol of  t h e  grarnmar, o r  u n t i 1  
no  f u r t h e r  condensation i s  p o s s i b l e .  "gramsub" makes u se  
of t h e  ' b e g i n t  func t ion  w h k h  w e  have a l r eady  desc r ibed ;  a l s o  of 
a s i m i l a r  func t ion  lend t  which t e s t s  two c h a r a c t e r s  >\ and b  



t o  sec whether h carrsenera te  a  string whose l a s t  cha rac te r  

i s  b; of a r e l a t e d  funct ion 'ali', which t e s t s  two c h a r a c t e r s  
h and b t o  see  whether h cari genera te  a s t r i n g  c o n s i s t i n g  
en t j . r e ig  of h ;  and of a fiinction Vrornf which t e s t s A  and 

h t o  see lf a s t r i n g  conta in ing  the  c h a r a c t e r  b can be 
der ived frnrn h. We Beave i t  t o  t h e  roader t o  e l a b o r a t e  

a lgori thms f o r  the  ca lc i i la t ion  of these  f'unct'ons. 
The f u n c t i o n  "equal" -1 s c a l l e d  by "resolve" ; I t k e  " reso lvef '  

It i t  makes ime of the  subrout ine gramsirb" .   qual." cbecks 
t h e  t r l p l r ?  a , a ,b  t o  d e t e r m i n e  the  v a l i d i t y  of t h e  r e l a t i o n -  
s h i p  a =6 h .  T h i s  i s  done by searching the  t o t a l  s e t  of 

prodiictions t o  f i n d  a prorluction with the  fillowi.np; p r o p e r t i e s  : 

The r i g h t  hand s i de  of  the  p rod i~c t ion  mu.st conta1.n an 
occurrence o f  . . .a b.. .; if d2 i s  the  s u b s t r i n g  af the  r i g h t  
hand s l d e  of t h i s  p r o d w t i o n  preceding t h e  occurrence of 
t he  symbol p a i r  a b ,  then the  s t r i n g  blh c o n s i s t i n e  of what- 
ever  p a r t  6, of the  l e f t  hand context  s t r i n g  b p r e c e d e s  

d2, top;etiie; w i t h  t h e  In te rmed ia te  symbol h, must be grammatlcal. 
Additional d e t a i l s  a r e  shown i n  Table I I I C .  

R e s t r i c t i o n s  Fxtensions and Genera l iza t ions , ,  5 , . - - - . . .  L'..-.-.--..-.. . --.--...-_I1 

Additional Coments .  ---... --m"*-- - 
I n  t he  preceding sec t ion  we have c a l l e d  a  context  f r e e  

grammar a --l---.^IIICI-- general ized k-precedence -- grarnmar i f  the  use of 
lef t -hand contexti lal  s t r i n g s  6 o f  l eng th  a t  most k i s  s u f f i c i e n t  
t o  insu re  t h a t  a t  most one of t h e  t h r e e  r e l a t i o n s  a  =#b, 
a >d b,  a  <#b  can hold .  We noted t h a t  every genera l ized  

r r a m a r  . k-precedence grarnmar i s  a (k ,  l)  -bounded context  6, 

It i s  worth observing t h a t  these  t h r e e  r e l a t i o n s  can e a s i l y  
be extended t o  r e l a t i o n s  involving not  only a  l e f t  hand 
context  f o r  a p a i r  of symbols a ,b  but  a  r i g h t  hand context  
a s  we l l .  

The precedence r e l a t i o n s  which must be def ined i n  
o rder  t o  do t h i s  a re  a s  fol lows:  

i) we w r i t e  a = b,Tb i f  t h e r e  e x i s t s  a  grammatica1 
s t r i n g  i n  which the  sub-s t r ing  ... d a  b 2... occurs  and 



which a and b ape both imrnediately de r ived  from a cornrnon 
node of the  p a r s e  t r ee  f o r  t h e  s t r i n g .  

ii) We w r i t e  a > b i f  there ex i s t s  a grammatica1 
6 3  

s t r i n g  i n  which a sub- s t r ing  ... 6 a b c  ... occurs  and 
i n  which a is the f i n a 1  elemeni; o r  t he  sub- t ree  of the 
p a r s e  t r e e ,  

iii) Ue w r i t e  a b if t h e r e  exists a grammatica1 
s t r i n g  i n  which t h e  s u b s t r i n g  ... o a  bZ.. . occurs ,  and i n  
which a i s  immediately d e r i v e d  from some node p of t h e  parse 
tree, while b is i n d i r e c t l y  der ived  from the  n o d e p  . 

I f  i n  s e t t i n g  the cond i t i on  t h a t  a t  most one of the  
three above r e l a t l o n s  hold between c h a r a c t e r s  of a grarnmar, 
w e  a l l o w  l e f t  hand contextua l  s t r i n g s  of l e n g t h  a t  most 
k ond r l g h t  hand contextua l  s t r i n g s  o f  length a t  most k , 
we speak of a g e n e m l i z e d  (k,j) -precedeme gramrnar. 

An easy  adapta t ion  of t h e  argixnents o f  t h e  preceding 
s e c t i o n  will show t h a t  every gene ra l i zed  (k,&) -precedente 

grammar i s  i.n f a c t  i (k , f -+ l ) -homded  context  grammar. 
Gcnera l i .zed  ( k , a )  -precederce  grarnrnars may be parsed by an 
algorithm adopted from t h e  31-gori thm shown i n  Table 11, 

Sec t ion  2, using t a b l e s  which may be i n i t i a l i z e d  by adapta t ions  
of the alppri thrns outl-iried i n  t h c  var ious  %ables  I11 of' t h e  

precedine; s e c t i o n .  We l e a v e  a31 t h e s e  adapta t ions  t o  the  
in te res ted  reader .  

Since EI generalized precedence grarnrnar 1s  de f ined  n s  
one f o r  whlch  t h e  th ree  prewdence  r e l a t i o n s  a l l u d e d  t o  

ahove are m u t v a l l y  exclusivrl,  and  s l n c e  the  a d d l t i o n  of 

new p r o d i x t i o n s  t o  a gramrnar Increase6 t h e  nvmber of such 

r e l n t i o n s  w h i c h  a r e  v a l l d ,  it fo l lows  t h a t ,  i f  a given grammar 
i s  a p r e c d e n c e  gramrnar, e v e r y  one of its sub-grammars m v s t  
a1 .m be a prccedence grammar. Even i f  a g m m a r  1s n o t  a 
generalized precedence g ramnar ,  it may be t h a t  an a p p r o p r i a t e l y  

clmsen sub -g ramar  is s precedence grarnmar . Such sub-grarnmars 

may he se lec ted  as follows. Starting w i t h  some i n t e m e d l a t e  
symbol A of  a grammar P o t h e r  than its r o o t  symbol, we malce 



up  a sub-set r0 of t h e  t o t a l  se% o f  produc t ions  r l e f i n t n g  r, 
RS f o 1 . 1 0 ~ ~  . F l r s t  m t c r  .I.ntc> p a 7 1  produc t i ons  of which O 
; \ i s  t h e  l e f t  hand sid.e.  N w t ,  fo rm t h e  s e t  of a l 1  i n t e m e d i a t e  

symbols appear ing  on t h e  rS.ght hand side o?  t h e  p roduc t ions  
of p', m? e n t e r ,  a s  a d d i t i m a l  rnembers of G, a l 1  p r o d w t i o n s  
o f  which one of' t h e s e  c h a r a c t e r s  i s  t h e  lef't hand s i d c .  

T h l s ,  i n  t u r n ,  b r ings  sbout  sn extens lon  in t h e  s e t  of  a l 1  

In tc rmedla te  syrnbols o c c u r r i ~ g  on thp r i g h t  hand s i d e  of 
prod i -~c t tons  i n  p,. F o m i n g  t h i s  sef; of symbols we add t o  
f 0  a I I  p roduc t ions  :.n which one of those c h a r a c t e r s  appears 

as t h e  l e t t  hand s i d e .  P m c e e d h g  i n d u c t i v e l y  i n  t h i s  way, 

t h e  p ~ o p e r t y  t h a t  tf' an -Lntermcdi.atle symbol C appear-i on 
t b c  r i ,yh t  h ind s i d e  of' o n e  of  t h e  p roduc t ions  in pO, every  

produc t ton  o r  r of' whlch C i s  t h e  l e f t  hand side 1s a l s o  
contalncd In Po. The collcction C, which WC s h a l l  a l s o  
der,l.e;-iate a s  p(h) when we wiah t o  cmphasize i t s  c o n s t r u c t i o n ,  
1 s  then a sub-grammar of r. Even it r )  1s n o t  i t s e l f  a 
gene ra l i zed  precedence gramrnar, t h e  sub-grammar MA) 
may v e r y  m11 be one.  It may a l s o  be  t h a t  va r ious  o t h e r  
svb -gmmmars, , G, e t c . ,  of p, constraiicted i n  t h e  same 
wag, a r e  a l s s  precvdence grammars. 

Tf' t h i s  is t h e  s i t u a t l o n ,  an e f t i c i e n t  p a r s i n g  a lgor i thm 
for t h c  language a t  hand may hc c o n s t r m t e d  a s  a combi.natlon 
o r  the top-down and the  precedence pa rx ing  algoxaithma 
descr ibed  i n  Chapter 11 and i n  the e a ~ l i e r  s e c t i o n s  of t h e  
p r e s e n t  chaptnr ,  r c s p e c t i v e l y  . The procediire t o  be employed 

wolll d have t h e  f o l  lowing s t r u c  tiire. The "main" r o u t i n e  or 
the p a r s e r  would si-mply be a r e c u r s i v e  top-down a lgor i thm 
of the kind desc r ibed  i n  Chapter 11. On t h e  o t h e r  hand, 

whenever t h i s  r c u t i n e  reached,  as a subgoal ,  a p o i n t  a t  

w17 ich  a subs t rbng  c o n s t f t u t i n g  an i n t e rmed ia t e  ayrnbol x 
whose associ.atcd subgrnrnrnar r ( x ) ,  was a precedence grarnrnar, 
t h e n  thc  top-down a lgor i thm would swi tch  i n t o  an a l t e r n a t e  
mode i n  which an  e f f ' i c i c n t  prccedcnce p a r s e  alorig the l i n e s  

o r  Table  11 would be u s d .  I f  a complete precedence p a r s e  



i s  ob ta lned ,  s o  t h a t  a substring grammatica1 accord ing  t o  

r(x) i s  found, t h e  p a r s i n g  program wl .11  r e t u r n  t o  its "top-  
downi' mode and con t inue .  On t h e  o t h e r  hand, i f  an e r r o r  
is discovered  b e f o r e  r e t u r n  from one of t h e  precedence sub- 

p a r s e s  cmployed, i t  fo l l ows  t h a t  t h e  top-down gon l  which 

t h e  precedence p a r s e  was employed t o  accomplish i s  i n  f a c t  
not a t t a i n a b l e ,  ~ I . Y ? T I  tbi c h a r a c t e m  which follow i n  t h e  

i n p u t  s t r i n g .  I n  t h i s  case a  nega t ive  r e t u r n  t o  the top- 
down mode Prom the precedence mode must be and t h e  top-  

Aown p o r t i o n  of  t h e  p a r s e r  m u s t  take whatever back-up o r  

d i a g n o s t i c  a c t i o n  is neces sa ry .  I n  o rde r  t o  f a c i l i t a t e  

t b i s ,  it mag be convenient  t o  have everg precedence subparse  

g e n e r a t e  a l 1  i t s  code i n t o  an a u x i l i a r y  a r r a g .  Succes s fu l  
r ~ t u r n  from a preced.-nce slibparse can then c a m e  the t r a n s f e r  

o f  a l 1  this code i n t o  t h e  ms in  code s t r i n g ;  i insuccessful  

r e t u r n  from s precsdcncc sub-ps rse  can merely e r a s o  al1 t h e  
code cencrated rluring thr! silh-parse . 

The " l e x i c a l "  a n a l y s e s  de sc r ibed  i n  Chapter  III can 

be cnnsidered a s  s y n t a c t i c  a n s l g s n s  correspondlng t o  p r a c c d m c e  

ryama-es  of a speciKL kind. Cnll a s t r i n g  6 o f  characters 
i ---v p r 3 f l x  -i.f t h e r e  m i - s t s  n grarnm?ticil. s t r i -ng  Y o f  t h e  form 

I ~ - c -  
Th? n r e f i x  6 i s  i r r e d i i c i b l e  i n  )( o r  sirnply an i r r ed i i c ib l e  

----p -------W 

p r c f i x ,  iT no s u b - t r e e  of t h e  p a r s e  tree of  b/ hns  a13 i.ts 
-p- 

termina1 nodes I n  &. Note t h a t  i n  a precedence parse  o?  

t h e  s o r t  disc11ssed -in the preceding  s e c t i o n s ,  which scarls 

o v e r  the i n p u t  s t r i m ~ ,  collapsing t he  s u b - s t r i n g  of c h a r a c t e r s  
generat;r?d by the lef t-most complete sub-tree o  C t h e  p a r s e  

t r c e  of t t  o a i i g l l e  c h a r a c t e r ,  t h e  s e t  o f  scanned b i ~ t  

iincornpressed c h r a c t e r s  always c o n s t i t u t e s  a n  i r r e d i , ~ c i b l e  

pref ' ix  In the serise we have ?ust def i n e d .  Converse1 y,  a 

precedcnce p a r s e  ~ ~ 1 1 1  a lways  have to scan  over  the  whole 

of m i r ~ e d ~ l c t b l e  p r e . ? i x  berore it X n d s  a n y  suh-string of  

c h a r a c t c r s  , s e n e r a C e d  by  a s i n g l e  node.  The maximum number 

of  scanned,  mcompressed chairacters  b u i l t  1 . 1 ~  dinring a  yrecc-  

dcncri p a r s e  (which is equa1 t o  t h e  maximiirn number o f  

d x i r a c t e r s  built up i n  s t a c k l  of the a lgor l thm o:? Table SI, 



~ e c t i o n  2 )  1s  thi in n q m l .  t o  t h c  max.lrni.irn 1engti-i o f  an i r r e d i i c i h l e  

prc?fY.x. If this maximum 3.ene;th i s  --p f i n i t e ,  t h e  precedente 

grammar 1 s  siid t o  br? o f  finite d s t h .  - 
A gramrnar which is not of finite depth i s  provided 

by t h e  fo l  loiu3.ng r1irlimentary exampl e .  

O-) < n e & >  = ( ) I (cnes t ) )  

T h l s  grammar pcrmi t s  t h c  gene ra t ion  of a r b i  t r a r y  s t r i n g s  
c o n s i s t l . n ~ ~ ,  of  a number of Icft parentheses ,  followed b y  

a p r l ec i se lg  eqxal number of right pa ren theses .  Ang s t r i n g  

o f  lef t parentheces  c n n s t l t i ~ t e s  an i r r e d w i b l e  p r e f i x ;  t h e  
m-arnrnar (1) .~il . l .  genera te  i r r c d u c i b l e  prc  Pixes o f  arbitrarg 
i.> - 

1.ength. 

If a grammar i s  o.t f i n i t e  dep th ,  i t  may be parsed 

l e x i c a l l y ,  t h a t  is ,  by a f i n i t e  s t a t e  machine. We defime 
such a finite s % a t e  machine a s  follows: Since t h e  maximwn 
dep th  which t h e  pushdown s t a c k  s t a c k l  of t h e  a l g o r i  thm 
of Table 11, S c c t i o n  2,  may reach i s  bounded, and s i n c e  
each Ltem on  t h e  s t a c k  may assume on ly  one of f i n i t e l y  
many values ,  we rnag enumerate al1 p o s s i h l e  x t a t e s  of l s t a c k l l  
a s  a c o l h c t i o n  

This c o l i e c t i o n  of s t a t e s  i s  i n  f a c t  i d e n t i c a 1  w i t h  the 
c o l l e c t i o n  of al1 possible i r r & u c i b l e  p r e f i x e s  o f  our  

f i n i t e  s t a t e  grammar. Suppose t h a t  t h e  pushdonn s t a c k  
is i n  o n e  of  i t s  n o s s i b l e  s t a t e s  T .  Receipt  of  an a d d i t i o n a l ,  

3 
grammaticaJ-lg .l.crr,al, i n p u t  c h a r a c t e r  i n  t h i s  s t a t e  o f  t h e  

s t a c k  w i l l  transi'omn t h e  s t a c k  s t a t e ,  e i t h e r  by a t ack ing  an 
a d d i t i m a l  item o r  by uns tack ing  a number of iterns. I n  
view of  the f i n i t e n e s s  of the c o l l e c t i o n  ( 2 )  we may 

summarize these possibi1i t ; ies  i n  a f i n i t e  set of t r a n s i t i o n  

'Those p a r t i c u l a r  t r ans fo rma t ions  which cause elernents t o  



be unloaded from t h e  push-ùown s t a c k  w i l l  i n  genera1 

a l s o  cause o t h e r  gene ra t ive  ac t ions ;  these  gene ra t ive  a c t i o n s  
may be ind ica ted  i n  any convenient no ta t ion .  Receipt  of a 
grarnrnatically i l l e g a l  c h a r a c t e r  when the pushdown s;ack i s  
i n  any given s t a t e  w i l l  cause a d iagnos t i c  t o  be emit ted 
and t h e  s t a c k  t o  be c l e a r e d .  

It i s  p l a i n  from the  above t h a t  a f i n i t e  s t a t e  machine 
whose i n t e r n a 1  s t a t e s  a r e  i n  forma1 correspondence with the  
s t a t e s  of the l i s t  ( 2 ) )  and whose t r a n s i t i o n  r u l e s  are  
those given i n  (31, can simulate a l 1  the  s t e p s  of a pa r se  
f o r  a f i n i t e  depth grarnrnar without a c t u a l l y  us ing  
pushdown s t a c k .  The s imulat ion can be programrned i n  t h e  
s t g l e  of Chapter 111, Sect ion  1, L e . ,  can use a t a b l e  of 
indexed t r a n s f e r s .  A s  noted i n  Chapter 111, such coding 
makes good lise of t h e  hardware of t h e  computer on which i t  

runs and a t t a i n s  high e f f i c i e n c y .  
Note a l s o  t h a t  t ransformation of a f i n i t e - d e p t h  grarnrnar 

f n t o  a code w r i t t e n  in temns of' indexed t r a n s f e r s  can be 

performed mechanically by a s u i t a b l e  metacompiler. 
We map d e f i n e  the  finite depth  p roper tg  of a gramrnar 

i n  an eqiriva.l.ent, hu t  more convenient,  way a s  fo l lows .  

Consirler t h e  parse t r c e  of t h e  grammatica1 s t r i n g  f , and 
t h e  sequence of nodes 

( 4 )  V ~ ~ Y ; , ) / ~ '  

i n  this parse  t r e e  leading from t h e  r o o t  noded,  of the  t r e e  t o  t h e  

p a r t i c u l a r  " twig" node Jk matching the  l a s t  
ducible pref i x  B. Call the  . node - . .  9, 4 I 1, 
from $-I accordine; t o  the  lef t -most  branch 
proceedinp downward from the  nade ve -l.  

V 
charac te r  of t h e  i i r e -  

primary i f  L4is reached 

of t h e  s e t  of branches 

If' the node is n o t  pr imary,  w e  c a l l  i t  secondarg. 
----m 

Since  C i s  ?n i r r e d u c i b l e  p r e f i x ,  no branch of the  syntax 
tree proceedimg from t h e  node $/a-1 and preced ing  t h e  branch 
which g o i s  to t h e  node r/R can be the  top-most node of a 



sub- t rw of the  fu11 parse  t ree.  Thils, every s m h  node of  
the  syntax t rec  of r m u s t  be a twig, and will oorresgond 

to p r e c l s e l y  one c h a r a c t c r  of thi i r red i rc ih le  p r e f i x  6. 
It tr>ll.orvs t h a t  there e x l s t  irreducible ~ r e t i x e s  o r  a r b i t r a r i l y  

vreat l ength  if' and only if there e x i s t  sequencea (4 )  t -1 

c n n t a i n i n g  i nde f  i n i t c l g  mang non-prtmary nodes g ~ .  Next 

n o t e  th .n t  t h e  sequence (4 )  of nodes cornpl.etrlv d e t c m i n e s  

a smal les t  syntax t ree  c o n t a i n i n g  the  sequence of nodes ( 4 )  
and genorat ing a sentence 8 , t o  wit, t h a t  t r c e  contain?-ng 
the  chain ( 4 )  of nodes  and i n  which everg node not  belonging 
t o  t h e  c h a h  (11) I s  a twig.  Since a given gramrnar c o n s i s t s  
o n l y  o f  f i n l t e l y  many d i s t i n c t  product ions,  it follows t h a t  
i . C  a grarnmar i s  not  of f i n i t e  depth,  t h ~ r e  e x i s t s  a seqi~ence 
(4) contaiving two nodes Q,, $ of' t h e  same type .  Moiieover, 

if t he  subseqiience L/,,, . . , \/ of ( 4 )  conta ins  onXy n 
p r i m a r y  nodes, then the  sequence 

ot nodes determines a minima1 t r e e  of the  s o r t  descr ibed 
j u s t  above, generatine; a sentence containinr) the  same 
I r reducible  p r e f ix  Lias t he  minimal. t r e e  corresponding 
t o  the  seqiience (4 )  of nodes. Thus,  i f  olir grarnmar Is 
n o t  o f  f i n i t e  depth,  i t  adrnits a sequence of nodes 
L/0, . . . ,d . . . , % i n  which and a r e  o f  t he  aame t y p e ,  m' d b u t  i n  which not a l 1  the  nodes i n  t he  subsequence 

5 - P  . . .  a r e  p r imarg .  Converselg, i f  t h i s  condi t ion is 
s a t i s f i e d ,  then the  chain 

long  irreducible p r e f i x .  

We may t he re fo re  make the fol lowing s ta tement:  a  
context  f r e e ,  bounded-context grammar fails t o  be of f i n i t e  
depth i f  and only i f  t h e r e  e x i s t s  a chain of product ions 



i n  which not  every a  i s  the  first charac te r  of t he  production 
J 

( 7 )  on whose r i g h t  hand s i de  it appears.  
Note, f o r  example, t h a t  using . t h i s  condit ion i t  is 

easy t o  v e r i f y  t h a t  t he  following grammar, which desc r ibes  
a language t o  which the  l e x i c a l  pa r s ing  methods of Sect ion 1 

of Chapter I11 can be applied,  i s  of f i n i t e  depth.  

( 8 )  4 i n t ege r )  = (d ig i  t) 1 <in  t e g e r x  d i g i  t) 
( r e a l )  = <in teger> .  < i n t e g e r > .  ( in teger> 
(name) = < l e t t e r )  I <name> a -~onspec i a l>  
~ n o n s p e c i a l )  = C l e t t e r )  / Cdig i t  
c i e t t e r ,  = A ~ R I C J D I E J F J G ) H ( I I J J K J L J M ( N ( O ) P ~ Q ( R ( S  

TI Ul VI W1 XI Yl Z 

Ldigi t> = 01 1) 21 31 41 51 61 71 ly 9 
L operator> = .Lname>. 
( h o l l e r i t h  p r e f i x >  = <integer> H 

Coctal7 = ( integer)  B 



6. Bottom-up pars ing  by the method of nodal spans. 

The q u a n t i t a t i v e  problems which nny p a r s i n g  method 
capnble  of handlfng an  a r b i t r a n y  c o n t e x t - f r e e  grammar must 
fnce  a r e  d ramat tca l  ly i l l u m i n a t e d  I by c o n s t d e r a t i o n  of 
h l y h l y  nmbiguous grammars and, i n  p a r t i c u l a r ,  df the simple 

Any s t r i n g  W-aa...a i s  grammatica1 accordine; t o  t h i s  grarnmar, 
b u t  each such s t r i n g  h a s  a h i g h l y  runbip;uous parw?xg; t h e  
s c t  of  a11 p a r s e s  is e q u i v a l e n t  t o  t h c  s e t  o f  al.1 ne s t ed  
p a r e n t h e s i z n t i o n s  o f  v. The number of d i s t i n c t  p a r s e s  
a c c o r d j m ~  t o  this gram-nar of  a string of l e n g t h  n rnay e a s i l y  

n-2 bc seen by Lndwt ion  to csceed. 2 Any gcneral parsing 
method which i n  any exhaus t l ve  s eme  g e n c r a t e s  - a l 1  p a r s e s  
of' nn a r b i t r n r y  s m t c n c e  must f ? - m ~ r d ? r  I n  su& cascs ,  hoth 
I n  regard  t o  t h e  computation t ime r e q u i r c d  t o  g e n e r a t e  
a l 1  these p a r s e s ,  and i n  regard  t o  t h e  amount of space 
reqi l i red  f'or t h e  s t o r a g e  of  a l 1  the r e s u l t s  which emerge. 
The exponent ia l  growth of  computation tirne and s t o r a g e  
requirements  w t t h  s t ~ l n e ;  l e n g t h  noted above i s  c l o s e l  y 

boumì iip with t h e  occurrence i n  h i ~ h l y  ambigwous p a r s e s  of 
imlxdded  a m b l m i t i e s .  That is, i f  a sinbsectiori of a s t r i n g  
- p - - - -  3- 

t o  be  parsed  has  s eve ra1  grarnrnatically ambl-gi~ous p a r s e s ,  
a l 1  o r i g i n a t i n g  wi th  a  s i n g l e  node of  a  g iven kind 9 ; 
and 1f, i n  t h e  f i i l l  sparse t r e e  t o r  t h e  s t r i n g ,  t h e  s t r i n g  
subsec t ion  i n  q i ~ s t i o n  ;an be  condensed i n t o  a  node o f  type 

' 

3 ,  t h e  f u l l  p a r s e  t r e e  n e c e s s a r i l y  i n h e r i t s  t h e  ambiguity 
of  t h e  sub - t r ee  depending from t h e  node . 

I f  ambiguous nodes of t h i s  kind occur  f r e q u e n t l y  and 

i n  nes ted  f a sh ion ,  t h e  a c c ~ ~ m u l a t i o n  of  independent ambigu i t i e s  
will l e ad  t o  a degree  of  ambigui ty  f o r  t h e  t o t a l  s t r i n g  
which grows e x p o n e n t i a l l y  w i t h  t h e  l e n g t h  of t h e  s t r i n g .  
T h i s  d i f f i c u l t y  may be  overcome by p a s s i n g  t o  a r ep re sen t a -  
t i o n  f o r  t h e  t o t a l  s e t  of p a r s e s ,  t h e  so -ca l l ed  nodal  span 

r e p r e s e n t a t i o n ,  which does  no t  i nvo lve  i nd iv idua1  enumeration 



of imbedded ambiguit i e s  . Bound up wi th  t h i s  r ep resen ta t ion  

t h e r e  i s  a l s o  an i n t e r e s t i n g  and q u i t e  genera1 bottom-up 

pa r s ing  method which i t  i s  the  aim -of  %he present  s e c t i o n  
t o  desc r ibe  and analyze.  Suppose t h a t  I' i s  a  context - f ree  
grammar according t o  which we wish t o  parse  a  succession of 

sentences.  Let v be an  in te rmedia te  symbol of r, and 

W = a l . .  .a a  s t r i n g  of te rminal  symbols which i s  t o  be n  
parsed.  If p  and q  a r e  i n t e g e r s ,  1 < p 2 q < n, we c a l l  - 
t he  t r i p l e  (p ,v ,q) ,  which we w i l l  g ene ra l ly  w r i t e  f o r  

s i m p l i c i t y  a s  pvq a  span of the  grammar I'. We say t h a t  

the  span pvq i s  p resen t  i n  W i f  t h e r e  e x i s t s  a  parse  t r e e ,  

r ep resen t ing  a  parse  v a l i d  according t o  r, of t h e  subsec t ion  
a  p *  oaq-l of t h e  s t r i n g  W ,  and such t h a t  t h e  topmost node of 

t h i s  parse  t r e e  i s  of type v .  Note t h a t  W i s  grammatica1 

according t o  r if and only i f  t h e  span 1~ ( n + l )  i s  present  
i n  W. We c a l l  t he  grammar i' s tandard ized  i f  i t  has t h e  two 

f ollowing p r o p e r t i e s  : 
(1) no production of I? has a  r ight-hand s i d e  which 
i s  n u l l ;  

( 2 )  every production of r i s  e i t h e r  of t h e  form q -> a ,  

where a i s  a  te rminal  symbol, o r  q -> vp where V and P 

are n o n t e m i n a 1  . 
We s h a l l  show below t h a t  any grammar f o r  a  given language 
may be replaced i n  a  mechanical and s t ra ight forward  fash ion  

by a s tandardized grarnrnar. For t h e  present ,  we merely 

suppose, i n  order  t o  , s impl i fy  our  expos i t ion ,  t h a t  the  
gramrnar has  a l ready been s tandard ized .  

A r e p r e s e n t a t i o n  of t h e  fu11 s e t  of pa r ses  of a  sentence W 

may be given i n  terms of a c o l l e c t i o n  of l i s t s  a s  fo l lows .  S t a r t  
with t h e  span p n q  = l v ( n + l )  present  i n  W; consider  a l 1  t h e  
productions of r having t h e  form n +  p v .  Since ( i n d u c t i v e l y )  
p n q i s  p r e s e n t ,  some p a i r  of spans having the  form p p r  and 
rvq must be p resen t .  I f  t h e  production n +  pv and t h e  i n t e g e r  r 

have t h i s  proper ty ,  we add a  t r i p l e  c o n s i s t i n g  of t h e  p a i r  

of symbols u v  and the  i n t e g e r  r t o  a l i s t  (which we may c a l l  



t he  d i v i s i o n  l i s t )  belonging t o  t h e  span pqq. 

such a d i v i s i o n  l i s t  i n  t h e  form 

( 2 )  P79 -- Wrl, PVr2, . . ., Pvrk, k l V ' r i ,  

Then, r ecur s ive ly  (and assuming t h a t  they have 

We s h a l l  w r i t e  

e . .  . 
n o t  y e t  been 

processed) we bu i ld  up t h e  d i v i s i o n  l i s t s  f o r  a l 1  t h e  spans 

pPr j  and r vq, ..., e t c .  Continue processing i n  t h i s  way 
J 

u n t i 1  no unprocessed spans remain, 

We regard t h e  fu11 s e t  of span l i s t s  developed by t h e  

procedure ou t l ined  above a s  a d e s c r i p t i o n  of t h e  s e t  of a l 1  

poss ib le  parses  of t h e  o r i g i n a l  sentence,  To ob ta ln  a 

p a r t i c u l a r  parse ,  we have only t o  proceed a s  fol lows.  S t a r t  

with t h e  topmost span pvq = l v 0 ( n + l ) .  Choose any element W r  from 

t h e  d i v i s i o n  l i s t  of pVq; then,recursively,choose an element from 

the d i v i s i o n  l i s t  of pkr  and rvq. This process  w i l l  t e rminate  

when spans of t h e  form ma ( m + l ) ,  which represent  uni-quely def ined 
termina1 symbols of the  sentence W be ing  parsed,  m e  

encountered. Note t h a t  the  sentence W has an  ambiguous construc-  

t i o n  according t o  t h e  gramrnar r i f  and only i f  t h e r e  e x i s t s  a 
d i v i s i o n  l i s t  i n  t h e  fu11 c o l l e c t i o n  of l i s t s  deve]-oped by t h e  
above procedure which conta ins  more than a s i n g l e  element. 

Assuming t h a t  a l i s t  of a l 1  t h e  spans p resen t  i n  W i s  
a v a i l a b l e ,  we may bound t h e  amount of time and space needed 
t o  produce a l 1  t h e  d i v i s i o n  l i s t s  a s  follows: the  number of 

2 d i s t i n c t  spans i s  asymptotic t o  n g, where g i s  t h e  number of 

intermediate  symbols of r. To produce t h e  d i v i s i o n  l i s t  f o r  

the  span pqq we requ i re  a sepa ra te  s t e p  f o r  a l 1  r i n  t h e  
range p < r 4 q, and t h i s  f o r  a l 1  productions of the  form 

q - v .  Thus t h e  t o t a l  number of d i s t i n c t  s t e p s  r'equired 
3 i s  bounded by a quan t i ty  asymptotic t o  n P, where P i s  t h e  

t o t a l  number of d i s t i n c t  productions i n  I'. The space 
required f o r  t h e  s to rage  of a l 1  the  span l i s t s  i s  bounded 

by the  product of P and the  number of t r i p l e s  p ,q , r  with 
3 p < r < q, and hence a l s o  by t h e  quan t i ty  asymptoti,c t o  n P. 

In  the  case of t h e  elementary gramrnar (1) each r with 



p < r q w i l l  a c t u a l l y  appear i n  the d i v i s i o n  l i s t  belonging 

t o  t h e  span p<w*q; t h e  fu11 c o l l e c t i o n  of span l i s t s  thus  

inc ludes  a. number 'of elements bound.ed below by a q u a n t i t y  
3 asymptotic t o  n P. By t h i s  cons ide ra t ion  we s e e  t h a t  t h e  

asymptotic bound n3p given above i s  p r e c i s e  both i n  regard 

t o  time and i n  regard t o  space. 

It appears c l e a r l y  from what we have s a i d  above t h a t ,  

once a l i s t  of a l 1  the  spans p resen t  i n  W i s  a v a i l a b l e ,  t h e  

s e t  of a l 1  p o s s i b l e  parses  of W may be e labora ted  i n  an  

e n t i r e l y  elementary way. Our next  task i s  t o  develop an  

algori thm f o r  f i n d i n g  t h e  s e t  of a l 1  spans p resen t  i n  W .  

We may proceed toward t h i s  goa l  i n  t h e  fol lowing way. The 

span pqq w i l l  pe presen t  i n  W i f  and only if t h e r e  e x i s t s  an  

r with p < r < q and t h e  product ion q -> W of r such t h a t  

pkr  and rvq a r e  p resen t  i n  W. We may t h e r e f o r e  proceed in  

i nve r se  order  t o  b u i l d  up a l 1  spans pqq of g r e a t e r  and 
g r e a t e r  l e n g t h  q-p p resen t  i n  W a s  fol lows.  S t a r t  w i th  a l 1  

spans pa(p+l )  of l e n g t h  1, which n e c e s s a r i l y  r ep resen t  s i n g l e  
termina1 symbols i n  r. Add new spans t o  a l i s t  of spans 
present  i n  W by t h e  fo l lowing r u l e :  

i f  p k r  and rvq a r e  present ,  and r conta ins  t h e  

production, q goes t o  W ,  add pqq t o  t h e  spans present .  

This algorithm, i t e r a t e d ,  w i l l  c l e a r l y  produce t h e  s e t  of a.11 

spans present  i n  W .  

An e f f i c i e n t  arrangement of t h e  flow of work i n  t h e  

algori thm which we have j u s t  descr ibed informally i s  a s  fol lows.  
Fa r  each k, 1 k < n, we genera te  t h e  s e t  of a l 1  spans p resen t  - 
i n  t h e  s u b s t r i n g  w k  = al...ak of W = al.. .an. We keep t h i s  
information i n  t h e  form of a s e t  of i n i t i a l s  l i s t s ,  each l i s t  

cons i s t ing ,  f o r  each node type q and i n t e g e r  q, of t h e  i n t e g e r s  

p < q f o r  which t h e  span pqq i s  present  i n  w k  To proceed 
induc t ive ly  from k - l  t o  k, we begin by adding the  span ka (k+ l )  

t o  the  c o l l e c t i o n  of spans known t o  be p resen t .  Then, i f  a 

span r v ( k + l )  has been added t o  t h e  c o l l e c t i o n  of spans known 



t o  be present ,  and has no t  y e t  been processed, we process  

it by 

(1) Finding a l 1  t h e  productions q -> W of r, t h e  termina1 

symbol of whose right-hand s i d e  i s  V; 

( 2 )  Far  each such production and f o r  each p on t h e  i n i t i a l s  

l i s t  of W, adding a l 1  the  spans p q ( k + l )  t o  the  c o l l e c t i o n  

of spans known t o  be present ;  t h a t  i s ,  adding a l 1  t h e  elements 

of t h e  i n i t i a l s  l i s t  of Pr t o  the  i n i t i a l s  l i s t  of q ( k + l ) .  

Each newly added and s t i l l  unprocessed span pq(k+l )  must i n  

tu rn  be processed i n  t h i s  way; when no unprocessed spans 

remain, the  s e t  of a l 1  spans of t h e  f o r m  pv(k+ l )  which a r e  

present  w i l l  have been generated.  A t  t h i s  poin t ,  we inc rease  

k and repea t  t h e  above procedure, te rminat ing  t h e  e n t i r e  
process when k has reached n+l .  

The amount of time and space required f o r  t h e  above 

algori thm may be bounded a s  fol lows.  A s  we have remarked, 

t h e  t o t a l  number of d i s t i n c t  spans i s  bounded above by a 
2 quan t i ty  asymptotic t o  n g, g being t h e  t o t a l  number of i n t e r -  

mediate symbols i n  our  gramrnar. The same formula gives ,  

a f o r t i o r i ,  a bound f o r  the  t o t a l  number of spans processed.  - 
In  processing a given span r v ( k + l ) ,  we 

a )  check t o  see  whether t h i s  span has a l ready been 

marked a s  processed, i n  which case,  s i n c e  an e a r l i e r  copy of 
t h e  same span must have been found on t h e  same i n i t i a l s  l i s t ,  
we merely d e l e t e  the  span under examination from i t s  i n i t i a l s  
l i s t i  

b) i n  the  cont rary  case,  process the  span r v ( k + l )  by 

enumerating a l 1  productions i n  l? of t h e  form q -> 'W and, 

f o r  each such production appending t h e  i n i t i a l s  l i s t  assoc ia ted  
with CLr t o  the  i n i t i a l s  l i s t  assoc ia ted  with q ( k + l ) .  

Note now t h a t  no more than C copies  of an element pq(k+l )  
w i l l  ever  a,ppear on an i n i t i a l s  l i s t ,  where C i s  t h e  product 
of k+1-p and of t h e  t o t a l  number P of productions i n  r of t h e  

, thus the  t o t a l  number of elements pq(k+l )  which form q -> W *  

w i l l  ever  appear on any i n i t i a l s  l i s t  during t h e  progress  of 



our a lgor i thm from k - l  t o  k has t h e  asymptotic bound k2p. 

Since,  a s  i s  c l e a r  from a )  and b )  above, each element 
appearing on such a l i s t  f o r  a second time i s  processed i n  

a f ixed  number of s t e p s ,  while each element r v ( k + l )  a p p e a r h g  

on such a l i s t  f o r  t h e  f i r s t  time i s  processed i n  a number 

of s t e p s  p ropor t iona l  t o  t h e  number of product ions i n  r of 

the  form q -> KV, t h e  t o t a l  number of s t e p s  required by our  
3 whole pa r s ing  process  has  an asymptotic bound of t h e  form n P. 

Concerning t h e  space requi red  f o r  t h e  s e t  of i n i t i a l s  

l i s t s ,  note  t h a t  each of at, most ng i n i t i a l s  l i s t s  can con ta in  

a t  most n elements; thus t h e  amount of s to rage  required has 
2 an upper bound asymptotic t o  n g. 

I f  t h e  grammar I' i s  unambiguous, tha , t  i s ,  i f  no 

grammatica1 s t r i n g  of termina1 symbols admits more than one 
parse ,  t h e  above time es t imate  may be s i g n i f i c a n t l y  improved. 

I n  t h i s  case,  t h e  s e t  Il of i n t e g e r s  added t o  t h e  i n i t i a l s  

l i s t  corresponding t o  q (k+ l )  dur ing  t h e  processing of a span 

r v ( k + l )  must be d i s  j o i n t  from t h e  s e t  I2 of i n t e g e r s  a l r eady  

present  i n  t h i s  l i s t .  If such were no t  t h e  case,  and assuming 

the  i n t e g e r  p t o  l i e  i n  t h e  i n t e r s e c t i o n  of Il and I*, t h e r e  

would n e c e s s a r i l y  e x i s t  some span r f V ( k + l )  p resen t  i n  W ,  and 

some corresponding product ion q -> Pt V l ,  such t h a t  pW r t  i s  

present  i n  W ,  while r ' v  t ( k + l )  # r v  ( k + l )  . But then t h e  sub- 

s t r i n g  a,. . . ak  of W would have two s t r u c t u r a l l y  d i s t i n c t  parses  

according t o  t h e  grammar r, c o n t r a d i c t i n g  t h e  assumption t h a t  
r i s  unambiguous. This shows t h a t  f o r  an unambiguous grammar, 

t h e  algori thm descr ibed a.bove w i l l  p lace  a t  most a s i n g l e  copy 

of each element pq(k+l )  on an i n i t i a l s  E s t .  Thus, f o r  r 
unambiguous, the  t o t a l  number of elements pq(k+l )  t o  be 

processed dur ing  t h e  progress  of our  a lgori thm from k- l  t o  k 

has t h e  asymptotic bound kg, g denot ing t h e  to ta .1  number of 
in te rmedia te  syrribols i n  re It fol lows a t  once t h a t  t h e  time 
required f o r  t h e  complete opera t ion  of our  a lgor i thm i n  t h e  
case  of an unambiguous grarnrnar and f o r  t h e  pa r s ing  of a s t r i n g  

2 of l eng th  n has an asymptotic bound of the  form n P. 



It i s  i n t e r e s t i n g  t o  consider ,  from t h e  po in t  of view of 

t h e  present  algorithm, t h e  simple unambiguous grammar 

which we know from t h e  e a r l i e r  s e c t i o n s  of t h e  p resen t  chap te r  
t o  be p r o t o t y p i c a l  of a  c l a s s  of grammars which permit  bottom-up 
pa r s ing  of an a r b i t r a r y  sentence of l eng th  n  i n  a  number of 
s t e p s  p ropor t iona l  t o  n. Taking W = an a s  a  s t r i n g  t o  be parsed,  

we f i n d  t h e  spans p resen t  i n  o, t o  be a l 1  spans of t h e  form 

paq  , p < q; a c o l l e c t i o n  of 1/2 n2 spans i n  a l l .  This shows 

t h e  upper bounds der ived above t o  be p rec i se ,  and makes it 
p l a i n  t h a t  our a lgor i thm can only be expected t o  pa r se  
sentences i n  t h e  time l i n e a r l y  p ropor t iona l  t o  t h e i r  l eng th  
i f  we s o p h i s t i c a t e  i t s  a c t i o n  s o  a s - t o  prevent  t h e  formation 
of l a r g e  nbmbers of spans ( i n  t h e  above example, a l 1  those  spans 
p a q  wi th  p  > 1) not  p lay ing  any r o l e  i n  t h e  f i n a 1  parse  of t h e  
sentence t o  be analyzed. 

To improve t h e  algori thm i n  t h i s  regard,  we must s o p h i s t i c a t e  
its a c t i o n .  The problem t o  be overcome i s  a s  fo l lows .  
Suppose t h a t ,  g l v e n  a sentence W and a span p$q preaen t  i n  

W, w e  say  t h a t  pdq belongs t o  a  p a r s e  t r e e  of W i f  t h e r e  
e x i s t s  some pa r se  t r e e  f o r  W, c m t a i n i n g  a node of type 

from which t h e r e  depends a  sub t ree  whose twigs a r e  e x a c t l y  
t h e  termina1 I s~ymbols a .a of W. As t h e  example considered 

P" q 
j u s t  above i n d i c a t e s ,  many spans not  belonging t o  any p a r s e  
t ree  o f  W may be p r e s e n t  i n  W. I n  many cases ,  t h e  number of 
spahs p resen t  i n  W w i l l  be p ropor t iona l  t o  the square of 
the  lcngth  o r  W, while the  number of spans belonging t 0  a 

parse  t r e e  of w w i l . 1  be p ropor t iona l  only t o  the  f i r s t  
power of W. We must t h e r e f o r e  modify our pars ing  algori thm 
i n  such a way a s  t o  cause the  modified a1gorith.m t o  genera te  
fewer spans not belonging t o  a  p a r s e  t r e e  of the  sentence 
W being parsed .  A technique accomplishing t h i s  may be 

descr ibed as fo l lows .  I f  p and a r e  i n t e m e d i a t e  symbols 
o f  r, w r i t e  PFII i f  t h e r e  exists some span, v a l i d  according 



t o  r depending from a node of type 3, whose first symbol 
iap . I n  p a r s i n g  a  s t r l n g  al...a a k k+l0I'? maintain a  

s e t  of candidate  l ists  Lk, one f o r  each i n t e g e r  k; these  
w i l l  be l ists  of in te rmedia te  symbols def ined  i n d u c t i v e l y  
by t he  fol lowing r u l e :  

Rule a: Let L1 consist of al1 intermediate symbols )i such that 
uFo, the top node of i'. For each span pu(k+l) in al...ak and each 

production q +  vv of i? such that- n e  L , put v on Lk+l; if aFv, 
P 

put a on Lk+l also. 
We now modify the algorithm described above by agreeing 

that an integer p is to be added to the initials list of a 
pair p(k+l) if and only if 

Rule b: our preceding algorithm would have added p to this 
same initials list, and; 

Rule C :  p belongs t o  the candidate list L . 
P 

Our modified pa r s ing  algori thm has t h e  i n t e r e s t i n g  
p roper ty  s t a t e d  i n  t h e  fol lowing lemma. 

Lemma 1: I f  t h e  modified parsing algori thm j u s t  descr ibed  
p l a c e s  an i n t e g e r  p  on t h e  i n i t i a l s  l i s t  corresponding t o  
a p u i r p ( k + l ) ,  then t h e r e  e x i s t s  some sentence of t h e  form 

( h )  a l . .  .akbl.. .bR , 
va1i.d accordfng t o  whose pa ree  t r e e  t h e  span 
?$k+l) belongs . 

Proof: We proceed by induct ion  on the  i n t e g e r  p .  I f  

p = l ,  t h e  span lr(k+l) i s  pr.esent i n  al .. . ak  and our  a s s e r t i o n  
1s  evident .  If p > l, pp(k+l) i s  p r e s e n t  i n  a l .  . .ak 
and/4ELp,' so  tkiat, by r u l e  a )  t h e r e  e x i s t s  a span q* and 
an in te rmedia te  symbol  7 of si.~.ch t h a t  e i t h e r  

i 7 + 9~ i s  a  production of r ,  and +,q, o r  
t 

T i  There e x i s t s  an  in te rmedia te  s y m b o l  60f r such 
that F& while i s  a production of r ,  and P 7 

-19 i. - 



Tn case  i, q belongs t o  the  i n i t i a l s  l i s t  corresponding 
t o  the  p a i r  (k+l) ; thiis, i nduc t ive ly ,  there e x i s t a  a 
sentence of ? he fomn (4) i n  whose parse t r e e  qt(ki- l )  and 
hence a  f o r t i o r i p p ( k + l )  i s  p r e s e n t .  I n  case  ii, i f  we l.et 
bl...bm be any grammatica1 s t r i n g  of termina1 c h a r a c t e r s  
such t h a t  bl . . .b,, then i n  the  pa r se  of a l .  . .ak+lbl . .  .b, 
according t o  our  algorithrn we would p l a i n l y  f i n d  t h a t  q belonged 
t o  t h e  i n i t i a l  s l i s t  corresponding t o  t h e  p a i r  1 ( m + l )  ; 
thus,  i nduc t ive ly ,  t h e r e  e x i s t s  a  sentence of t h e  form (4 )  
whose pa r se  t r e e  contajxm q')l(m+l) and hence a f o r t i o r i  con ta ins  
pp(k+l ) .  Q.E.D. 

Pollowing Kmuth, we may r e a d i l y  d e f i n e  a  c l a s s  of grammars f o r  

which an upper bound on the  length  of an i n i t l a l s  l i s t  may be 
deduced from the proper ty  s ta ted  in lemma 1. 

~ e f i n i t i o n :  A grammar P i s  s a i d  t o  have t h e .  LR(t) - 
proper ty  i f  every span of  t h e  l o rm pQ(k+l) belonging t o  a 
pa r se  t r e e  of any sentence of t h e  f o m  al.. .ak+tbl.. .bn 

with given i n i t i a l  s u b s t r i n g  al . . .ak+t  belongs t o  every pa r se  
t r e e  of every such sentence.  

Note t h a t  i t  followa t r i v i a l l y  from tk above def ' in i t ion  
t h a t  an LR(~) grammar i s  unambiguous; indeed, any span 
belonging to any pa r se  t r e e  of such a  sentence belongs t o  
every pa r se  t r e e  f o r  such a  sentence,  so t h a t  t h e  s e t  of 
spans of  a  pa r se  t r e e ,  and hence the  p a r s e  t r e e  i t s e l f ,  a r e  
uniquely def ined by t h e  sentence parsed .  

The grammar of a  given s e t  of termina1 s t r i n g s  may 
always be w r i t t e n  e i t h e r  i n  a  " l e f t - r e c u r s i v e "  o r  a 
" r ight - recurs ive"  s t y l e .  Thus, f o r  example, t he  language 
whose sentences a r e  a l 1  the s t r i n g a  an rnay be w r i t t e n  e i t h e r  



In  general ,  the  s t y l e  (5b),  which requires t h a t  
termina1 symbols be found before new "goals" a r e  es tabl ished,  
i s  p re fe rab le  fo r "  top-down parsea,  while t he  form (5a) ,  
which l eads  t o  parse  t r e e s  with handles tending t o  occur 
e a r l y  r a t h e r  than l a t e ,  i s  p re fe rab le  f o r  bottom-up parses .  
Note t h a t  a grammar of t he  type 5a leade t o  a pa rse  t r e e  
having the genera1 appearance shown i n  Figure 1 below, while 
a grammar of the  type 5b l eads  t o  a pa rse  t r e e  having the 
genera1 appearance shown i n  Figure 2 below. 

Figure 1. '"Lef t-weightedfl parse  t r e e  

For t h i s  reason, we c a l l  a grarnmar of the  type 5a 
a left-weighted grammar, and c a l l  a grammar of t h e  type 
5b a right-weighted grammar. 

Figure 2 .  "~ight -weighted"  parse  t r e e  

More p r e c l s e l  y, we make the  followi-ng d e f i n i  t ion  

Def in i t ion:  A context-free grammar i s  l e f  t-weighted 
i f  the re  e x i s t s  no cycle of intermediate  symbols 



) A l + ' 2 9  " >pk and of product ions such that 

I f  r i s  a  lef t -weighted grammar, i t  fol lows 1;hat t h e r e  
e x i s t s  no i n f i n i t e l g  long sequence of in te rmedia te  symbols 
p l , ~ 2 , . e 0  such t h a t p  is the l a s t  symbol of  a g r o d u c t i o n  3 +l 
whose lef t -hand symbol i s  )( W e  mag t h e r e f o r e  d e f i n e  t h e  

3 
length  R of the  longes t  such chain of in te rmedia te  symbols 

a s  t h e  r ight -cha in  bound for t h e  l e f t  weighted grarnmar p .  
The fol lowing lemma shows t h a t ,  f o r  the c l a s s  of l o f t -  

weighted LR( t )  grarnmars, the  pa r s ing  algori thm defined by 

Rules a ,b ,  and c w i l l  p l ace  a t  most nK i n t e g e r s  on i n i t i a l s  
l i s ts ,  K being a  cons tant  depending only  on t and on t h e  
grammar . This rnakes i t  p l a u s i b l e  t h a t ,  f o r  auch grarnmars, 
t he  opera t ion  of t h e  pa r s ing  algorithm w i l l  r e q u i r e  a nurnber 
of  s t e p s  p ropor t iona l  only t o  t h e  f i r s t  power of n,  a f a c t  
t h a t  we w i l l  i n  f a c t  e s t a b l i s h  l a t e r  i n  the  p r e s e n t  s e c t i o n .  

T m a  2: I f  i s  a lefa-weighteb L R ( ~ )  -gramnar, then 
t h e  pa r s ing  algori thm descr ibed by t h e  r u l e s  a ) ,  b ) ,  and 
C )  above w i l l ,  i n  t h e  course of pa r s ing  a sentence al . . .an,  

t p lace  a t  most RM n  i n t e g e r s  on i n i t i a l s  l ists .  Here, M 

1s t h e  number of termina1 symbols of E and R i 8  the r i g h t -  
chain bound f o r  re 

Proof: It fol lows by Lemma 1 t h a t ,  f o r  each i n t e g e r  
p  placed by our  parsing algori thm on an i n i t i a l s  l i s t ,  t h e r e  
e x i s t s  a  span pv(k+l)  w i t h  k n  belong t o  the parse  t r e e  of 
some sentence of the  form W = a l .  . .akbl. . .btcl.  . .ce, and hence 
i n  t h e  p a r s e  t r e e  of  every such W with glven i n i t i a l s y m b o l  sequence 
W = a l . . . a  b 

o 
l .. . .bt . I f  f o r  each auch W and f o r  given k C n  w e  

O 

choose one sentence W, we ob ta in  a c o l i e c t i o n . ~ ~ . o f  aentences,  



t '  con ta in ing  a t  most M s en t ences ,  such t h a t  t h e  node pd(k+l)  
i s  p r e s e n t  i n  t h e  . .. p a r s e - t r e e  o f  o n e o r  t h e s e  s en t ences .  
But if plvl (k+l) , p&(k+ l ) ,  . . . , p i m ( k + l )  a l 1  belong t o  

t h e  p a r s e  t r e e  of  a  s i n g l e  sen tence ,  whi le  pl a p2 L . . . 
p, < (k+ l )  , i t  i s  e a s i l y  seen t h a t  t h e r e  exists a  sequence 

of  p roduc t ions  of p such t h a t  9 i s  t h e  l a s t  symbol of  t h e  J +l 
j - t h  produc t ion ,  and such t h a t  t h e  l e f t -hand  symbol i s  o f  

t h e  j - t h  p roduc t ion  i a  >I It fo l lows  t h a t  m R .  Thus 
t j a t  most R.M spans pv (k+ l )  belong t o  t h e  p a r s e  t r e e  of  any 

of t h e  sen tences  of o u r  c o l l e c t i o n  W L e t t i n g  k range from k' 
1 t o  n,  Lemma 2 fo l lows .  Q.E.D. 

Corol la ry :  I f  f i s  a l e f t -weighted  1di(t)  grammar, 
then t h e  p a r s i n g  a lgor i thm desc r ibed  by t h e  r u l e s  a ) ,  b) , 
and C )  w l l l  never  p u t  more than M~ i n t e g e r s  on any s i n g l e  
t n i t i a l s  list. 

Proof:  If we assumed t h e  con t r a ry ,  i t  would fo l low 

J u s t  a s  ahove t h a t  t h e r e  e x i s t e d  a sen tence  W and two nodes 
of t h c  form pv(k+l) and & k + l ) ,  bo th  belonging t o  the 
p a r s e  t r e e  of  t W s  s m t e n c e ,  and wi th  p <  q .  Then, a rgu ing  
?l.~st a s  above, we f l n d  t h a t  t h e r e  e x i s t s  a seqiience 

V = L)l&& . ,  l/k = L/ of produc t lons  o f  p such t h a t  L' 3 +l 
is t h e  l . a s t  symbol of t h e  j - t h  p roduc t ion ,  and s m h  t h a t  
t h e  le f t -hand  symbol of- t h e  j - t h  prodiict ion 1s The 

3 
a g c l i c  c h a r a c t e r  of t h e  sey lence  V l, . . . , uk mmeans t h a t  t h e w  
produc t ions  can be repea ted  any nwnber of times; hence the 
e x i s t e n c e  of such a sequence c o n t r a d i c t s  t h e  assumption t h a t  

l s  l e f t -we igh ted .  Q.E.D. 

It i s  now easy  t o  show t h a t  from t h e  assiimption t h a t  
r i s  L , R ( ~ )  nnd le f t -welghted ,  it fo l lows  t h a t  the  a c t i o n  of 

t% parsime; algorlthm describ.etl  b y  r u 1 . e ~  a ) ,  b ) ,  and C) 

r e q u i r e s  s numher  of' g t eps  p ropor t ionn l  only t o  the  f i r s t  
power o? the number n  of c h a r n c t e r s  i n  the Inpu t  s t r i n g .  
Indeed ,  s i n c c  we proces s  on7.y t hose  s p a n s  ppq f o r  which p 



1.8 nn t h e  i n i - t f o l s  . l t a t  belonginc t o  t h e  paiin dq, itt f ' o l . 1 0 ~ ~  

?rodi ic t tons  c-xist, 
i n  p .  

j.3.. For cach 

r on t h e  i n i t i a l s  

t a t  most RM n spans a r e  t o  be processed. 

a ~ i n g l e  span pvq i n v ~ l v e s  the fol lowtng 

produc t i o n s  . ~t most P R I I C ~  

rsh.ere P i s  the  t o t a l  number o:? produc t ions  

sluch produ.ction, examine a l 1  t h e  j-ntegers 
l . i . s t  bclonging t o  pp. If  )f belongs t o  

Lr, add r t o  t h c  i n i t i a 1 . s  l i s t  bel-onging t o  q. t 
Assuminp; t h a t  t h e  clements ?kr can be Pocind bg d i r e c t  

address lng ,  p roces s  ii) above w i l l ,  by t h e  corollary t o  

Lemma 2,' r e q u i r e  a t  most M~ s t e p s .  Thus, t h a t  p a r t  of t h e  

pa-rsing . a l ~ r i t h m  concerned w i t h  t h e  ca l c i i l a t i on  o r  i n i t i . a ? s  
3t 3 , i s t ~  v r i l l  r e q u i r e  a t  most RPM ' n s t e p s .  Thc c ' a lcu la t ion  

oP c a n d i d a t e  lists according t o  Rule a )  r e q u i r e a  t h e  fol-lowing 
s teps .  

iii. For each p on t h e  i n i t i a l a  i i s t  bel.onging t o  Pq, 
f i n o  ali product ionn 7 -+pJ of p. T h i s  rcql.~ir*es a t  most 

P s teps f o r  eacii phq. 

i v .  For each siich produc t ion ,  check whether 3 .  If 7 
t h i s  is t h c  case,  add U t o  Lq.  T h i s  rcquires a t  most P 

a d d i t i o n a l  s t e p s .  
v .  Por  e a c h l / ,  main ta in  a l i s t  cons i s t ine ;  of a l 1  those  

d s u c h  t h a t  ~ F J .  On add ing  t o  Lq, add 'each element of 
this l i s t  t o  Lq a l s o .  This  r e q u i r e s  a t  most g s t e p s  f o r  
each d ,  whose g is t h e  t o t a l  number of  i n t e rmed ia t e  symbols 
p r o s e n t  i n  P .  

The procesees iii), i v ) ,  and v )  require  i n  t o t a l  n o t  more 
than ~ ( g + 2 )  steps f o r  each p w .  Thus t h e  ope ra t ion  of t h e  

t t / e n t i r e  p a r s i n g  a lgor i thm r e q u i r e s  a t  most RPM ( M  +e;+2)n I 

s t e p s  . 
Note a l s o  t h a t  a l 1  t h e  In t e rmed ia t e  d a t a  I.i.ats requtred 

grow p r o p o r t i o n a l l y  to n f o r  ~ i R ( t )  ! ei t -welghted grarnmars f. 



The e f f i c i e n c y  of t h e  pa ra ing  algori thm descr ibed above 
w i l l  be enhanced i f  we note  i n  regard t o  s t e p s  i v )  and v) 
above t h a t  no symbol d ( reap  . d )  need b& 'added t o  t h e  
candidate  l i s t  % un less  aqFJ ( r e s p .  a$&). Taking advantage 
of t h i s  f a c t  we avoid t h e  appearance on the  l i s t s  h of 
unnecessary candidates ,  thereby secur ing  a  f a s t e r  p a r s e .  

It 1s i l lumina t ing  i n  connection wi th  t h e  above a n a l y s i s  
t o  cons ider  t h e  simple lef t -weighted grammar 

( ~ o t e  t h a t ,  if' forma1 agreement wi th  t h e  terms of our  preceeding 
d i scuss ion  i s  requi red  t h i s  gramrnar may be r e w r i t t e n  i n  our  
s tandard forni a s  

bJe wi1? d i s c u s s  t h e  genera1 quest ion of grammatica1 s t andard i -  
za t ion  i n  somewhat g r e a t e r  d e t a i l  below.) Note f i r s t  of a l 1  
t h a t  t h e  grarnrnar (7) 1s unambiguous. T h i s  may r e a d i l y  be 
proved by induct ion  on t h e  l eng th  of a  sentence i ~ .  If  

W =  q q  ends i n  t h e  c h a r a c t e r  a ,  i t s  only p o s s i b l e  pa r se  i s  
c l e a r l y  

( 9 )  

where on the le f t -hand s i d e  of ( 9 )  we have ind ica ted  t h a t  
q 1s to be parsed .  If W = lJlb ends i n  b, then i t s  o n l y  

p o s s i b l e  pa r se  i s  



\ 

wherc wc? havc  wri t ten  W = a,@$, and where, in the c i n t e r  

o f  (9) WF: h a v e  t n d i c a t e d  that u2 is to be pa r sed .  If W 

c o n s i d e r  a sen t ence  u) = anbm and i t s  parse  according to the 
,qrnmmar ( 7 ) ,  we I , n d  that t h n  fol lowinp,  spans belong to t h e  
p a r s e  t m e  o.?? W :  

(11) w(n+rn+2-p) f o r  p - I,&. . . ,m 
(m+l M? f o r  q = m+&. . . , n + l  

pwcl v i t k  ?<q 5 n-t-l j.n thc p w u . 5  t r o c  o t (*, dc;cnds on tkr? 
n s t z ?  or rn, n o  x a t t w  Liov !.crng tP i r  s t ~ t n v  n 3f 3 ' s  r)~cC'S.x~d 

V 

p r z x l  i n  a nwnber of s t e p s  p ropor t iona l  t o  n ,  by 

a l e f t - t o - r i g h t  algorithm like those we have considered.  
'i':?? cllgcirltl'ms Asn>clxascd -,bcive m:rg x 2 ~ z d i ? . y  bq ~)- i~~i r ! i . : ??d  

q l .~ is t lm,  n p r c ~ w o w r i  vcc',or .- Dp cnritsl.n!.ng a I - h i t  in t h e  j - t h  

pf;sTi4im.~1 1.r nnd ori1.y tf: at; ri s i v e n  s i ~ b s t a g e  9.f' ouì? alt;r?rithrn, 

t n ( l +  ) h n x  81 rcqdy bcen proccswxì.  



be kept a s  hash t a b l e s .  The reqiiired a d d i t i o n a l  d a t a  

s t r u c t u r e s  ape: 
. .. C .  - 

d )  An a r r a y v  with one e n t r y  f o r - e a c h  in te rmedia te  qymbol 
of p; t h i s  e n t r y  wiL1 be non-zero o f ,  a t  a g l v e n  stage 

6f  processing,  I 
,a( k+l) 

may ccnta in  elements r ep resen t ing  
s t l l l  unprocessed spans ,  i n  which case  I t  w i l l  r e fe rence  
the f i r s t  p o s s l b l y  unprocessed element on I 

(k+U 
e)  An a r r a y  v r u i t h  one e n t r y  f o r  each in&rmediate symbol 

P ; t h i s  e n t r y  wi31 h e  non-zero i f ,  a t  a given s t a g e  
o-t' proces s ing ,  some span p ~ ( k + l )  has  been generated.  ( ~ o t e :  
j- t  1s appropr i a t e ,  bo th  i n  t h e  case  o f  the a r r a g  U a n d  of 

thr: a r r a g v ,  to cha in  the non-zero elements t o g e t h e r .  If 
we do s o  we'can t e s t  f'or t he  existence of a non-zero element 
o.' 'ZTor v v e r y  r e a d i l y ,  and f i n d  s ~ c k  an  elernent v e r y  
r e a d l l y  if nny e x i s t s )  . 
f) A s e t  of l.i.sts G y  showine;, f o r  each in te rmedia te  s . p b o l  
v, a 1 1  those 1 snd p f o r  vhlch P c o n t a i n s  a production 

) - A s e t  r>f l i s t s  FI showing, Tor each in te rmedia te  
(U. a 

qymbo?. y and each termina1 symbol a, al1 those  7 and  fl f o r  

symbol y ind eacl? termina1 symbol a ,  a l  l those i n t e r r n c d i a t c  



l 

element k v? I in the appropr i . a te  
(k+ l )  

m t r y  n f  v; 
Process : 

no : 

Drop : 

Undonc : 

Placed  : 

T.f the j - b i t  of DJ is 0, go to undone ;  

E l s e  remove j from the l i s t  Iy(k+l); 

If IjJ(lc+l) c o n t a i n s  no subsequent element j 1  s e t  the r / - e n t r y  

of the v-arpag equa1 t o  ze ro ,  add r/ 

t o  t h e  V- l i s t , ,  and  go t o  process;  

Otherwise, if I )A k+ l )  
c o n t a i n s  a s?~bsec-yent ; ; k m e n t  j l ,  s e t  

j - . ( l ;  

Go t 0  do;  

S e t  t h e  j - b l t  of D v  ; 
If t he  j - b i t  of  C 9  is ofP  p t o  d rop ;  

For  cach 7 and p o n  the 11s t Gy , do a l 1  i n s t m c t i o n s  unti1 p laced ;  

Append t h e  l i s t  I PJ t o  tiie cnd  n f  STcl(W,-) ; 

If th.: - en t ry  of ti?e u - a r r a y  i s  zero ,  cause it to r e f e r e n c e  7 t he  f i r s t  e l e m e n t  i n  t ' r e  l l s t  I 

Continue; 

Go t 0  do; 



~ a n d i d a t e s :  I f  v - a m a y  has  o n l y  zero e n t r i e s ,  go to advance; 

e lse l e t  d . be .. some syrnbol r e p r e s e ~ t e d  i n  v - a r p a y ;  
remove IJ frorn V - a r r a y ;  

Added : 

f o r  a l 1  7 and /u on the  l i s t  I3 do al1 i n s t m c t i o n s  until addei: m 
f o r  a l 1  j on t h e  l i s t  I v, k+l do a l 1  i n s t r u c t i o n s  until added; 

J . f  t h e  j - b i t  o f  C is on, s e t  Cp := C+.or.B; 
f o r  a l l  a( on t h e  Lst J 

P, 
s e t  Cd = Cd.or.B 

Continue; j; 

go t o  cand ida t e s ;  



3t 
I , R ( ~ )  l e f t - t i .3  t e d  g r n m " n n r s :  P P?' n . 



spec i a l  form by t h e  following sequence of steps.  
C .  - 

A .  E l i m i n a t e  nu31 product ions .  netermine a l 1  i n t e r -  
mediate symbols of the grammar whzch can genera te  a p u r e l y  

n u l l  s t r i n g  as follows: mark e v e r y , & a d m l t t i n g  a product ion 

/t 4 null string, and then, induct~vel~, every admitting 
3 product ion 1 -+ L'1. . .Vk where al1 V I .  q .Qk have a l r e a d y  

bcen marked, e t c .  Thep given any  product7-onf -+ +..Vk 
of r ,  add t o  any product ion which csn be obtained by 
omitting any sl.ibset of sym'ools, 31.1 marked, from t h c  r i g h t -  
'iand s ide  o+ t h i s  prodl .x t ion.  FTna l ly ,  drop a l l .  prodinctions 

thc f o m r  j null string from P. 

t?!c cl,qp,cicter~ 
1 1 3  -*p, may be rcgardcd, i n  an  c v i d - n t  

sense,  a s  synonynia f v  each o t h c r .  In t h i s  casc, >ve may 

??plac. al! crccl-~r-.ncr?s in 2ny product ion of  a c h n r a c t s r  

p?, J >1,  Fy 2n occ?.>rn.onc~ 97,,,. Rq?q t . f . ng  thj.3 stn? 
3 .  i .  C n l h applled, n c  r>bt,?.!.n a r ~ c ~ d i f i c d ,  
. ' r - ) q  <?.*>I-)->? . r .  f o r  t??? F i n i ?  ? arig1:*3ge 3 0  r v ) i i ~ s 1  doen not  9mi.t any  
::-.:eh ?'jcIe r ) t  sini,?. + c ! ? ? r ~ f l t n ~  i:rod?>rf;ions . Siippcioe t92 t  

t;:--vTn a! rendy been done, so  that f admits no such cycles of r,!.nsle 



Tr) t h l s  s j . t 1 1 ~ t T o n ,  ~ . e  mr7y Porm 3 k i n ?  o f  -- p roduc t  f y m - n a r  .- - -.. -- 
r m fori! l o ~ .  por 9 of r 2nd o( o f  5 i n t r ~ ~ d i ~ c e  3 new 

1. 

i o  the zramrnar cons i s t in l i ;  of KI.1 t h  p~oductions (13 ) .  





nixt kwn !.~.T)?s ~ s s ~ c i . ~ I - , ~  a t ~ s t  3pC3 2 rv? e ~ f t h  t h ~ !  proflvc.llr)n 

[l]: t h ~  tcst r n e r ~ l y  s r>vif tes  W n t ,  in eocb cnrnposi.t~ s y n  
c r > n s t ~ i 1 c t ; ~ c ? ,  the n ~ ~ a l  r v J  es nf ~ p e r ~ d ~ r  rireceMi7ce m u s t  
'nr snt,l.rf ' i.d,, .c>;hi.?r the riile spccj..tl.cs t h a t  t h e  Icwel 9S 

+,fir' co!riposl.t,e n n d e  3.s to be r a l c ! i l n t d  a s  th? leve! o f  jts 

t a .  Note t h a t  in w e r g  test and e w r y  r1il.e 

w x m c i q t ~ d  w t t h  a m m d i x c t ì n n ,  we rc. ."e~ !;o the var20.iis 

n i ibord i -wte  s p a n s  to h? comhi.ne? i n t o  a s i n g l e  spsn  bg 

r c v c r w  a p ~ l l . c a t J . o r i  of the ~rr>ClilctJ.m a s  'par . f ; l  I ,  ' p a r t ? ,  
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A s  computers carne i n t o  wide use, e f f o r t s  were i n i t l a t e d  
t o  u se  computers themselves  t o  ea se  some of t h e  burden o f  

programming . This  t echnique  was f i r s t  known as automat ic  

programming. The main problems which programmers faced  
around 1951-52 were t h e  small s i z e  of t h e  high-speed i n t e r -  

n a l  memories, and t h e  l a c k  of any i n t e r n a 1  f l o a t i n g  p o i n t  
ope ra t ions  i n  t h e  machine hardware. The l a c k  of f l o a t i n g  
po in t  hardware f orced e a r l y  e f f  o r t  s i n  automatic programming 

t o  be d i r e c t e d  t o  t h e  development o f  i n t e r p r e t i v e  f l o a t i n g  
po in t  systems; t h e  Comprehensive System (CS) f o r  Whirlwind 
a t  MIT ( c f .  Adms and Laning [lJ), t h e  Speedcoding system 
for t h e  IBM 701 ( c f .  Backus and Her r ick  [ l g ) ,  and SHORT CODE 
f o r  UNTVAC I a l1  provided programmed i n t e r p r e t i v e  f l o a t  i n g  

po in t  a r i t h m e t i c  . 
I n  1952-53> J . H .  Laning and N o '  Z i e r l e r  ( c f .  Laning and 

Z i e r l e r  [ l ] )  cons t ruc t ed  a n  a l g e b r a i c  coding system a t  MIT 
f o r  use  a t  t h e  In s t rumen ta t ion  Lab. Th i s  system al lowed 

mathernaticai express ions  and con t ro1  s t a t emen t s  o f  a n  e l e -  
gance and s i m p l i c i t y  which has  ha rd ly  been equaled s i n c e .  
T h i s  system compiled a s e t  o f  c l o s e d  sub rou t ines  and an i n -  
t e r p r e t i v e  code f o r  c a l l i n g  t h e s e  sub rou t ines  . Because of 

t h e  smal i  memory s i z e  of t h e  Whirlwind, each equa t ion  ( s t a t e -  
. . 

ment) was r ead  from a  drum whenever i t  was t o  be executed.  
The language a l s o  inc  luded subsc r ip t ed  vaa i ab l e s ,  computed 
switches ,  ioops  w i t h  a n  index v a r i a b l e  running over a l i s t  

o r  v a r i e d  by an  increment, and a na tu ra1  way o f  express ing  
numerica1 i n t e g r a t i o n  o f  d i f  f e r e n t i a l  equa t ions .  The system 
used t h e  CS f l o a t i n g  po in t  r o u t i n e s .  

I n  1952, H. Rut i shauser  a t  t h e  Swiss Federa1 I n s t i t u t e  of 
Technology ( c f .  Rut i shauser  [l, 2,3]) had desc r ibed  methods 
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of compiling a l g e b r a i c  equa t ions  f o r  t h e '  ZUSE computer, and 
l a t e r  f o r  t h e  ERMETH computer (Rut i shauser  a l s o  desc r ibed  

opt imiza t  i o n  by loop unwinding ) . 
. . 

These e a r l y  systems we e s h o r t l y  t o  g i v e  g r e a t  impetus 

t o  t h e  subsequent development of  a l g e b r a i c  compilers .  For a 
time, work cont inued on i n t e r p r  e t  i v e  systems which provided 

machine-l ike pseudo- ins t ruc t ions  f o r  f l o a t i n g  p o i n t  and va r -  

i ous  o t h e r  convenient  ope ra t  ions ,  'e,.g. t h e  PRINT system f o r  
. . 

t h e  IBM' 705 ( c f .  Bemer [ l g )  and t h e  A-2 and A-3  systems f o r  
t h e  U N I V A C  I. 

Following t h i s  i n i t i a l  per iod,  work on a lgeb ' ra ic  t r a n s -  

l a t o r s  began i n  s eve ra1  p l a c e s .  I n  1954 a t  IBM a grouP under 

J. Backus began t h e  development of FORTRAN I f o r  t h e  IBM 7011, 

a machine which was t o  have f l o a t i n g  po in t  hardware; i n  1955 
a t  Remington Rand, a group under G .  Hopper and C .  Katz began 
t o  develop MATH-MATIC (AT-3) f o r  t h e  U N N A C  I, a machine 

without f l o a t i n g  p o i n t  hardware and wi th  only  10i30 words of 
memory ( c f .  Taylor [l,]). A t  t h e  Boeing A i r c r a f t  Company, i n  

1955, D!. Grems ar.d R. P o r t e r  [l] desc r ibed  a n  a l g e b r a i c  
system f o r  t h e  IBM 701, B A C A I C .  

FORTRAN, which was completed e a r l y  i n  1957 ( c f .  Backus e t  

a l .  [l], Sher idan [l]) was d e s t i n e d  t o  become t h e  most widely 
used a l g e b r a i c  coding language, i n  par t  because o f  t h e  l a r g e  

number of IBM 704 computers which were sold,  i n  p a r t  because ' 

of t h e  exce l l ence  of t h i s  p ioneer ing  compiler .  The f a c t  t h a t  
t h e  704  had f l o a t i n g  p o i n t  meant t h a t  FORTRAN was a "pure1' 
compiler,  i n t e r p r e t  i v e  opera t  i o n s  being pe r f  ormed only i n  t h e  
execut ion of t h e  input /output  and FORMAT s t a t emen t s .  S ince  
it was a n t i c i p a t e d  t h a t  programmers would o b j e c t  t o  t h e  use  
of compiled code which was h igh ly  i n e f f i c i e n t  r e l a t i v e  t o  
hand t a i l o r e d  code, g r e a t  p a i n s  were taken  i n  t h e  FORTRAN 
compiler  t o  gene ra t e  e f f i c i e n t  o b j e c t  code. A s  a r e s u l t  of 
t h i s  t h e  compiler  was slower t h a n  it might have been; never-  
t h e l e s s ,  i t  s e t  a  s tandard  o f  op t imiza t ion  f o r  subsequent 
high-grade compilers .  I n  1958 t h e  language was expanded t o  

i nc lude  independent ly  compiled func't i o n s  and sub rou t ines  . 



This was a needed improvement d o t h  because of  i t s  n a t u r a l -  

ness  and because it pe rmi t t ed  larger programs t o  be written 

i n  p a r t  S. ' Eventua l ly  , some v e r s i o n  of. FORTRAN was produced 
. . 

f o r  every IBM computer which was used f o r  s c i e n t i f i c  compu- 
t a t i o n  and f o r  computers of  most o t h e r  manufac ture rs  as 
w e l l .  

. . 

MATH-MATIC, which was i n  s eve ra1  ways a more powerful 
a l though  a l e s s  conc i se  language t h a n  FORTRAN, mlght have 

. . 

been a  s u b s t a n t i a l  FORTRAN compet i tor .  I t s  l j m i t e d  accep t -  

ance  was due i n  p a r t  t o  t h e  u n s u i t a b i l i t y  o f  t h e  UNmAC I 

f o r  s c i e n t i f i c  computat i on .  It i s  noteworthy t h a t  MATH-MATIC 

provided automat ic  segmentation and a t tempted  t o  keep loops  

The IT ( I n t e r n a 1  T r a n s l a t o r )  developed f o r  t h e  Data t ron  
and f o r  t h e  IBM 650 i n  1957 ( c f .  P e r l i s ,  Smith and Zoeren [17) 
demonstrated t h a t  s u b s t a n t i a l  a l g e b r a i c  compilers  could be 
w r i t t e n  f o r  a smalì machine,and a whole s e r i e s  of  o t h e r  c m -  

p i l e r s  of  t h i s  c l a s s  t hen  followed: RUNCIBLE, GATE, CORRE- 

GATE, GAT, FORTRANS,TT. 

Mehlan [l] and t h e  papers  which fo l low i t  i n  t h e  j o u r n a l  

i n  which it appears  may be consu l t ed  f o r  a n  account  of a n  
assembly language developed be fo re  t h e  e x i s t e n c e  o r  t r u e  
compilers  . 

The p ioneer ing  FORTRAN compiler  o f  Backus e t  a l .  made use  

which it incorpora ted ,  however, were ad  hoc and r e l a t i v e l y  

p r i m i t i v e .  Some of t h e  e a r l i e s t  sy s t ema t i c  t echniques  were 
based on precedence schemes, p a r t i c u l a r l y  on t h e  no t ion  of  

ope ra to r  precedence.  Group [l] g i v e s  one of t h e  e a r l i e r  
accounts  of t h e  u s e  of s t a c k s  i n  t h e  t r a n s l a t i o n  p roces s .  

Arden and Graham [l] d e s c r i b e  a n  e a r l y  compiler  based on  a 
precedence p a r s e  and a n t i c i p a t i n g ,  i n  germ, some of t h e  
t a b l e - d r i v e n  pa r s ing  methods developed l a t e r ;  c f .  a l s o  

Kanner [l] and Hamblin [l] f o r  accounts  of  t h e  precedence 
technieques  as app l i ed  t o  a l g e b r a i c  express ions  , and Knuth 
[l] f o r  a n  account of an  e a r l y  compiler  t a k i n g  a  s imple  
a l g e b r a i c  language d i r e c t l y  ' i n t o  machine language. C f .  a l s o  



Wegstrem [l] f o r  a n  early, e x p l i c i t l y  programmed formula 

t r a n s l a t o r  . Samelson-Bauer [l] i8 an  e a r l y  paper i n t r o -  

d u c i ~  t h e  bounded-context p a r s i n g  method and ~ l t r e s s i n g  

i t s  a p p l i c a b i l i t y  not  only  t o  a l g e b r a i c  formulae bu t  a l s o  

t o  t h e  t r a n s l a t i o n  of o t h e r  s t a t emen t s  occu r r ing  i n  pro- 
gramming languages; t h i s  paper a l s o  d i s c u s s e s  ques t ions  

o f  t a r g e t  code s t y l e  r e l a t  ed. t o  t h e  compilatiori of multipl jr  
indexed express ions  . 

The sys t ema t i c  s y n t a c t i c  d e f i n i t i o n  o f  ALGOL g iven  i n  
t h e  two famous ALGOL r e p o r t  s ( ~ a u r  [l; 21 and ~ e r l i s - S a m e l s o n  

[l] ), t oge the r  w i th  t h e  work o f  Chomsky [l], a i d e d  g r e a t l y  
i n  popu la r i z ing  t h e  sys temat ic  view o f  syntax, i n  p a r t i c u l a r ,  
t h e  syntax of  programming languages . The r e s u l t i n g  pa r s ing  
a lgor i thms  f a 1 1  i n t o  two c l a s s e s ;  t h e  bottom-up schemes, i n -  

c l u d i n g - t h o s e  u t i l i z i n g  precedence techniques:  and t h e  top-  
down schemes . 

The l i t e r a t u r e  on precedence and bounded coritext p a r s e s  
begins  wi th  t h e  development o f  t echniques  f o r  t;he p a r s i n g  of  

a r i t h m e t i c  express ions  a s  sumrnarized, f o r  example, i n  Randa l l  

and Russe11 [2]; c f .  a l s o  Huskey and Wattenburg [l], which 

desc r ibes  a n  elementary,  e x p l i c i t l y  programmed a r i t h m e t i c  ex- 

p r e s s i o n  scanner  . 
Systematic t h e o r e t i c a l  development of f a s t  bounded con tex t  

and precedence p a r s e  methods begins  wi th  F loyd  [l; 2.3. The 
f i r s t  of t h e s e  papers  g i v e s  a d i r e c t  d e s c r i p t i o n  of a c l a s s  
o r  bounded-context syntax a n a l y z e r s  which o p e r a t e  by conden- 
s i n g  s tacked  symbols r e p r e s e n t i n g  grammatica1 tiypes i n  con- 
t e x t s  known'to be unambiguous; i n  t h e  second paper, a gen- 
e r a 1  d e f i n i t i o n  of precedence language i s  giveri and a high 
speed method f o r  t h e  pa r s ing  of such languages i s  descr ibed  
I n  Floyd [3], a more gene ra l  c l a s s  of bounded oontext  l an -  
guages i s  in t roduced,  and t h e  p o s s i b i l i t y  o f  ana lyz ing  t h e s e  
languages r a p i d l y  by t h e  method of " inverse  grcunmersn i s  

pointed out;  c f  . t h e  comment s a t  t h e  beginning of Sec. 4.2. 

Graham [l] g i v e s  a gene ra l  surveyoof bounded con tex t  t r a n s -  

l a t i o n  wi th  a d i s c u s s i o n  of problems of  code produc t ion  and 



o f  a number o f  problems r e l a t e d  t o  op t imiza t ion ,  t p g e t h e r  
w i t h  a b ib l iography  of  papers  up t o  19'64. Evans [l] 1s a 
p a r t i c u l a r l y  r e a d a b l e  a c  count o f  bounded-context pars ing ,  

w i th  a b r i e f  account  of  t h e  r e l a t i o n  of pa r s ing  t o  t h e  re- 
mainder of t h e  compi la t ion  t a s k .  See a l s o  I r o n s  [4], Paul  
[1,2] and a l s o  Samelson-Bauer [l] which d e s c r i b e s  a 1-1 

con tex t  pa r se r ;  a  s i m i l a r  1-1 con tex t  p a r s i n g  scheme i s  ex- 
p l a ined  i n  Eiche l ,  Paul, Bauer and Samuelson [l]. 

A h i s t o r y  of t h e  u s e  of t h i s  compiling technique,  w i t h  

some cornments on t a r g e t  code s t y l e ,  i s ,  g iven  i n  Samelson- 

Bauer [2,1,3]; c f .  t h e  more g e n e r a l  revlew i n  Samelson-Bauer 

[ 4 1 .  
The concept of gene ra l i zed  precedenc e  g r a m a r  which i s  

desc r ibed  i n  Sec. 4.2, t o g e t h e r  w i t h  t h e  p a r s i n g  method f o r  

t h e s e  grammars desc r ibed  i n  t h a t  s e c t i o n ,  i s  due t o  Wirth 

and Weber [l]; c f .  a l s o  McKeeman [l]. Ross [2,31 d e s c r i b e s  

a precedence- l ike  a lgo r i t hm i n  which broader  c o n t e x t s  can 
be considered us ing  a back-up scheme. Leavenworth [2 ]  out -  
l i n e s  a  precedente-parse scheme f o r  t r a n s l a t i o n  of FORTRAN, 
wi th  s p e c i a l  a t t e n t l o n  t o  t h e  p a r s i n g  of Boolean s t a t emen t s .  
C f .  a l s o  Wegner [l], Keese and Huskey [l], Bandat and 
WiLkins [l]. 

The g e n e r a l  pa r s ing  technique  a v a i l a b l e  f o r  precedence 
grammars i s  very  e f f  i c i e n t ;  t h i s  method, supplemented as 

a p p r o p r i a t e  by s p e c i a l  dev ices  f o r  t h e  high speed determina- 
t i o n  of p r e f i x e d  s ta tement  key words f o r  languages i n  which 
such keywords e x i s t ,  seems to be t h e  b e s t  g e n e r a l  method of 
s y n t a c t i c  a n a l y s i s  f o r  a p p l i c a t i o n  i n  s i t u a t i o n s  where l i t t l e  
language v a r i a t i o n  i s  expected and a h igh  speed p a r s e  i s  
d e s i r a b l e .  The no-backup top-down p a r s e  of  Chapter  2  has 

advantages i f  compiler  f l e x l b i l i t y  i s  more important  t h a n  

p a r s e  speed.  
The nodal  span p a r s e  desc r ibed  i n  Sec. 4 . 6  i s  due i n  i t s  

f u i l  development t o  Ea r l ey  [l, 21; t h i s  method goes  back t 0  

e a r l i e r  work of Cocke and Younger, c f .  Younger [l, 21, and 



Hayes [ ] and i s  r e l a t e d  t o  work of  Knuth on IIR(k). gramars, 
c f .  Knuth [2]. 

Kanner [l] d e s c r i b e s  a non-backup t op-down compliing - 

scheme, and makes some comments on t a r g e t  code s t y l e ,  s p -  

b o l  t a b l e  handling,  and t h e  genera1  probiem of name r e s o i u -  

t i o n .  L i e t z k e  [l] d e s c r i b e s  a top-down syntax checker f o r  
Algol.  Kuno [l] d e s c r i b e s  a top-down pa r se r ,  in tended f o r  
a p p l i c a t i o n  t o  na tu ra1  language pars ing,  which works w i t h  

grammars i n  which t h e  r ight-hand s i d e  of each produc t ion  
begins  w i th  a termina1 symbol ( s tandard  form g~ammars ) .  

Kuno observes  t h a t  t h e  speed of such a p a r s e r  may be i n -  
c reased  i f  a b i t  t a b l e  of f a i l e d  a l t e r n a t i v e s  of t h e  form 
[ syntac  t i c  type,  i n i t i a l  word p o s i t  ion]  i s  maintained,  and 
i f  a n  a l t e r n a t i v e  once f a i l e d  i s  never r e t r i e d ,  C f .  a l s o  
Kuno and Oet t inger  [l]. 

Floyd [ Q ]  g i v e s  a b r i e f  survey of s y n t a c t i c  a n a l y s i s  
methods a s  developed up t o  1964, w i th  a n  emphasis on top-  

down methods. This  a r t i c l e  i nc ludes  a n  e x c e l l e n t  b i b l i o -  

graphy of  papers  up t o  i t s  d a t e .  

A con t inu ing  source  of con t roversy  has  been t h e  r e l a t i v e  
e f f  i c i ency  of t h e  v a r i o u s  pa r s ing  methods. Two d i f f e r e n t  

ques t ions  can be asked: how badly does t h e  a lgor i thm do i n  

t h e  worst  case,  and how badly does i t  do on llnormaiTT s t a t e -  
ments. Although some d a t a  e x i s t s  on t h e  former quest ion,  
t h e  l a t t e r  i s  much harder  t o  answer. G r i f f i t h s  and P e t r i c k  

[l] d i s c u s s  t h e  number o f  s t e p s  r e q u i r e d  'by v a r i o u s  s t r a i g h t -  
forward top-down and bottom-up pa r s ing  a lgor i thms ,  a s  w e l l  a s  
a s imple  nodal  span p a r s e r ,  t o  pa r se  languages de f ined  by 
va r ious  very elementary grammars. They po in t  o u t  t h a t  t h e  

number of  s t e p s  r e q u i r e d  by a  top-down p a r s e r  may grow ex- 
p o n e n t i a l l y  w i t h  t h e  l e n g t h  of t h e  sen tence  t o  be parsed, 

and t h a t  t h e  e f f e c t i v e n e s s  of a  pa r s ing  method may, i n  c e r -  

t a i n  cases ,  depend s e n s i t i v e l y  on t h e  p a r t i c u l a r  g rmmar  
chosen f o r  t h e  language t o  be parsed.  Modelling t h e  v a r i o u s  



pa r s ing  a lgor i thms  which they  s tudy  i n  a  s t anda rd  way by 

Turing machines (not  n e c e s s a r i l y  a very  good way o f  measur- 

i n g  t h e  e f f i c i e n c y  of t h e s e  p a r s e r s )  t h e y  g i v e  a  c e r t a i n  
amount o f  empi r i ca l  d a t a  on t h e  l eng ths  of s imula ted  p a r s e s .  
Unfor tunate ly ,  t h e  a lgo r i t hms  cons idered  by G r i f f i t h s  and 
P e t r i c k  a r e  s u f f i c i e n t l y  d i f f  e r e n t  from t h e  op t imal  forms of 

t h e  p a r s i n g  methods t h a t  t h e y  s tudy ,  and t h e  empi r i ca l  d a t a  
p re sen ted  s u f f  i c i e n t l y  . . narrow, so  t h a t  t h e  on ly  conc lus ion  
t h a t  may r e l i a b l y  be  drawn from t h e i r  work i s  t h a t  a  na ive  

top-down p a r s e r  may be c a t a s t r o p h i c a l l y  i n e f  f i c i e n t  . C f . ,  

however, t h e  o b j e c t i o n  of  Brooker [l] t o  t h a t  conc lus ion .  

The G r i f f  i t h s  and P e t r i c k  paper a l s o  i nc ludes  an e x t e n s i v e  

b ib l iography  on p a r s i n g  methods developed up t o  i t s  d a t e .  

Kasami C21 e x h i b i t s  a  s imple  c l a s s  o f  languages which 
cannot be recognized  i n  l e s s  t han  C(n.log n)* s t e p s  by a 
c l a s s  o f  pa r s ing  methods modelled by Turing machines. 

For a ~ e v i e w  o f  t h e  a p p l i c a t i o n  o f  t h e s e  and o t h e r  ana- 

l y s i s  t echniques  t o  English,  c f .  Bobrow [l]. 

Compilers o rgan ized  around a sys t ema t i c  view of  syntax 
a n a l y s i s  f i r s t  emerge i n  t h e  papers  of I r o n s  [l], Warehall 

[l], and krooker  and Morr is  [l, 2,3,4]. Brooker and Morr is  
d e s c r i b e  a n  e lementary t o p a o w n  syntax-d i rec ted  compiler  
scheme l i k e  t h o s e  cons idered  i n  t h e  e a r l y  s e c t i o n s  of 
Chapter 2. This  system inc ludes  a  language, somewhat s t i f f  

i n  t h e  view of t h e  p re sen t  au thor ,  f o r  t h e  d e s c r i p t i o n  of 
genera t  i v e  ac  t i o n s  . A summary of t h e  Brooker-Morris work 
i s  con ta ined  i n  Rosen [2] .  The compiler  desc r ibed  by 
I r o n s  1s r a t h e r  similar, and, l i k e  t h e  Brooker-Morris sys -  
tem, i nc ludes  a p r i m i t i v e  language f o r  t h e  d e s c r i p t i o n  of 

gene ra to r  r o u t i n e s  . C f .  a l s o  Cheatham and S a t t l e y  [l], 
McClure [l], Metcalf  [l], and Reynolds [l]. Schoore' [l] 

d e s c r i b e s  a similar top-down compiler-compiler i nco rpo ra t  i ng  
a  s p e c i a l ,  somewhat l i m i t e d  language f o r  t h e  ou tpu t  o f  
macro-symbols dur  i n g  syntax a n a l y s i s ;  Schneider and Johnson 

[l] d e s c r i b e  a  s l i g h t l y  extended v e r s i o n  o f  t h i s  system a b i e  
t o  accomplish c e r t a i n  l o c a l  op t imiza t ions :  C f .  a l s o  P r a t t  



and Lindsay [l] f o r  a n  account of  a similar system, some- 
what s p e c i a l i z e d  i n  t h e  d i r e c t i o n  of i n t e r p r e t i v e  execu- 

t i o n  r a t h e r  t h a n  compi la t ion .  Brooker e t  a l .  [2 ]  s u m a r i z e s  
exper ience up t o  1967 wi th  t h e  Brooker-Morris compiler-  
compiler; they i n d i c a t e  t h a t  compilers  w r i t t e n  us ing  t h e i r  
system tend  t o  be approximately  t w i c e  as l a r g e  and t h r e e  

t imes a s  slow as c a r e f u l l y  designed hand-coded compilers .  

(Compilers employing l e x i c a l  p rescanners  and f a s t e r  syn- 

t a c t i c  a n a l y s i s  a lgor i thms  can  do cons iderab ly  b e t t e r  t h a n  

Ledley and Wilson [l] d e s c r i v e  a  bottom-up pars ing  method 
a p p l i c a b l e  t o  grammars con ta in ing  no r e c u r s i v e  def i n i t i o n s ,  
t oge the r  w i th  a  simple scheme f o r  d e s c r i b i n g  t a r g e t  langu- 
age  by express  i ons  spec i f  y ing l o c a l  node t r ans fo rma t ions  i n  

a  p a r s e  t r e e .  Cheatham [3,4] and Dean [l] d e s c r i b e  TGS-11, 
a  compiler-wri t ing system c o n s i s t i n g  o f  a convent iona l  a l -  

geb ra i c  languages, supplemented w i  t h  a powerful p a t t e r n  
matching f a c i l i t y .  The memory of t h e  machine has  been r e -  
c o n s t i t u t e d  a s  a  s e t  of  d e s c r i p t o r s ;  t h e s e  a r e  t h e  da t a  of  

TGS-11. These d e s c r i p t o r s  impose a s k e l e t a l  s t r u c t u r e  on 
t h e  d i c tona ry  and o t h e r  t a b i e s .  The system of  Domolki [l] 

i s  p a r t  i c u l a r l y  i n t e r e s t i n g  bo th  because t h e  u se r  spec i f  i e s  
t h e  grammar i n  i n v e r s e  form and because t h e  a s s o c i a t e d  
pars ing  a lgor i thm i s  e l e g a n t  and e f f i c i e n t  , 

The inpu t  t o  t h e  compiling system i s  a n  a rdered  s e t  of 
i n v e r s e  grammar r u l e s .  A s  usual ,  t h e  r i g h t  hand s i d e s  of 
t h e s e  r u l e s  may have c a l l s  t o  compiling r o u t i n e s  i n t e r s p e r -  
sed wi th  t h e  elements of  t h e  reduced s t r i n g .  Thus 

i s  a t y p i c a l  r u l e ,  where t h e  ai,  B j  r e p r e s e n t  elements of  

t h e  vocabulary,  t erminal  o r  nonterminal,  and t h e  r e -  

p re sen t  c a l l s  t o  t h e  compiling r o u t i n e s .  The presence of 
such a  r u l e  impl ies  t h a t  when ala2 . . . ak  1s recognized 



i n  t h e  strem- by B1B2 . . . BB , w i t h  yl+, . . . . , exe- 

cu t ed  a t  t h e  i n d i c a t e d  p l a c e s .  
. . 

Gene ra l l y  sp  eaking,  g i v e n  a p a r t  i a l l y  p a r s e d  s t r i n g ,  t h e  

l e f t  hand s i d e s  of  s e v e r a 1  r u l e s  may appear  i n  it. For 

where 1, p 3 r e p r e s e n t  i n s t a n c e s  of l e f t  hand s i d e s  

o r  r u l e s  o f  t h e  grammar. Under t h e s e  c i rcumstances ,  t h e  
~ o m o l k i  scheme r e q u i r e s  t h a t  t h e  grammar g i v e  t h e  % ~ r r e c t ' ~  

P a r s e  if t h e  r u l e  of s h o r t e s t  l e n g t h  t h a t  t e r m i n a t e s  a t  t h e  
l e f t  most p o i n t  i s  a p p l i e d .  I n  t h e  above example, al 

would b e  a p p l i e d .  I n  c a s e  o f  a t i e ,  t h e  r u l e  w i t h  smallest 
index i s  a p p l i e d .  

The e l egance  and e f f i c i e n c y  of  t h e  Domolki a l g o r i t h m  de-  

pena v e r y  h e a v i l y  on  t h e  a b i l i t y  o f  computers t o  perform b i t  
s t r i n g  o p e r a t i o n s  i n  p a r a l l e l e  Le t  r 2 ,  . . . , r be t h e  

n 
r u l e s  of t h e  grammar and l e t  Iril r e p r e s e n t  t h e  l e n g t h  o f  

t h e  l e f t  hand s i d e  o f  r u l e  ri. The b a s i c  d a t a  s t r u c t u r e  

D of t h e  a l g o r i t h m  i s  a b i t  s t r i n g  o f  l e n g t h  .. l:=l. lril . 
Such a s t r i n g  c o n t a i n s  a b i t  p o s i t i o n  f o r  every  element o f  
t h e  l e f t  hand s i d e  o f  every  r u l e :  

For  convenience, i f  b i s  a d a t a  s t r u c t u r e  o f  t y p e  D, we 

s h a l l  w r i t e  



t o  i n d i c a t e  t h a t  t h e  b i t  co r responding  t o  the kth word 
o f  t h e  jth r u l e  i s  on. 

I .  

~ e t  I V ~ ) ~ , ~  b e  t h e  vocabulary ,  t e rmina1  and nonterminal ,  

used i n  grammar r u l e s .  To each  vi we correspond a d a t a  

s t r u c t u r e  Vi of t y p e  D w i t h  t h e  p r o p e r t y  t h a t  

Thus t h e  Vi s t r u c t u r e s  a r e  an  encoding o f  tkie l e f t  hand 

s i d e s  of t h e  r u l e s .  

I n  a d d i t i o n ,  we d e f i n e  two s t r u , c t u r e s ,  F  and L  t h a t  

r e s p e c t i v e l y  mark t h e  beginning and end of  ru l .es :  

F i n a l l y ,  t h e  a l g o r i t h m  makes u s e  of  a  s t a c k  Q o f  s t r u c t u r e s  

o f  t y p e  D. An element Qt of  t h e  s t a c k  i s  a s s o c i a t e d  w i t h  

a  po inger  i n t o  t h e  i n p u t  s t ream.  The significante of a n  

element Qt i s  d e f i n e d  by t h e  fo l l owing  s ta tement :  

Q t (  j, k )  = l c + t h e  l a s t  k  c h a ~ a c t e r s  scanned 

a r e  t h e  f i r s t  k  c h a r a c t e r s  of r u l e  j .  

The h e a r t  of  t h e  a l g o r i t h m  i s  t h e  fo l l owing .  Suppose one 

has  t h e  strutture and wants t o  c a l c u l a t e  Qt, t h e  

s t r u c t u r e  a s s o c i a t e d  w i t h  t h e  nex t  i n p u t  c h a r a c t e r .  Le t  t h e  

next  i n p u t  c h a r a c t e r  b e '  v 
P 

Then 

Q t ( j , k )  = l * Q t - l ( j , k - l )  = l and V P  ( j , k )  = 1. 

More e x a c t l y ,  l e t  R ( Q )  b e  t h e  f u n c t i o n  t h a t  s h i f t s  t h e  Q 



s t r u c t u r e  P'ight one b i t  . Then 

(i) Qt = ( R ( Q ~ , ~ )  V F)  * Vp* 

Observe t h a t  a l e f t  hand s i d e  has been found whenever 

Using t h i s  no ta t ion ,  t h e  a lgor i thm can b e  desc r ibed  ve ry  
e a s i l y .  The a lgo r i t hm used two s t acks ,  one f o r  t h e  Q 

elements and one f o r  t h e  i n p u t  c h a r a c t e r s .  

A scan  cu r so r  p  i s  s t a r t e d  a t  t h e  beginning o f  t h e  i n -  
pu t  s t r i n g ,  and Q0 i s  s e t  t o  ' O .  Then c a l c u l a t i o n  (1) 

is  made, and Qt and t h e  i npu t  c h a r a c t e r  a r e  p laced  on 

t h e i r  r e s p e c t i v e  s t acks ;  t h e  scan p o i n t e r  i s  advanced. 
Then t e s t  ( 2 )  i s  made t o  s e e  i f  any r u l e  i s  complete; i f  

not ,  t h e  procedure i s  cont inued u n t i 1  a completed r u l e  i s  

f ound . 
When a r u l e  i s  found t o  have been completed, a check 

i s  made t o  f i n d  ou t  which r u l e  ri i s  a p p l i c a b l e .  The 

vocabulary element s 
P~ 

of t h e  r i g h t  hand s i d e  of r u l e  

r a r e  p laced  i n  f r o n t  of t h e  scan  eurcor  p, which is i 

t hen  s e t  t o  po in t  t o  t h e  f i r s t  of t h e s e .  Cornmands a r e  
executed as d i scovered .  Then Iril elements a r e  popped 

from each of  t h e  s t a c k s  and t h e  a lgor i thm con t inues .  
Conway [l], us ing  a diagrammatic no ta t i on ,  d e s c r i b e s  a  

no-backup p a r s e r  which aga in  is much l i k e  t hose  considered 
i n  Chapter 11. Conwayts pa r s ing  a lgor i thm a p p l i e s  t o  a 
s l i g h t l y  r e s t r i c t e d  CUSS of no-backup languages; i n  par-  
t i c u l a r ,  t h e  range  o f  a p p l i c a b i l i t y  of t h i s  compiler  i s  
r e s t r i c t e d  by t h e  f a c t  t h a t  no method f o r  providing genera-  
t o r  r o u t i n e  a s s i s t a n c e  t o  t h e  s y n t a c t i c  ana lyze r  i s  incor -  

pora ted  i n  h i s  system. Conwayts a r t i c l e  a l s o  con ta ins  a  
d i s c u s s i o n  of  some of t h e  issues involved i n  a  s t r i c t l y  



fTone-passv s t y l e  of  compi l ing .  A d i s c u s s i o n  o f  some of' 

t h e  s p e c i a l  i s s u e s  i nvo lved  i n  t h e  t r e a t m e n t  of  COBOL 
q u a l i f i e d  names i s  a l s o  i n c l u d e d ,  

Cont inuing t h e  l i n e  o f  development i n i t i a t  ed  by Brooker 
and Morr is  i n  t h e  s e r i e s  of  pape r s  c i t e d  above, a n m b e r  

of o t h e r  a u t h o r s  have d e s c r i b e d  more o r  l e s s  complete  com- 
. . 

p i l e r - compi l e r  sys tems.  The McKeeman system d e s c r i b e d  by 
. . . . 

McKeeman, Horning, and Wortman and surveyed above i s  one  

suc h; Feldman [l] d e s c r i b e s  a n o t h e r  such system inco rpo ra -  

t i n g  a bounded c o n t e x t  p a r s e  and a semant ic  metalanguage 
s u i t a b l e  f o r  t h e  d e s c r i p t i o n  of t h e  i n v e r s e  gra.mmars i n  

terms of which such a p a r s e  i s  s p e c i f i e d .  F e l c h a n l s  system 
i n c l u d e s  a r ea sonab l ey  genera1  semant ic  language; g e n e r a t o r  

r o u t i n e s  w r i t t e n  i n  t h i s  language may be  c a l l e d  by t h e  s e -  
mant ic  ana ìy se r ;  t h e  whole systern i s  r a t h e r  l i k e  t h e  

"gene ra l i z ed  Backusvt s y s t  em d e s c r i b e d  i n  Chapter  11, excep t  
t h a t  it u s e s  a bottom-up r a t h e r  t h a n  a top-down p a r s e r .  
Th i s  system was developed a t  Carnegie-Mellon U n i v e r s i t y  f o r  
u s e  t h e r e .  G i l b e r t  and McLellan [l] d e s c r i b e  a compi ler -  

g e n e r a t o r  system, r e l a t e d  t o  t h e  GENESIS system o f  t h e  Com- 
p u t e r  Sc iences  Corpora t ion ,  i n  which syn tax  i s  specif'ied by 
d i r e c t  l i s t i n g  of a f aml ly  of s i g n i f i c a n t  c o n t e x t s  ( i n v e r s e  
o r  " a n a l y t i c  gramrnarw t e c h n i q u e ) .  Recogni t ion  of any s i g n i -  
f i c a n t  c o n t e x t  w i l l  invoke c o r r  esponding gene rak ive  a c t i o n s ;  
t h e s e  g e n e r a t i v e  a c t i o n s  a r e  w r i t t e n  u s ing  a macro language 
which r e f e r s  t o  temporary r e g i s t e r s , s y m b ~ l  s t r i n g  r e g i s t e r s ,  

t o  symbol a t t r i b u t e s  kept  i n  a  s t a n d a r d i z e d  hash t a b l e ,  e t c .  
Genera t ive  ou tpu t  a c t i o n s ,  s p e c i f i e d  I n  a n  o u t p u t  macro- 
language, and d i agnos t  i c  o u t p u t  a c t i o n s ,  s p e c i f  i e d  i n  a n  

a p p r o p r i a t e  form, may a l s o  b e  invoked.  The system a l s o  i n -  
. . 

c o r p o r a t e s  a scheme f o r  high-speed l e x i c a l  a n a l y s i s  of a n  
i npu t  s t r i n g  . S i b l e y  [l] d e s c r i b e s  a n  exper imenta l  compi ler -  
compiler  system, w i t h  t h e  acronym SLANG, developed a t  t h e  
IBM Corpora t ion .  Th i s  system, i n t ended  t o  emphasize machine 
independence, t u r n s  sou rce  code i n t o  r e l o c a t a b l e  in te rmedi -  
a t e  language, which i s  t h e n  t r ans formed  i n t o  e x e c u t a b l e  code 



wi th  t h e  h e l p  of a c o l l e c t i o n  of  machine-dependent code 

emiss ion r o u t i n e s  w r i t t e n  i n  a macro-language having a weak 

cond i t i o n a l  macr,o-expansion, f a c i l i t y  u s e f u l  i n  op t imiz ing  
. . 

t h e  l o c a l  code - se l ec t ion  process  . The system inco rpo ra t  e s  

a  "machine-f e a t u r e s  ques t ionna i r e t t  i n  which such b a s i c  

machine f e a t u r e s  a s  word l eng th ,  r e g i s t e r  number, e t c  ., a r e  

s p e c i f i e d  t o  t h e  code gene ra to r  as parameters .  However, a s  

t h e  optimizatXon problem cannot be t r e a t e d  s o  simply, t h e  
SLANG system has not proved t o  be p r a c t i c a l .  Grau [l] des-  

c r  i b e s  a semi-symbolic language s u i t a b l e  f o r  t h e  d e s c r i p t  i o n  

of t a r g e t  code i n  a  compiler-compiler system. Warshall  and 

Shapiro '  [l] d e s c r i b e  a compiler-compiler system i n c o r p o r a t i n g  

a macro-language f o r  t h e  d e s c r i p t i o n  of code t o  be generated;  

t h i s  a r t i c l e  emphasizes t h e  problems of code g e n e r a t i o n  and 

d e s c r i b e s  a number of simple code op t imiza t ions .  C f .  a l s o  

Bolduc e t  a l .  [l] and L in  Chang and Marks [l, 21. Barne t t  
and F u t r e l l e  [l] d e s c r i b e  a syntax ana lyze r  and i t s  inpu t  

metalanguage. Burkhardt [l] p r e s e n t s  a b r i e f  summary o f  

some of t h e  e a r l y  compiler-compiler systems.  

One of  t h e  most important  t a s k s  of a compiler  i s  t o  pro- 
v i d e  e r r o r  d i a g n o s t i c s  t o  a p r o g r m e r  a t tempt ing  t o  u s e  a 
g iven  sourc  e  language . Unf o r t u n a t e l y ,  t h e  important  problem 

of adapt ing  t h e  v a r i o u s  syntax a n a l y s i s  methods a v a i l a b l e  t o  

u s  s o  t h a t  t hey  a l s o  s e r v e  t h i s  end e f f e c t i v e l y  i s  one t h a t  

i s  ha rd ly  d i scussed  i n  t h e  publ i shed  l i t e r a t u r e .  We may, i n  

a t t empt ing  t o  e l u c i d a t e  t h i s  po in t ,  b e g i n  by observing t h a t  

d i a g n o s t i c  messages may be s e p a r a t  ed i n t o  two approximate 

c l a s s e s ,  accord ing  t o  t h e  type  of e r r o r  which they  record:  

s y n t a c t i c  dYa9;no'stics, which n o t e  t h e  i l l - formedness  of pro- 

gram elements,  t h e  i n c o n s i s t e n t  u s e  of d e c l a r a t i o n s ,  e t c . ,  

and which t r y  t o  pin-point  t h e  p a r t i c u l a r  s t a t emen t s  o r  

s ta tement  fragments r e s p o n s i b l e  f o r  t h e  occurrence o f  an 

e r r o r ,  and s j9nant . i~  $iaghost'i 'cs, which n o t e  e r r o r s  i n  pro- 

gram f low of a s o r t  t h a t  can  most e a s i l y  be  d e t e c t e d  by t h e  

f low a n a l y s i s  s e c t i o n  oP a code op t imize r  ( s e e  below, chap te r  



on code o p t i m i z a t i o n ) .  In  t h e  p r e s e n t  pa ragraphs ,  we s h a l l  

o n l y  d i s c u s s  e r r o r  d i a g n o s t i c s  of t h e  f irst  t ype .  

I n  r e g a r d  t o  d i a g n o s t i c s ,  a compi le r  ought  t o  a i m  d u r i n g  

i t s  syn t ax  a n a l y s i s  p a s s  t o  produce as many va1i.d d i a g n o s t i c s  
. . , .  . 

a s  pos s ib l e ;  t h i s  w i l l  a l l ow  a programmer t o  p r s ceed  a t  maxi- 

mum r a t e  t o  complete t h e  s y n t a c t i c  debugging of  h i s  program. 

This  aim i n d i c a t e s  t h e  u s e  o f  one o r  ano the r  scheme f o r  re- 

cover ing  e f f i c i e n t l y  f rm  t h e  e f f e c t s  of a s i n g l e  e r r o r  so  

a s  t o  a l l ow  compi la t ion  and t h e  d e t e c t i o n  o f  a d d i t i o n a l  e r -  

r o r s  t o  proceed (Note t h a t  t h e  occur rence  of  a s i n g l e  e r r o r  

of a deg ree  of s e v e r i t y  s u f f i c i e n t  t o  p r e c l u d e  e x e c u t i o n  can  

be  used t o  s e t  a n  i n t e r n a 1  sw i t ch  i n  t h e  compi ler  ma in t a in -  

i ng  syn tax  a n a l y s i s  and d e c l a r a t i o n  a n a l y s i s  b u t  t u r n i n g  o f f  
code g e n e r a t i o n  t o  g a i n  speed.  ) The main f e a t u r e  of pro-  

gramming languages  which f a c i l i t a t e s  p a r t i a l  e r r o r  r e cove ry  

i s  t h e  a lmos t  u n i v e r s a l  d e f i n i t i o n  of  a eprogram> as a s i n g l e  

l i s t  of < sen t ences>  s e p a r a t e d  by e a s i l y  d i s t i n g u i s h e d  end- 
of gsen tence  marks. Th i s  a l l o w s  a compi le r  t o  con t i nue  p a s t  

a n  e r r o r  by i s s u i n g  any d i a g n o s t i c  r e l e v a n t  t o  a s i n g l e  sen- 

t e n c e  and t h e n  by sk ipp ing  t o  t h e  next  beginning-of-sentence  
p o i n t  where t h e  syn t ax  a n a l y s i s  p roce s s  i s  r e s t a r t e d .  To i n -  

d i c a t e  t h e  p robab le  approximate  l o c a t i o n  of t h e  e r r o r  i n  any 

s en t ence  i n  which a n  e r r o r  i s  d e t e c t e d  t h e  compi ler  may 

underscore  t h e  e r roneous  s en t ence  up t o  t h e  l a s t  p o i n t  t o  

which t h e  syn tax  a n a l y s i s  p roce s s  i s  s u c c e s s f u l ;  depending on 

t h e  p a r s i n g  method used,  t h i s  would be t h e  f i r s t  p o i n t  a t  

which a n  i l l e g a l  precedence  c o n d i t i o n  was d e t e c t e d  i n  a 

g e n e r a l i z e d  precedence  pa rse ,  t h e  f i r s t  p o i n t  a t  which a n  

i r r e d u c i b l e  c o n t e x t  p a t t e r n  was d e t e c t e d  i n  a bounded con- 

t e x t  pa r se ,  and t h e  token  marking ghe end of t h e  l o n g e s t  i n -  
pu t  s t r i n g  which could  form t h e  i n i t i a l  p o r t i o n  of a s en t ence  

i n  a top-down p a r s e .  A non-backup top-down p a r s e r  o f  t h e  

s o r t  d e s c r i b e d  i n  Chapter  I1 w i l l  normally be  a b l e  t o  a s s o c i -  

a t e  a nece s sa ry  s y n t a c t i c  goa l  and a n  u n a t t a i n a b l e  s y n t a c t i c  

subgoal  w i th  any e r r o r  cond i t i on ;  p r i n t i n g  o u t  t h i s  Snfor-  



mat ion  as p a r t  of t h e  a s soc  i a t e d  d i a g n o s t i c  w i l l .  g e n e r a l l y  

a i d  t h e  sou rce  language programmer. 

P a r s e r s  w i t h  more s o p h i s t i c a t e d  i d a g n o s t i c  aims may a t -  
tempt t o  guess  c o r r e c t i o n s  f o r  e r r o r s  occu r r ing  w i t h i n  

s en t ences  t o  be  p a r  sed; c o r r e c t  o r  approximately  c o r r  e c t  
guesses  w i l l  a l l o w  o t h e r  e r r o r s  occu r r ing  i n  t h e  same sen- 

t e n c e  t o  be diagnosed.  The guess ing  a l g o r i t h m  can u s e  
some uniform h e u r i s t i c  o r  rnay be des igned more i r r egu laza ly  

t o  embody empi r i ca l  expe r i ence  of t h e  l i k e l i h o o d  o f  e r r o r s  

of v a r i o u s  c l a s s e s .  It i s  t o  be noted, however, t h a t  over-  

i n s i s t e n t  a t t e m p t s  t o  gues s  e r r o r  c o r r e c t i o n s  may r e s u l t  i n  

t h e  p roduc t ion  of voluminous and confus ing  spu r ious  d i a -  

g n o s t i c s  accoun tab l e  r a t h e r  t o  t h e  c o r r e c t i o n  guess ing  

mechanism t h a n  t o  t h e  programmer which it i s  a t t emp t ing  t o  
a i d .  

I r o n s  C31 d e s c r i b e s  a n  i n t e r e s t i n g  . h e u r i s t i c  f o r  a t t empted  

d i a g n o s t i c  e r r o r - c o r r e c t i o n .  Inaa  bottom-up p a r s e ,  one be- 
g i n s  by condensing as many s y n t a c t i c a l l y  unambiguous sub- 

s t r i n g s  of t h e  i n p u t  a s  p o s s i b l e  i n t o  s i n g l e  s y n t a c t i c  e l e -  

ments, t he reby  producing a  maximally condensed i n p u t  s t r i n g  

a .  If t h i s  norma1 pa r s ing  procedure  f a i l s  t o  g i v e  a com- 
p l e t e  parse ,  L e . ,  f a i l s  t o  condense an  e n t i r e  i n p u t  sen- 
t e n c e  i n t o  a s i n g l e  symbol, one examines a, s ea rch ing  f o r  
a po in t  a t  which t h e  i n t e r p o l a t i o n  of  a n  a p p r o p r i a t e  syn= 

t a c t i c  element w i l l  a l l o w  t h e  condensat ion i n t o  a s i n g l e  

element of two o r  more symbols p r e s e n t  i n  a. I f  none such 

e x i s t s ,  t h a t  element o f  a which r e p r e s e n t s  t h e  s h o r t e s t  

s u b s t r i n g  of t h e  o r i g i n a l  i npu t  s t r i n g  i s  d e l e t e d ,  and t h e  

p rocess  r e p e a t s ,  Note t h a t  s i n c e  succes s ive  i t e r a t i o n s  of 

t h i s  p rocess  n e c e s s a r i l y  produce s u c c e s s i v e l y  shor tened  in -  

t e rmed ia t e  s t r i n g s  a ,  I r o n s  ' a lgo r i t hm i s  convergen te  

I r o n s '  i d e a  rnay be adap ted  f o r  u s e  by a  top-down p a r s e r  

as fo l l ows .  To t h e  l onges t  i n i t i a l  s u b s t r i n g  o of a  sen- 

t ence  t o  be  parsed  we a s s o c i a t e  t h e  most gene ra i  goa l  i' 

which t h e  p a r s e r  a t t e m p t s  t o  f i l l  (unsucces s fu l l y ,  of cou r se )  



a f t e r  scann ing  t h e  l a s t  c h a r a c t e r  o f  a. If t h e  remaining 

p o r t i o n  of t h e  s en t ence  c o n t a i n s  any t oken  A r h i c h  cou ld  

form a v a l i d  f i r s t  c h a r a c t e r  of a s y n t a c t i c  e lement  of t y p e  

T, we drop o u t  a l 1  e lements  o f  t h e  s en t ence  between t h e  
end o r  a and t h e  f i rs t  such c h a r a c t e r  A .  I n  t h e  con- 
t r a r y  ca se ,  we i n t e r p o l a t e  some c h a r a c t e r  v a l i d  as  t h e  

f i r s t  t oken  of a s y n t a c t i c  element of  t y p e  r. I n  e i t h e r  
case ,  t k e  o p e r a t i o n  of t h e  p a r s i n g - e r r o r  c o r r e c t i o n  a l g o r -  

i t h m  c o n t i n u e s .  
The v e r y  i n t e r e s t i n g  paper o f  Freeman [l] d e s c r i b e s  a 

s e t  of pragmatic e r r o r  c o r r e c t i o n  t e chn iques  which have 
been used s u c c e s s f u l l y  i n  a student-problem compi ler  a t  

. . 

Corne l l  . The t echniques  used  i n c l u d e  t h e  fo l l owing  : il- 

l e g a 1  punches a r e  conver ted  t o  a  s t anda rd  " e r r o r n  charac -  
t e r ,  s e r v i n g  as a f l ag  t o  a subsequent  " c o r r e c t  m i s p e l l i n g s "  

s u b r o u t i n e .  Th i s  s u b r o u t i n e  i n c o r p o r a t e s  a  number of  so- 

p h i s t i c a t e d  e r r o r - c o r r e c t i o n  gues s ing  t e chn lques ,  based on 
t h e  comparison of  a  word i n  which a m i s s p e l l i n g  i s  su spec t ed  
t o  a  l i s t  o f  words l i k e l y  t o  occur  i n  i t s  p l ace ;  b a s i c  i n -  

f o n a t i o n  ob t a ined  from such  comparisoris i s  supplemented by 

s t a t i s t i c a 1  i n f  ormat ion concern ing  common keypunc h  e r r o r  s, 
and s t a t i s t i c s  on t h e  usage o f  p a r t i c u l a r  words w i t h i n  t h e  
program being compiled. S y n t a c t i c a l  c o n f l i c t s  i n  r e p e a t e d  
u se s  of  a s i n g l e  word a r e  t r e a t e d  a s  m i s s p e l l i n g s  by adding 
a nomina1 " i l l e g a 1  punch" c h a r a c t e r  t o  words used i n  con- 
f l i c t i n g  f a s h i o n .  An a t t emp t  i s  made t o ' b r e a k  up words m i s -  

s p e l l e d  by t h e  omiss ion of  a b lank  s e p a r a t o r  i n t o  t h e i r  
component p a r t  S .  

The s u b s c r i p t  1 o r  t h e  s u b s c r i p t  p a i r  1,l i s  au tomat i -  
c a l l y  a t t a c h e d  t o  a n  a r r a y  name e r roneous ly  usecl wi thou t  
s u b s c r i p t s ;  a v a r i a b l e  no t  d e c l a r e d  as a n  a r r a y  b u t  r e -  
p e a t e d l y  used as  a n  a r r a y  i s  checked f o r  near-agreement i n  

s p e l l i n g  w i t h  a d e c l a r e d  a r r a y ,  and, u s i n g  t h i s  in fo rmat ion ,  

a d e c i s i o n  i s  made t o  t r e a t  t h e  v a r i a b l e  as a n  a r r a y  o r  n o t .  

If t h e  v a r i a b l e  i s  not  c l a s s i f i e d  as a n  a r r a y ,  e x p r e s s i o n s  
juxtaposed t o  i t  i n  p a r e n t h e s e s  a r e  t r e a t e d  a s  lmpl ied  
mult  i p l i c a t i o n s  . Missing operands  i n  a r i t h m e t i c  e x p r e s s i o n s  
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a r e  suppl ied  as 9". Redundancy i n  t h e  s ta tement  forms o f  

t h e  language i s  used when a v a i l a b i e ,  t o  supply missing 
- - 

p a r t s  of s t a t emen t s .  Missing o r  mispiaced l a b e l s  a re  sup- 
p l i e d  by search ing  nearby s t a t emen t s  and o t  her  r e l e v a n t  

con tex t  f o r  l a b e l s ;  m i s s p e l l i n g  c o r r e c  t i o n  f o r  l a b e l s  i s  

guided by t h e  occurrence o f  n e a r l y  matching words i n  syn- 
t a c t i c  s e t t i n g s  implying t h o s e  words t o  be l a b e l s .  

S imi l a r ly ,  m i s s p e l l i n g  c o r r e c t i o n  f o r  v a r i a b l e  names may 

b e  guided by t h e  occurrence of n e a r l y  matching p a i r s  of 
words on t h e  r i g h t  and l e f t  s i d e s  of assignment s t a t emen t s .  

The sys t em desc r ibed  by Freeman a l s o  prov ides  a number 
of execution-t ime debugging a i d s ,  i nc lud ing  a  cumulat ive  

s t a t  ements-executed count ,  a n  i nd iv idua1  l a b e l e d - s t a t  ement- 
executed count,  a r i t h m e t i c  t r a p  messages, a  check on il- 
l e g a 1  and excess ive  a r r a y  ind i ces ,  and a check on i l l e g a l  

r e p i t i o n  and branch c o n d i t i o n s .  For o t h e r  d i s c u s s i o n s  of 
t h e  c o r r e c t i o n  of s p e l l i n g  e r r o r s ,  s e e  B l a i r  1'11 and 
Damerau [l]. 

An amusing and in format ive  d i s c u s s i o n  of va r  i o u s  g e n e r a l  
i s s u e s  which t h e  d i a g n o s t i c  s e c t i o n  of a  compiler  must 

face ,  t oge the r  with a more g e n e r a l  d i s c u s s i o n  o f  t h e  prag-  
mat ic  i s s u e s  a r i s i n g  i n  compiler  s p e c i f i c a t i o n ,  i s  found 

i n  Hartman and Owens [l]. 
A s u c c e s s f u l  coun te rpa r t  t o  t h e  Backus formalism f o r  

syntax d e s c r i p t i o n  has y e t  t o  be found f o r  t h e  d e s c r i p t i o n  
of programming language semantics; consequent ly  t h e  work 

on code, g e n e r a t i o n  has  f o r  t h e  most p a r t  been' ad hoc and -- 
non-systematic. 

A number of papers  d i s c u s s  v a r i o u s  problems connected 
w i t h  t a r g e t  code s t y l e  i n  FORTRAN, ALGOL, and o t h e r  l an -  
guages. Ingerman makessome cornments on t a r g e t  code 

s t y l e  a p p l i c a b l e  t o  sub rou t ine  l i nkages  i n  ALGOL. I rons -  
F e u e r z e i g  [l] d i s c u s s  t h e  same ques t ion  i n  s l i g h t l y  

g r e a t e r ,  g e n e r a l i t y  . 
Warshall [l] d e s c r i b e s ,  i n  broad o u t l i n e ,  a code gen- 
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e r a t o r  system which a c c e p t s  as i t s  i n p u t  a s t a n d a r d i z e d  

a n a l y s i s  t r e e  produced by a syn tax  ana lyzer ,  and which 
y i e l d s  ass embly-language o r  machine-language code as it s 
ou tpu t  The system i n c o r ~ o r a t e s  a language f o r  d e s c r i b i n g  
t r e e - t r a v e r s a 1  and c o n d i t  i o n a l  code-genera t ion  a c t  ions ,  

. . 
code g e n e r a t i o n  be ing  c o n t r o l l e d  by a s e t  o f  t a b l e s  des -  

c r i b i n g  r e g i s t e r s  i n  t h e  machine t o  be  compileci f o r ,  t h e  

sequences o f  o p e r a t i o n s  a v a i l a b l e  f o r  a f f e c t i n g  v a r i o u s  
b a s i c  o p e r a t i o n s ,  and t h e  c o s t  i n  t i m e  of  execu t i ng  t h e s e  

o p e r a t i o n  sequences  . Var ious  l o c a l  o p t i m i z a t i o n s  ( r e g i s t e r  

s e l e c t i o n ,  e t c . )  a r e  i nco rpo ra t ed  i n  t h i s  system on a gen- 
e r a 1  b a s i s ;  a d d i t i o n a l ,  e s s e n t i a l l y  a r b i t r a r y ,  s u b r o u t i n e s  
may be  c a l l e d  from w i t h i n  t h e  system. 

Because of t h e  e f f e c t i v e n e s s  o f  t h e  Backus formalism, 
t h e r e  have been many a t t e m p t s  t o  f i nd  s i m i l a r l y  e f f  e c t i v e  
mechanisms f o r  t h e  s p e c i f i c a t i o n  of programmini l anguages .  

Th i s  e f f o r t ,  s t i l l  r e l a t  i v e l y  unsucces s fu l  and not  even 
f u l l y  focused,  aims a t  two r e l a t e d  g o a l s .  

1 )  To f i n d  a metalanguage i n  which elemerits of  l a n -  
guage which a r e  syn tax  r e l a t  ed b u t  no t  e n t  i r e l y  syn t ac  t i c  
a s ,  f o r  example, c o n d i t i o n s  of  c o n s i s t e n c y  i n  t h e  u se  of 
d e f i n i t i o n s ,  may be  c o n c i s e l y  expressed .  

2 )  To f i n d  a  language i n  which t h e  meanirig o f  programs, 
L e . ,  t h e  r u l e s  d e f i n i n g  t h e  e f f e c t  of  execu t ing  a v a l i d  

program, can  be c o n c i s e l y  expressed . 
. . 

One may i n t e r p r e t  each o f  t h e s e  e i t h e r  i n  a s t r o n g  o r  

i n  a  weak sense ,  L e . ,  e i t h e r  i n  t h e  s t r o r g  serise o f  pro-  
c e d u r a l  s p e c i f i c a t i o n ,  o r  i n  a weaker non-procedura1 s ense .  

Thus, f o r  example, g o a l  2 )  c an  be  a t t a i n e d  i n  i t s  s t r o n g  
s ense  on ly  by p rov id ing  ( i n  some more ffbas;cff language)  a 
d e f i n i t i v e  program i n t e r p r e t e r  which i s  a t  once  c o n c i s e  
enough t o  be l o g i c a l l y  t r a n s p a r e n t  and s p e c i f i c  enough t o  
be  mechan ica l ly  t r a n s f  ormable i n t o  a n  acceptabl -y  e f f  i c i e n t  
execu t ab l e  i n t e r p r e t e r .  On t h e  o t h e r  hand, g o a l  2 )  i s  a t -  
t a i n e d  i n  i t s  weak s ense  i f  a program i n t e r p r e t e r  i s  p r e -  



c i s e l y  de f ined  i n  a "bas i cm language o f  mathemat icai ly  un- 

ambiguous meaning bu t  w i t h  t h e  u se  of d i c t i o n s  whose t r a n s -  

format ion i n t o  a lgo r i t hms  rnay be unsp&i f i ed  o r  whose a l -  
gor i thmic  r e p r e s e n t a t i o n  rnay be c a t a s t r o p h i c a l l y  i n e f f i c i e n t .  

The v a l u e  of such a s p e c i f i c a t i o n  l i e s  i n  t h e  f a c t  t h a t  i t  

can  provide  a  c o n c i s e  and a u t h o r i t a t i v e  d e f i n i t i o n  of t h e  

in tended meaning of programs w r i t t e n  i n  a language of in- 
. . 

t e r e s t ;  would-be a u t h o r s  of compi le rs  f o r  t h e  language w i l l  

t hen  have a n  a u t h o r i t a t i v e  document a g a i n s t  which t h e  cor-  

r e c t n e s s  of t h e i r  d e t a i l e d  s p e c i f  i c a t  i o n s  can be checked, 

and one rnay even imagine t h a t  mechanical  proof -a lgor i thms 

could be used t o  v e r i f y  t h a t  compiler  produced code neces- 

s a r i l y  d i d  have t h e  e f f e c t  r e q u i r e d  by t h e  conc ise  spec i -  
f i c a t i o n  o f  program meaning f o r  t h e  language being compi'-ed. 

Na tu ra l ly  enough, t h e  f a r t h e r  we r e t r e a t  from t h e  s t r o n g  
g o a l  of' providing s p e c i f  i c a t i o n s  which a r e  bo th  p r e c i s e  and 

a lgo r i t hmic  , t h e  more conc iseness  and l o g i c a 1  t r anspa rency  
become of prime significante. Among t h e  p r e c i s e  forma1 

languages c o n t r  Ibu ted  t o  u s  by mathematics, t h e  language 

of s e t s  and func t ions ,  i n  i t s  v a r i o u s  ve r s ions ,  i s  d i s -  

t i ngu i shed  f o r  g e n e r a l i t y  and power, and i t  i s  no s u r p r i s e  

t o  f i n d  a s p e c t s  of t h i s  language incorporateci  i n  v a r i o u s  

schemes proposed f o r  weak-sense semantic s p e c i f  i c a t i o n .  

Let u s  n o t e  t h a t  t h e  s e t - t h e o r e t i c a l  language i n c o r p o r a t e s  

elements going i n  v a r i o u s  degrees  beyond t h o s e  belonging 

t o  languages in tended f o r  a c t u a l  compi la t ion  o r  i n t e r p r e t a -  

t i on :  Among t h e  f a c i l i t i e s  so provided we rnay note:  

1) s e t s  A t o  which elements rnay f r e e l y  be added and whose 
aunions and i n t e r s e c t i o n s  rnay r e a d i l y  be formed; 

2 )  f u n c t i o n s  f de f ined  by s e t s  of o rdered  p a i r s  o r  n - tup les  

and t h e  a b i l i t y  t o  form such s e t s  a s  ' {x lf ( x ) E A ) ,  whose 

s p e c i f  i c  a lgo r i t hmic  cons t ruc  t i o n  rnay imply very  exten- 
s i v e  c a l c u l a t i o n ;  

3 )  p r e d i c a t e s  P of s eve ra1  v a r i a b l e s  i n  terms of  which pro- 

s i b l y  implying very ex t ens ive  c a i c u l a t i o n s ,  rnay be f ormed; 



4 )  "unspec i f  i e d  s e a r c h n  o r  "an elmment whichw c o n s t r u c t i o n s  

such  as ( i x ) P ( x )  whfch rnay imply e x t e n s i v e  s ea r ches ;  

5)  se t - f rom-set  cons t r ' u c t i ons ,  l i k e  t he '  power; S'et  L- o r  "set o f  

a l 1  s u b s e t  s c o n s t r u c  t i o n ,  .which imply imprax t i c a l l y  
enormous expansions  of o r i g i n a l  d a t a  sets; 

6 )  f r e e  u s e  of  r e c u r s i o n  and  o t h e r  powerful  a u x i l i a r y  mathe- 
m a t  i c a l  de f  i n i t i o n  methods . 
The v a l u e  o f  u s i n g  a powerful  a l b e i t  non-implementable 

mathemat i c a l  language f o r  t h e  d e f i n i t i o n  of language seman- 

t i c s  i s  noted  by McCarthy [l] who d i s c u s s e s  w i t h  r e l a t i v e  

c l a r i t y  t h e  i s s u e s  invo lved  i n  such  a n  e f f o r t ;  e. a l s o  

Landin [.l] f o r  r e l a t e d  d i s c u s s i o n .  McCarthy p roposes  a 
. . 

scheme i n c o r p o r a t  i ng  r e c u r s i o n  and s t r u c t u r e d  i n t e r -node  

r e f e r e n c e  i n  t r e e - l i k e  d a t a  bod i e s  as a mathemat ica l  b a s i s  
f o r  semant ic  d e f i n i t i o n ,  and emphasizes t h e  f a c t  t h a t  t h e  
semant ic  s p e c i f i c a t i o n  problem may b e  i s o l a t e d  from ir- 

. . 

r e l e v a n t  s y n t a c t i c  d e t a i l  by t a k i n g  programs t o  be  g i v e n  i n  

a s y n t a c t i c a l l y  p reana lyzed  t r e e  form. An a p p l i c a t i o n  of  

t h e s e  i d e a s  t o  a smal l  s u b s e t  o f  ALGOL i s  g i v e n  i n  McCarthy 
C23. McCarthyfs p roposa l  ha s  subsequent lybbeen developed 

by workers  a t  t h e  IBM Vienna Research Labora to ry  and a p p l i e d  
t o  d e f i n e  t h e  semant ics  of t h e  PL/1 programming language, c f .  
Lucas, Lauer,  S t i g l e i t n e r  [l], and Bandat [l] f o r  a b r i e f  
summary of  t h i s  work. 

Many papers  have been w r i t t e n  on d e t a i l s  o f  i n t e r n a 1  
compi ler  o r g a n i z s t  i o n e  Severa1  of t h e s e  dea1  w i t h  v a r i o u s  
a s p e c t s  of symbol t a b l e  hand l ing .  Batson [l] d e s c r i b e s  a 
l i n e a r  symbol t a b l e  o r g a n i z a t  i o n  f o r  ALGOL; Sadmine and 
Weinberg [l] and Kanner e t  a l .  [l] d e s c r i b e  t r e e - s t r u c t u r e d  
d i c t  i o n a r i e s  . D e s c r i p t  i o n  of  l i s t i n g  t e chn iques  are  g i v e n  
i n  Buchholz [l] and Morr i s  [l]. 

The hand l ing  of  p rocedures  i n  ALGOL i s  d i s c u s s e d  i n  



Ingerman [4 ] .  I r o n s  a'nd Feuerzeig' [l] d i s c u s s  t h e  mechan- 
isms r e q u i r e d  t o  had le  r e c u r s i v e  procedures  and block 
s t r u c t u r e s .  

S to rage  rnapping a lgo r i t hms  and t h e  handl ing  of u se r -  
def ined  d a t a  s t r u c t u r e s  i s  ano the r  a r e a  w i t h  a l a r g e  l i t e r a -  
t u r e .  S a t t l e y  [l) d i s c u s s e s  t h e  handing of  dynamic a r r a y s  
i n  ALGOL' 60, and in t roduces  t h e  not  i o n  of dope v e c t o r s .  

Arden [l] and G a l l e r  and F i s h e r  [l] g i v e  a lgo r i t hms  f o r  r e -  
so lv ing  equivalence d e c l a r a t  i ons .  

The i n c o r p o r a t i o n  o f  macro-def i n i t i o n  f e a t u r e s  i n t  o  com- 
p i l e ~  languages t o  permit  t h e  ex t ens ion  o f  such languages ,  

a s  w e l l  a s  t h e  more g e n e r a i  problem of a l lowing  ianguage 

e x t  e n s i b i l i t y  through t h e  def i n i t  i o n  of new d a t a  types ,  

s y n t a c t i c  forms, e t c .  i s  a n  i n t e r e s t i n g  problem which has  
been t h e  s u b j e c t  of a number of  papers .  

Two p r i n c i p a l  i s s u e s  which must be faced  i n  des ign ing  a 
scheme f o r  macro ex t ens ion  o f  source  languages: 

1 )  To what e x t e n t  s h a l l  t h e  macro processor  i n t e r a c t  w i th  
t h e  source  language compiler?  

2 )  What range  of a p p l i c a t i o n  1s t h e  macro f e a t u r e  in tended 
t o  cover?  

I n  r ega rd  t o  l) ,  w e  may no te  that  a spectrum of p o s s i b i -  
l i t i e s  e x i s t s .  Macro process ing  may u s e  t h e  tokens  of t h e  
language t o  be compiled ( L e . ,  u s e  t h e  l e x i c a l  scan  r o u t i n e  
of t h e  compiler  wi th  which it i s  a s s o c i a t e d )  bu t  o the rwi se  
b e  f u l l y  independent of  t h e  syntax a n a l y s i s .  I n  t h i s  simp- 
l e s t  case ,  macro process ing  w i l l  be confined t o  a pass  p re -  
ceding t h e  beginning of t h e  t r a n s l a t i o n  process  proper;  t h e  
macro processor  w i l l  tliansform a n  i n i t i a l  token  s t r i n g  i n t o  
a n  expanded s t r i n g  of  e s s e n t i a l l y  s i m i l a r  tokens .  It i s  

p o s s i b l e  t o  u se  a  macro processor  of  any one of s eve ra1  de- 
g r e e s  of complexity f o r  t h i s  purpose, beginning w i t h  a 
simple key word expander b u i l t  d i ~ e c t l y  i n t o  t h e  l e x i c a l  

ana lyze r ,  rang ing  through a  macro expander o f  e s sen t  i a l l y  
t h e  same type  bu t  i nc  lud ing  parameter -subst  i t u t i o n  f ea- 



ture, up t o  t h e  u s e ,  o f  a gene ra1  r e c u r s i v ~ e m a c r o  t r a n s -  

f o rma t ion  scheme l i k e  t h a t  d e s c r i b e d  by S t r achey  [l]. For  
s t i l i  g r e a t e r  g e n e r a l i t y  i n  macro p rocess ing ,  a s p e c i a l i z e d  
s t r  i n g  p roce s s ing  language w i t h  e l a b o r a t e  p a t t e r n - r e c o g n i t i o n  
f e a t u r e s  may be  employed (SNOBOL, d i s c u s s e d  l a t e r  i n  t h e  p r e -  

s e n t  work, i s  a , g o o d  example of t h i s  s o r t  of  t h i n g ) .  S t i l l  

g r e a t e r  g e n e r a l i t y  i n  t h i s  d i r e c t i o n  would be a t t a i n e d  by 
u s i n g  a syn tax  p re -ana lyzer  t o  t r an s fo rm  t h e  i n p u t  s t r i n g  

i n t o  a  t r e e  and by coup l ing  t h e  syn tax  a n a l y z e r  t o  a  r e -  

c u r s i v e  t r e e  p roce s so r  ( l i k e  LISP) a b l e  t o  e f f e c t  ext remely  
gene ra1  r e c u r s i v e  t r a n s f  ormat i o n s  of t r e e s  recogn ized  . The 

advan tage  of such schemes i s  t h a t  t hey  ape  t r a n s p a r e n t  and 
no more d l r f i c u l t  t o  u s e  t h a n  t h e  s t r i n g  and l i s t  p roces -  

s o r s  which t h e y  i n c o r p o r a t e .  T h e i r  d i s advan t age  i s  t h a t  

t h e y  cannot  make u s e  o f  any o f  t h e  infomnat ion g a t h e r e d  by 
t h e  c,ompiler w i t h  which t hey  a r e  a s s o c i a t e d  u n l e s s  t h e  pro-  

grammer u s i n g  them r e - s p e c i f i e s  much of t h e  syn t ax  ana ly -  
s i s  which i s  t o  f o l l ow .  For t h i s  r eason ,  schemes a l l owing  
more i n t e r a c t i o n  between a macro expander and. ari a s s o c i a t e d  

compi ler  have been proposed.  I n  such a scheme, t h e  cou r se  
of  macro expansion may i n  p a r t  be  determined by i n fo rma t ion  
found by t h e  compi ler ,  a s  f o r  example t h e  s y n t a c t i c  r o l e  
p layed i n  a  g i v e n  s e n t e n c e  by p a r t i c u l a r  i n p u t  tokens ,  t h e  
a t t r i b u t e s  a s s i gned  i n  t h e  c o u r s e  of  comp i l a t i on  t o  i n p u t  
tokens ,  e t c .  Such schemes must, however, f a c e  d i f f  i c u l t i e s  
which a r i s e  from t h e  f a c t  t h a t  t h e  p a r t i c u l a r  s e t  o f  gram- 

m a t i c a l  de f  i n i t i o n s  and t h e  d e t a i l s  of t h e  p a r t i c u l a r  method 
of  s y n t a c t i c  a n a l y s i s  which a compi le r  employs may be  r e -  

l a t i v e ì y  complex and unknown t o  t h e  ave r age  language u s e r .  
Unless a s p e c i a l  e f f o r t  i s  rnade t o  s i m p l i f y  and s t a n d a r d i z e  
bo th  grammar and o r d e r  o f  a n a l y s i s  i n  a  compi le r  c l o s e l y  
a s s o c i a t e d  w i t h  a macro-processar, s o  l a r g e  a mass of  s p e c i a l  
i n fo rma t ion  may be invo lved  i n  a t t e m p t i n g  t o  u s e  t h e  macro- 

p rocessor  a s  t o  make it r a t h e r  d i f f i c u l t  t o  u s e .  If a  
macro expander i s  t o  a c  c e s s  a t t r i b u t e  informat  i o n  ga the r ed  
by a syn tax  a n a l y z e r  w i t h  which it i s  a s s o c i a t e d ,  t h e s e  
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a t t r i b u t e s  must be  mafn ta ined  and re . ferenc .ed  i n  a manner 

common t o  t h e  syn tax  a n a l y s i s  program, t h e  a s s o c i a t e d  macro 

p roce s so r ,  and t h e  us& of  t h e  t o t a l  & t e m ;  t h i s  may i n  

signif ' icant  ways c o n s t r a i n  t h e  o r d e r  i n  which t h e  syn t ax  

a n a l y z e r  e s t a b l i s h e s  a t t r i b u t e s ,  man ipu l a t e s  them, e t c .  

Moreover, if t h e  o u t p u t  o f  t h e  syn tax  a n a l y z e r  i s  semi- 
compiled code r a t h e r  t h a n  s t r i n g s  of  t okens  i n  a form d i f -  

f e r i n g  on ly  s l i g h t l y  :L -v t h e  i n p u t  form o f  t h e s e  tokens ,  

t h e  would-be u s e r  o r  a - i i . ~  -o expander may be  f o r c e d  i n t o  

unp l ea san t  i n t e r a c t i o n  w i t  \ t h e  d e t a i l s  of i n t e r m e d i a t e  

t a rge t - code  s t y l e  employed by t h e  compi le r  w i t h  which t h e  

macro-expander i s  a s soc  i a t  ed .  I n  avo id ing  t h i s  w h i l e  s t i l l  

combining macro-processing w i t h  syn t ax  a n a l y s i s  one might  

be  l e d  t o  t h e  u s e  of a  syn tax  a n a l y z e r  which ( a t  l e a s t  on a 
. . 

s en t ence  by s en t ence  b a s i s )  keeps  ana lyzed  code i n  s t a n d a r d  
t r e e  form conven i en t  f o r  t r a n s f o r m a t i o n  by a r e c u r s i v e  

macro-proc e s s o r  i n c o r p o r a t i n g  convent  i o n s  f o r  t he  d e s c r  i p -  

t i o n  of l o c a l  node t r a n s f o r m a t i o n s  . A l t e r n a t e l y ,  a syn tax  

r e l a t e d  macro p r o c e s s o r  may be  des igned  t o  i n t e r a c t  o n l y  

w i t h  c e r t a i n  p a r t i c u l a r l y  s imple  s u b p a r t s  o f  a  t o t a l  syn tax  

s t r u c t u r e  ( a s  f o r  example a r i t h m e t i c  e x p r e s s i o n s  and a s s i g n -  

ment s t a t e m e n t s )  and t o  be  aimed s p e c i f i c a l l y  a t  some such 

s p e c i a l  problem as  t h e  a d d i t i o n  o f  new d a t a  t y p e s  t o  a n  

e x i s t i n g  language.  

I n  r e g a r d  t o  q u e s t i o n  2 )  above, we may n o t e  t h a t ,  whereas 

macro-processors  used  i n  connec t i on  w i t h  a s s emb le r s  a r e  o f t e n  

used o n l y  t o  d imin i sh  t h e  burden o f  r e p e t i t i o n  t y p i c a l l y  a s -  

s o c i a t e d  w i t h  assembly language coding,  s o p h i s t i c a t e d  macro 

packages c a n  p rov ide  f a r - r e a c h i n g  language t r a n s f o r m a t i o n s  

which adap t  a n  assembby language r a t h e r  w e l l  t o  a  p a r t i c u l a r  
f i e l d  of' a p p l i c a t i o n .  I n  f a c t ,  ~ a l p e r n  [l, 2 , 3 ]  a rgues ,  a l -  
though n o t  e n t i r e l y  conv inc ing ly  t h a t  a su f f  i c i e n t l y  soph i s -  
t i c a t e d  macro p roce s so r  w i l l  make compi le r s  unnecessa ry .  
For a  more modest example o f  what t h e  i n t e l l i g e n t  u s e  of  

macro f a c i l i t i e s  pe rmi t s ,  c f .  Bennet t  and Neumann [l]. A 
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well -des igned sou rce  language w i l l  i t s e l f  b e  adripted t o  

t h e  a p p l i c a t i o n  a r e a  f o r  which i t  i s  in tended,  and i n  i t s  
t y p i c a l  u s e  w i l l  t h e r e f o r e  o f t e n  be i n fo rma t ion - - fu l i  and 

- .  

r a t h e r  u n - r e p e t i t i v e .  T h i s  c i rcumstance  may te i id  t o  re- 

s t r i c t  t h e  a p p l i c a b i l i t y  of  source-language a s s o c i a t e d  
macro-processors .  On t h e  o t h e r  hand; a macro-processor 

w e l l  adap ted  t o  t h e  sou rce  language t o  which it i s  a s s o -  

c i a t e d ,  and r e f l e c t i n g  l i k e l y  d i r e c t i o n s  of ex tens ion ,  may 
be  ve ry  u s e f u l ,  and i n  t h e  b e s t  c a s e  can  a l l o w  t h e  c r e a t i o n  
of what a r e  a lmost  new languagys f o r  s p e c i a l  purposes .  It 

may a l s o  be  no ted  t h a t  s p e c i a l  language f e a t u r e s  (e .&,  t h e  
C O m O N  conven t ion  i n  FoRTRAN) sometimes f o r c e  t h e  r e p e t i t i o n  

of  i nvoca t i ons ,  and t h a t ,  i n  such s i t u a t i o n s ,  even a s imple  

macro-processar rnay be q u i t e  u s e f u l .  ( ~ f .  Hopgood and Be l1  

[l] f o r  - a  s t r a i g h t f o r w a r d  p rac  t i c a l  a p p l i c a t  i o n  o f  such a n  

i d e a .  ) 

McIlroy [l] i s  a n  i n t e r e s t i n g  e a r l y  paper  o n  macro-expan- 
s i o n  of sou rce  l anguages .  McIlroy d e s c r i b e s  a system i n -  

tended f o r  u se  i n  connec t i on  w i t h  sou rce  languages  and re-  

sembling t h a t  cu s tomar i l y  used  w i t h i n  assemble rs ;  t h i s  

system i s  of t h e  s i m p l e s t  t y p e  envisaged above, L e . ,  works 
w i t h  t h e  tokens  of a  sou rce  language bu t  i s  syntax-indepen- 
d e n t .  It i n c o r p o r a t e s  a  s e t  o f  conven t ions  f o r  t h e  s p e c i f i -  
c a t i o n  of compile-time c a l c u l a t i o n s ,  t h e  c o n d i t i o n a l  expan- 
s i o n  o f  macros, r e c u r s i v e  macro-nesting, macro-def i n i t i o n  
ne s t i ng ,  and o t h e r  powerful  f e a t u r e s  a l l owing  f l - e x i b l e  de- 
f i n i t i o n  of new language forms w i t h i n  t h e  con t ex t  of a 
f ixed  s e t  o f  d a t a  t y p e s  . C f .  a l s o  Cohen [l]. Leavenworth 
[l] d e s c r i b e s  a  more r e s t r i c t e d  source-language macro-scheme, 

e s s e n t  i a l l y  p rov id ing  on ly  uncondi t  i o n a l  sou rce  language 
macros . 

Cheatham [l] d e s c r i b e s  s e v e r a 1  p l a u s i b l e  schemes f o r  t h e  
ex t ens ion  of  s o u r c e  languages  by t h e  i n c l u s i o n  of macro 

f e a t u r e s .  H i s  p roposa l s  i n c l u d e  not  on ly  a syntax  indepen- 
dent  macro expander,  b u t  a l s o  a macro-expander, c a l l e d  from 



w i t h i n  t h e  syn tax  a n a l y z e r ,  which u s e s  t h e  s y n t a c t i c  c a t e -  

gory  t o  which a g i v e n  t oken  i s  a s s i g n e d  t o  d e c i d e  whether  

any p a r t i c u l a r  expansion mechanism i s  ' t Ò  b e  a p p l i e d  and t o  

c o n t r o 1  t h e  d e t a i l s  of i t s  a p p i i c a t i o n .  

Leroy  [l] d e s c r i b e s  a macr.0-expander f o r  u s e  i n  connec t i on  

w i t h  programming s o u r c e  l anguages  and a l ì owing  compile-time 

c a l c u l a t i o n s  on a p a r t i c u l a r l y  f l e x i b l e  b a s i s .  I n  t h i s  

scheme, norma1 source- language programs a r e  w r i t t e n ;  b u t  

v a r i a b l e s  o c c u r r i n g  i n  t h e s e  programs may be  d e c l a r e d  as 

symbolic,  and t h e  wexecu t i onn  of a s t a t emen t  c o n t a i n i n g  a 

symbolic v a r i a b l e  c a u s e s  a copy o f  t h i s  s t a tement ,  w i t h  a l 1  

non-symbolic v a r  i a b l e s  r e p l a c e d  by t h e i r  momentary v a l u e s ,  

t o  be  p laced  i n  t h e  macro-expanded o u t p u t  s t r i n g .  Calls o n  

macros, i n  t h e  o r d i n a r y  s ense ,  a r e  r e p l a c e d  i n  t h i s  scheme 

by c a l l s  on s u b r o u t i n e s  c o n t a i n i n g  symbolic v a r i a b l e s .  

G a l l e r  and P e r l i s  [l] go beyond t h e  schemes d e s c r i b e d  by 

McIlroy and Cheatham, and d e s c r i b e  a scheme f o r  t h e  i n t r o -  

d u c t i o n  i n t o  ALGOL o f  new d a t a  t y p e s  and of  new b i n a r y  and 
monadic o p e r a t o r s .  T h e i r  shceme t h u s  be longs  t o  t h e  t h i r d  

genera1  c l a s s  of  macro-extens ion methods d e s c r i b e d  above.  

The I n h e r e n t  s i m p l i c i t y  nece s sa ry  t o  fnake such a scheme 

workable i s  provided by G a l l e r  and P e r l i s  as fo l lows :  

1. The scheme i s  r e s t r i c t e d  t o  t h e  d e f i n i t i o n  of  new 
d e c l a r a t i o n s  s p e c i f y i n g  a d d i t i o n a l  d a t a  t y p e s  w i t h i n  a 

b a s i c  ALGOL, t o  t h e  i n t r o d u c t i o n  o f  new monadic and b i n a r y  

o p e r a t i o n s  f o r  t h e  combinat ion o f  t h e s e  d a t a  t y p e s ,  and t o  

t h e  i n t r o d u c t i o n  of g e n e r a l i z e d  ass ignment  s t a t e m t n e s  by 

means of which t h e  v a l u e s  of s t r u c t u r e d  new d a t a  t y p e s  may 

b e  e s t a b l i s h e d .  
2.  A r i t hme t i c  e x p r e s s i o n s  a r e  assumed t o  be ana lyzed  

by a precedence  method; t h u s  t h e  syn t ac  t i c  problem invo lved  

i n  i n t r o d u c i n g  a new o p e r a t o r  r e d u c e s  t o  t h a t  o f  d e f i n i n g  

t h e  precedence  of t h e  new o p e r a t o r  r e l a t i v e  t o  ppev ious ly  

def  i ned  o p e r a t o r  S .  The syn tax  of ass ignment  s t a t  ements i s ,  

of course ,  e v i d e n t .  



3. New d a t a  t y p e s  a r e  d e f i n e d  by r e c u r s i v e  a p p l i c a t i o n  

of  t h e  b a s i c  data-strutture format ion  mechanism of  ALGOL, 

L e . ,  as a r r a y s  o f  a r r a y s  of  a r r a y s  o f  ... t o  any d e s i r e d  

depth,  t h e  r e l e v a n t  d imensions  be ing  s p e c i f  i e d  i n  s t r a i g h t -  
. . 

forward fash , ion  as macro pa ramete r s .  Thus, one  may w r i t e  
such def  i n i t i o n s  as. eopplex a' tneans' p r r a y  a [l: 21;' tnàtr ' ix 

a ( n )  means a r r a y  a(1:  n, l: n ) .  These b a s i c  d e f i n i t i o n s  

would t h e n  a l l o w  t h e  s t r a i g h t f o r w a r d  i n t e r p r e t a . t i o n  o f '  com- - 
pl'ex' tna' trix a ( n )  a s  apra2 a ( l : n ,  l :n ,  1: 2 ) .  

4 .  The semant ics  o f  new newly i n t roduced  o p e r a t i o n s  and 

o f  o ld  o p e r a t o r s  i n  t h e i r  a p p l i c a t i o n  t o  newly i n t roduced  

d a t a  t y p e s  i s  d e f i n e d  by s p e c i f y i n g  f o r  each o p e r a t o r  and 

a l1  i t s  p o s s i b l e  operand t y p e s  a n  e v a l u a t i o n  r o u t i n e .  Th i s  

e v a l u a t i o n  r o u t i n e  may depend bo th  on t h e  o p e r a t i o n  and on 

t h e  d a t a  t y p e  of i t s  operands;  occur rence  i- sou rce  t e x t  o f  

a n  opera-tor w i t h  i t s  operands  w i l l  l e a d  t o  t h e  : i n t e r p o l a t i o n  

a s  a n  open sub rou t i ne ,  o f  t h e  cor responding  e v a l u a t i o n  pro-  

cedure .  If t h e  s u b s t i t u t  ed t e x t  s t i l l  c o n t a i n s  a l g e b r a i c  

e x p r e s s i o n s  r e q u i r i n g  expansion,  t h e s e  e x p r e s s i o n  w i ì i  i n  
t u r n  be  r e p l a c e d  by e v a l u a t i o n  procedures ,  and so  on u n t i 1  

a n  open subprogram f r e e  o f  exp re s s ions  r e q u i r i n g  macro- 

expansion i s  ob t a ined .  The semant ics  of  a n  a s s : l gmen t  

s t a tement ,  i n  i t s  a p p l i c a t i o n  t o  nonstandard  d a t a  t ypes ,  
i s  handled s i m i l a r l y ;  t h e  meaning os  such a n  ass ignment  

s t a t emen t  i s  d e f i n e d  by s p e c i f y i n g  a program t e x t  t o  be 

s u b s t i t u t e d  f o r  t h e  ass ignment  a t  each of  i t s  occu r r ences .  

G a l l e r  and P e r l i s  g i v e  a number of i n k e s t i n g  exarnples 

of t h e  u s e  of  t h i s  scheme, t o g e t h e r  w i t h  a f a i r l y  d e t a i l e d  

account  of t h e  manner i n  which it can be implemented. 

The c e n t r a 1  f e a t u r e  of t h e  compiler-compiler  languages  

de sc r i bed  above i s  t h e  p r e sence  of a method o f  s p e c i f y i n g  

syn tax  p a t t e r n s ,  t o g e t h e r  w i t h  a program f o r  p roce s s ing  
. . 

t h e s e  p a t t e r n s  . The semant ics  s p e c i f i c a t i o n  p o r t i o n  of  

t h e s e  sys tems i s  u s u a l l y  poor ly  developed; f r e q u e n t l y  a l1  

t h a t  i s  p r e s e n t  i s  a mechanism f o r  c a l l i n g  s u b r o u t i n e s  
w r i t t e n  i n  some u n s p e c i f i e d  language.  

There i s  a n o t h e r  group of  languages  which are a l s o  aimed, 



I n  form, t h e s e  languages resemble  t h e .  g e n e r a l  purpose  a lge-  

b r a i c  languages such as  FORTRAN and ALGOL. I n s t e a d  of  

concen t r a t i ng  on t h e  syn t ac  t i c ,  p a t t e r n & t ~ h i n g ,  language 

f a c i l i t i e s ,  t hey  i n c l u d e  f e a t u r e s  in tended  t o  make t h e  

c o n s t r u c t i o n  and a c c e s s i n g  oP d i c t i o n a r i e s ,  s t a c k s ,  and 

o t h e r  complex i n f  ormat i o n  s t r u c  t u r e s  e a s i e r ;  t h e y  f r e q u e n t l y  

a l s o  i n c l u d e  f a c i l i t i e s  f o r  doing d e t a i l e d  s t o r a g e  manage- 

ment. 

Two suc h  systems a r e  t h e  AEb-O and AED-1 systems dec- 
c r i b e d  by Ross and Rodriques [l]. Fundamental t o  t h e s e  

systems a r e  t h e  n o t i o n  of  the '  ( c f  . Ross [l, 4 1  Tabory 

[l]), which permi t s  t h e  c o n s t r u c t i o n  of v e r y  g e n e r a l  l i s t  
s t r u c t u r e s  . A p r i m i t i v e  macro f a c i l i t y  i s  a l s o  inc luded .  

The CPL system desc r ibed  by Barrow [l] resembles  ALGOL 

6 0 ,  but  has more f l e x i b l e  b lock  s t r u c t u r i n g  and d e c l a r a t i v e  
f a c i l i t i e s  . Furthermore,  l i s t s ,  s t r i n g s ,  and f i l e s  a r e  

a l s o  included a s  d a t a  items. Richards  [l] d e s c ~ i b e s  BCPL, 
d i s t a n t l y  r e l a t e d  t o  CPL, which i s  s p e c i f  i c a l l y  des igned  

f o r  compiler  w r i t i n g .  I t s  most i n t e r e s t i n g  f e a t u r e  i s  t h a t  

i t s  "memoryn c o n s i s t s  o f  f i x e d  l e n g t h  b i t  s t r i n g s ,  s t o r e d  
con t iguous ly  . There a r e  o p e r a t o r s  de f ined  f o r  t r e a t i n g  

t h e s e  s t r i n g s  v a r i o u s l y  (and in t e r changeab ly )  a s  s t r i n g s ,  

i n t e g e r s ,  and l a b e l s .  The language a l s o  p rov ides  b u i l t - i n  

r e c u r s i o n  and a g e n e r a l i z e d  c o n d i t i o n a l  s t a t emen t .  

A language des igned f o r  systems programmnng t h a t  t a k e s  

t h e  oppos i t e  approach i s  d e s c r i b e d  by Lang [l]. This  lang- 

uage c o n t a i n s  d a t a  of  severa1  types:  cha rac t e r ,  b i t ,  a r i t h -  

mat ic ,  and l o g i c a l .  It a l s o  a l l ows  assembly code t o  be  i n -  

s e r t  ed a t  any po in t  . 
The POPS system, developed by t h e  DIGITEK Corpora t ion  

and s i n c e  used by o t h e r s ,  i s  a  language, in tended  f o r  i n -  
t e r p r e t i v e  execut ion,  which embodies d a t a  s t r u c t u r e s  and 

manipu la t ion  procedures  u s e f u l  i n  t h e  programming of  com- 

p i l e r s .  This  system, which aims more a t  compact r ep re sen -  

t a t i o n  and machine independence t han  a t  high-speed compila- 

-233- 



t i o n ,  ha s  been used  t o  w r i t e  a number o f  s u c c e s s f u l  small- 
machine cornpilers;  i t  a t t a i n s  a l e v e 1  of  machine indepen- 

dence  which g r e a t l y  r educes  t h e  l a b o r  o f  c a r r y i n g  a n  

e x i s t i n g  compi ler  over  t o  a new machine. The POPS language 

enab l e s  t h e  exp re s s ion  i n  machine independent  form of t h e  

f i r s t  phases  o r  a compiler ,  i n c  l ud ing  pa r s i ng ,  d i a g n o s t i c  

produc t ion,  and t h e  gene ra t  i o n  o f  s t anda rd  form in t e rmed i -  

a t  e  language code; subsequent  passage  from POPS s t anda rd  

i n t e r m e d i a t e  code t o  a c t u a l  machine o p e r a t i o n s  niust be  ex- 

p r e s s ed  i n  some o t h e r  language.  

POPS p rov ide s  two b a s i c  d a t a  forms, woPds (d iv ided  i n t o  

a few s t a n d a r d  subf i e l d s )  and push-down s t a c k s  ( c o n s i s t i n g  

o f  s e q u e n t i a l  groups  o f  words) . A push-down s t a c k  may be  

f u r t h e r  s t r u c t u r e d  i n t o  segments,  each segment be ing  a  de-  

l i m i t e d -  s e q u e n t i a l  group o f  words i n  a s t a ck ;  a n  e n t i r e  

segment may be moved by a s i n g l e  POPS ope ra t i o r i  from one 

s t a c k  t o  a n o t h e r  . POPS p rov ide s  v a r i o u s  conven ien t  s t a c k  

man ipu l a t i on  o p e r a t i o n s  a s  w e l l  as o p e r a t i o n s  t h a t  move 

d a t a  between s i n g l e  words and s t a c k s ;  bo th  whoie words 

and s i g n i f  i c a n t  subf i e l d s  can  be  moved . I n s t r u c t i o n s  i n -  

s e r t i n g  c o n s t a n t s  a t  t h e  t o p  of s t a c k s  and i n t o  s i g n i f i -  

c a n t  f i e l d s  of g i v e n  words a r e  a l s o  provided,  as a r e  v a r -  

i o u s  o t h e r  u s e f u l  s t a ck - t r ans f  orming o p e r a t i o n s  such  as  
. . 

s t a c k  r e v e r s a l .  The system i n c o r p o r a t e s  a one-bi t  condi-  

t i o n  f l a g ,  and c o n t a i n s  compare o p e r a t i o n s  app ly ing  t o  

g iven  l o c a t i o n s  and t o  t h e  t ops  of s t a c k s  which a l l o w  t h e  
s e t t i n g  and u n s e t t i n g  o f  t h i s  f l a g ;  t h e  c o n d i t i o n s  f l a g  

may t h e n  be used t o  c o n t r o 1  t r a n s f e r s .  Var ious  d i r e c t  

c o n d i t i o n a l  t r a n s f e r s ,  a s  w e l l  a s  i n s t r u c t i o n s  capab l e  of 

c o n d i t i o n a l  execut ion,  a r e  a l s o  p rov ided .  

POPS i n c l u d e s  s e v e r a l  i n t e r e s t i n g  s t a c k  s e a r c h  o p e r a t i o n s .  
These o p e r a t i o n s  s e a r c h  a l 1  o r  a  d e s i g n a t e d  p a r t  of a  s t a c k  

f o r  a f i e l d  i d e n t i c a 1  w l t h  a d a t a  p a t t e r n  he ld  i n  one o r  

s e v e r a l  d a t a  words. The s e a r c h  procedes  s e r i a l l - y  th rough  

t h e  s t a c k  by g roups  of words; t h e  s i z e  of each group and 



t h e  l o c a t i o n  w i t h i n  it of the  a p p r o p r i a t e  s e a r c h  key may 

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

may be  d e t  ermined from a t t r i b u t e  i n f o r m a t i o n  a t t a c h e d  t o  

t h e  s t a c k  be ing  sea rched .  A l t e r n a t i v e l y ,  a s t a c k  may be  

d iv ided  i n t o  word g raups  v a r y i n g  i n  s i z e ,  t h e  s i z e  o f  e a c h  

group be ing  i n  t h i s  c a s e  r e co rded  w i t h  t h e  group; such  

s t a c k s  may a l s o  be  s ea r ched  by t h e  POPS s e a r c h  i n s t r u c t i o n s .  

A s e a r c h  i n s t r u c t i o n  sets t h e  POPS c o n d i t i o n  f l a g ,  and, if 

s u c c e s s f u l ,  r e t u r n s  t h e  l o c a t i o n  of t h e  group of words 

which ha s  been found.  Note t h a t  t h e  u s e  o f  s e r i a l  r a t h e r  

t h a n  h igh  s e a r c h  t e c h n i q u e s  imposes a c e r t a i n  i n e f f  i c i e n c y  

on  a compi ler  w r i t t e n  u s i n g  POPS. 

Var ious  l o g i c a 1  e n t i t i e s  n a t u r a l l y  o c c u r r i n g  i n  connec- 

t i o n  w i t h  compi le r  w r i t i n g ,  such  as a n  i n p u t  c h a r a c t e r  
s t ream,  a n  o u t p u t  i n t e r m e d i a t e  code stream, a n  e r r o r  mes- 

sage f i l e ,  e t c . ,  a r e  r e cogn i zed  as system e n t i t i e s  w i t h i n  

t h e  POPS language and t r e a t e d  s p e c i a l l y  by c e r t a i n  i n s t r u c -  

t i o n s .  Thus, f o r  example, a n  i n s t r u c t i o n  comparing a nex t  

incoming c h a r a c t e r  w i t h  a s p e c i f i e d  single c h a r a c t e r  i s  

provided;  a n o t h e r  i n s t r u c t i o n  comparing a group o f  i n p u t  

c h a r a c t e r s  t o  a s p e c i f i e d  "key wordn i s  a l s o  p rov ided .  It 

is a l s o  p o s s i b l e  t o  a s s o c i a t e  a . t t r i b u t e s  w i t h  every  p o s s i b l e  

i n p u t  c h a r a c t e r ,  and t h e n  t o  check any  g i v e n  incoming cha rac -  

t e r  f o r  t h e s e  a t t r i b u t e s  u s i n g  a s i n g l e  i n s t r u c t i o n .  Code- 

emiss ion  cornmands a r e  i nc luded  i n  POPS; t h e s e  p l a c e  i n t e r -  

media te  form ou tpu t  a t  t h e  t o p  of  a  code s t a ck ,  u s i n g  opera -  

t ion-argwnent  r e f  e r ences  i n  s tand.ard form, producing a s t a n -  

dard form r e s u l t  r e f  erenc  e, and a u t o m a t i c a l l y  updat  i n g  a 
s t anda rd  i n t e r m e d i a t e - i n s t r u c t i o n  " l o c a t i o n  c o u n t e r  . 
System p r o v i s i o n  i s  a l s o  made f o r  t r e a t m e n t  of  e r r o r  d i a g -  

n o s t i c s ,  a n d i n s t r u c  t i o n  be ing  p rov ided  which t r a n s m i t  s a 

c u r r e n t  i npu t  c h a r a c t e r  p o i n t e r  and a d i a g n o s t i c  message 

nwnber t o  a n  e r r o r  s t a c k .  Th i s  same i n s t r u c t i o n  a l so  in- 



crementc a ccun t  of e r r o r s  ma in t a ined  by POPS, and b r i n g s  

a maximum e r r o r  s e v e r i t y  f l a g  t o  i t s  a p p r o p r i a t e  value. 

The s y s t m  a l s o  p rov ide s  a save-and-res tore  f e a t u r e  which 

a l l o w s  backup and t r i a l  of  a l t e r n a t e  l i n e  of p a r s e  subse-  

quent  t o  t h e  occurance  of a p a r s e  e r r o r .  

A POPS i n s t r u c t i o n  may be a p p l i e d  e i t h e r  t o  a g i v e n  

s t a c k ,  a g iven  a d d r e s s ,  o r  a c a l c u l a t e d  s t a c k  o r  a d d r e s s ;  
I 

i n  p a r t i c u l a r ,  s t a c k  or  a d d r e s s  i d e n t i f  i e r  may be s p e c i f i e d  

i n d i r e c t l y  . The POPS system p rov ide s  b a s i c  a l g e b r a i c ,  l o g i -  

c a l ,  and s h i f t  i n s t r u c t i o n s  app ly ing  t o  s i n g l e  words, as 
w e l l  a s  a method f o r  l i n k i n g  POPS-written sou rce  t e x t  t 0  

a r b i t r a r y  r o u t i n e s  w r i t t e n  i n  machine assembler  language 

o r  some o t h e r  sou rce  language.  POPS w r i t t e n  s u b r o u t i n e s  may 

be  f r e e l y  and r e c u r s i v e l y  c a l l e d ;  indeed,  s i n c e  s t a c k s  a r e  

used a s  .a b a s i c  d a t a  type ,  t h e  POPS system i s  s y s t e m a t i c a l l y  
r e c u r s i v e .  

A s  has  been remarked above, POPS alms not  so much a t  
compi l a t i on  e f f i c i e n c y  a s  a t  smal l  s i z e .  The POPS system 

p rov ide s  about  100 b a s i c  macro i n s t r u c t i o n s  . The system- 

mat ic  u s e  w i t h i n  t h e  system o f  s t a c k s  s i g n i f i c a n t l y  r e -  

duces  t h e  number of l o c a t i o n s  which must be add re s sed  ex- 

p l i c i t l y  . I n t e r p r e t a b l e  POPS code may t h u s  be  r e p r e s e n t e d  

conven i en t l y  by a sequence of  s h o r t  words (16 b:Lts i s  a 
q u i t e  r e a sonab l e  l e n g t h )  d i v i d e d  i n t o  two ha lves ,  t h e  f im t  
c o n t a i n i n g  a n  o r d e r  code, t h e  second r e f e r e n c i n g  e i t h e r  a 
s t a c k  o r  a  one word v a r i a b ì e .  A s i m i l a r I y  condensed r e -  

p r e s e n t a t  i o n  of t r a n s f  e r  o p e r a t i o n s  i s  a t  t a i n e d  by d i v i d -  
i ng  a l 1  uncond i t i ona l  and c o n d i t i o n a l  POPS t r a n s f e r s  i n t o  

two c l a s s e s ,  h c a l  and g l o b a l .  Loca l  t r a n s f e r s  go from one 

POPS i n s t r u c t i o n  t o  a r e l a t i v e l y  nearby i n s t r u c t i o n  and 

s p e c i f y  t h e i r  t a r g e t  r e l a t i v e  t o  t h e i r  own loca . t ion ;  g l o b a l  
t r a n s f e r s  may have any l a b e l e d  POPS i n s t r u c t i o n  as a t a r g e t ,  

bu t  s p e c i f y  t h e i r  t a r g e t s  i n d i r e c t l y  v i a  a  s e q u e n t i a l  l i s t  
of  g l o b a l  l a b e l s .  I n  e i t h e r  case ,  a s h o r t  f i e l d  i s  su f -  

f i c i e n t ,  conducing y e t  a g a i n  t o  b r e v i t y .  POPS a l l ows  t h e  



c o n s t r u c t i o n  of  q u i t e  small compi le r s ;  f i g u r e s  concerni -  
t h e  s i z e  of t y p i c a l  POPS-workerscompilers w i l l  b e  found 

below as  p a r t  of a more gene ra1  d e s c r i p t i o n  of v a r i o u s  

small c o m p i l e r s ,  

Swnmary d e s c r i p t i o n s  of a number o f  i n t e r e s t i n g  compi l e r s  

have been g i v e n  i n t h e  l i t e r a t u r e .  Backus e t  a l .  [l], which 

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

of t h e  s t r u c t u r e  of t h e  o v e r a l l  sequence of p a s s e s  making up 

t h e  p i o n e e r i n g  IBM FORTRAN compiler;  t h e s e  b e g i n  w i t h  syn tax  

a n a l y s i s  and proceed th rough  o p t i m i z a t i o n  t o  t h e  p roduc t i on  

o f  r e l o c a t a b l e  code; t h e  i n t e r n a 1  s t r u c t u r e  of  each  pa s s  i s  

ske tched  i n  o u t l i n e .  Py l e  [l] o u t l i n e s  a palnned FORTRAN 

compi ler  f o r  t h e  E n g l i s h  ATLAS computer; t h i s  3 o r  4 pas s  

compi ler  i s  i n t ended  t o  i n c l u d e  common subexp re s s ion  and 

r e d u c t i o n  i n  s t r e n g t h  o p t i m i z a t i o n ,  t o g e t h e r  w i t h  some 
machine dependent  l o c a l  o p t i m i z a t i o n s .  An ALGOL compi ler  

i n c o r p o r a t i n g  s t r e n g t h  r e d u c t i o n ,  r eorder ing :  of  a l g e b r a i c  

exp re s s ions  f o r  o p t i m a l  r e g i s t e r  use,  and s u b r o u t i n e  l i n k -  

age  o p t i m i z a t i o n  by a n a l y s i s  of  t h e  p a t t e r n  of  s u b r o u t i n e  

c a l l s  o c c u r r i n g  i n  a complete  program i s  d e s c r i b e d  i n  

Huxtable [l], c f .  a l s o  Huxtable and Hawkins [l]. Englund 

and C l a r k  [l] g i v e  a s h o r t  d e s c r i p t i o n  of a n  a l g e b r a i c  

language compi ler  i n c o r p o r a t  i n g  v a r i o u s  l o c a l  op t  im iza t  i o n s  

(espec  i a l l y  avo idance  of unnecessa ry  l o a d s  and s t o r e s )  and 

a n  e x t e n s i o n  of t h e s e  o p t i m i z a t i o n s  t o  r e g i o n s  c o n t a i n i n g  
forward b ranches  o n l y  . 

Gr ie s ,  Paul  and Wiehle [l, 21  d e s c r i b e  a n  ALGOL compi le r  

f o r  the 7090, b u i l t  of' f o u r  pa s se s :  l e x i c a l  p r ep roces so r ,  
syn tax  ana lyze r ,  op t im iz ing  t r a n s l a t o r ,  and code s e l e c t o r  . 
The main o p t i m i z a t i o n  performed i s  a s p e c i a l  c a s e  of t h e  

" r e d u c t i o n  i n  s t r e n g t h v  o p t i m i z a t i o n  d e s c r i b e d  i n  Chapter  

V I I I .  A s p e c i a l  t e chn ique  u s e f u l  f o r  hand l i ng  t h e  name 

scoping which o c c u r s  i n  ALGOL i s  d e s c r i b e d .  Huskey [l] 

d e s c r i b e s  a n  e a r l y ,  complete  compi ler  f o r  a  small a l g e b r a i c  
language i n c o r p o r a t i n g  a s u b r o u t i n e  c a l i  f e a tu r e ;  t h i s  com- 

p i l e r  u s e s  a precedence  p a r s e  f o r  s y n t a c t i c  a n a l y s i s .  C f .  



a l s o  F r a n c i o t t i  and L i e t z k e  [l]* 
Cons iderab le  a t  t e n t i o n  has been paid t o  non-opt imizing 

. , 

compi le r s  which aim a t  s h o r t  compi le  times; t h e s e  are es- 
p e c i a l l y  u s e f u l  i n  u n i v e r s i t y  environments f o r  l ise i n  t h e  

. . 

s t u d e n t  programs. Rosen e t  a l .  ['l] d e s c r i b e s  a fas t  
. . 

FORTRAN load-and-gocompiler developed a t  Purdeu Un ive r s i t y ,  
i n d i c a t i n g  t h e  sequence and n a t u r e  o f  t h e  v a r i o u s  compi ler  
pa s se s ,  t h e  ove r - a l1  l a y o u t  of  compi ler  code and d a t a  i n  ' 
co re ,  e t c .  Shantz  e t  a l .  [l] d e s c r i b e s  a FORTRAN load-  

and-go compi ler  (WATFOR) developed a t  t h e  Univei?si ty of 
Waterloo.  Th i s  i s  a q u i t e  s u c c e s s f u l  h igh  speed s t u d e n t -  
problem o r i e n t e d  FORTRAN compiler  which i n c o r p o r a t e s  a p r e -  
cedente p a r s e  f o l l owing  upon a f a s t  s t a t  ement-type d e t e r -  

m ina t i on  u s i n g  t h e  FORTRAN key words. The p a r s e r  c a l l s  

b i n a r y  I n t o  code g e n e r a t o r  r o u t i n e s  which produce e x e c u t a b ì e  
b i n a r y  code d i r e c t l y .  Th i s  compiler ,  runn ing  o'n t h e  IBM 704, 
i s  c a p a b l e  of t r a n s l a t i n g  6000 s t q t emen t s  pe r  minu te .  Arden, 

G a l l e r  and Graham [l] g i v e  a b r i e f  o u t l i n e  o f  a compi le r  f o r  
t h e  U n i v e r s i t y  of Michigan a l g o r i t h m i c  language MAD, which i s  

a n  a l g e b r a i c  language having much t h e  same f l a v o r  as FORTRAN 
but  c o n t a i n i n g  a number o f  i n t e r e s t i n g  e x t e n s i o n s  . 

. . . . 

Although many of t h e  e a r l y  ALGOL -compi le r s  were developed 
. . 

f o r  small machines, t h e  problems of compi l ing  i n  t h i s  e n v i r -  
onment have not  been covered i n  dep th .  Naur [.Q:] d e s c r i b e s  
a m u l t i p a s s  ALGOL Compiler f o r  a small machine. Th i s  com- 

. p i l e r  u se s  a precedence scan; about  50% of  tota:L compi l a t i on  
t ime i s  a s c r i b e d  t o  l e x i c a l  a n a l y s i s ,  and abou t  14% t o  t h e  

( r a t h e r  s t r a i g h t f o r w a r d )  g e n e r a t i o n  of  code.  Haines [l] 
d e s c r i b e s  a FORTRAN compi ler  f o r  a n  8~ 'IBM 1401. The com- 
p i l e ~  c o n s i s t s  o f  63 phases,  each c o n t a i n i n g  150-300 i n -  
s t r u c t i o n s .  The program i s  kep t  i n  c o r e  and con t i nuous ly  
modif ied  by t h e s e  phases .  

A s p e c i a l  a r e a  o f  compi l ing  t h a t  i s  r e c e i v i n g  i n c r e a s i n g  

i n t e r e s t  i n  t h e  l i t e r a t u r e  i s  t h a t  of  compi l ing  programs t o  
be  r u n  i n  a n  i n t e r a c t i v e  environment.  Here t h e  p r i n c i p a l  
concern  i s  no t  e f f i c i e n c y ,  b u t  r a t h e r  f l e x i b i l i t y .  Two 
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q u a l i t i e s  cons ide r ed  v e r y  impor tan t  a re  t h e  a b i l i t y  t o  

modify t h e  program as it r u n s  and t h e  a b i l i t y  to moni to r  

i t s  execu t i on .  The paper  by Evans, ~ e r l i s ,  and van Zoeren 

[l] d e s c r i b e s  t h e  u s e  o f  t h r eaded  l i s t s  i n  producing ( i n -  

t e r m e d i a t e )  code t h a t  i s  e a s i l y  m o d i f i a b l e .  Gock [l] des -  

c r i b e s  a method o f  s t r u c t u r i n g  programs s o  t h a t  l o c a l  

changes can  be  made w i thou t  r e q u i r i n g  g l o b a l  r e c o m p i l a t i o n .  

The code produced i s  n o t  machine code, b u t  r a t h e r  a s imple  

i n t e r p r e t i v e  code.  C f .  a l s o  Ryan e t  a l .  [l] and Katzan 

[l] f o r  v a r i a t i o n s  and a m p l i f i c a t i o n s  o f  Lock l s  work. 

Only a few books d e a l i n g  s y s t e m a t i c a l l y  w i t h  t h e  con- 
s t r u c t i o n  of compi le r s  have y e t  become a v a i l a b l e .  The f i r s t  

of  t h e s e  was Rande l l  and Russe11 [l] ( c f  . a l s o  Rande l l  [ l ] ) ,  
which g i v e s  a g e n e r a l  d e s c r i p t i o n  of a n  ALGOL compi ler - in-  

t e r p r e t e r  system, w i t h  d e t a i l e d  a l g o r i t h m s  and c o n s i d e r a b l e  

a t  t e n t i o n  t o  t a r g e t - c o d e  q u e s t i o n s  . Thi s  book a l s o  c o n t a i n s  

b r i e f  d e s c r i p t i o n s  of  v a r i o u s  o f  t h e  a r i t h m e t i c - s t a t e m e n t  

a n a l y s i s  methods developed up t o  t h e  t i m e  o f  i t s  appearance .  
Unfo r tuna t e ly ,  t h e  e x p l a n a t o r  s t r a t e g y  used by Rande l l  and 

Russe1 ( d e s c r i p t i o n  of  s y n t a c t i c  a n a l y s i s  methods i n  c l o s e  

involvement w i t h  code-genera t ion  i s s u e s  r e l a t i n g  t o  a p a r t i -  

c u l a r  machine) makes i t  d i f f i c u l t  l o r  t h e i r  r e a d e r  t o  s e n s e  

t h e  t h e o r e t i c a l  i s s u e s  i nvo lved  i n  s y n t a c t i c  a n a l y s i s  p rope r .  

The e x c e l l e n t  r e c e n t  book of  McKeeman, Horning and Wortman 

C11 g i v e s  a s y s t e m a t i c  t h e o r e t i c a l  and p r a c t i c a l  accoun t  of 

t h e  wel l -des igned XPL c m p i l e r - g e n r a t o r  system developed by 

them; c f .  a l s o  t h e  summary paper  of  McKeeman, Horning, 

Nelson and Wortman [l]. Th i s  sys tem i n c o r p o r a t e s  a g e n e r a l -  

i z e d  precedence  p a r s e r  making u s e  o f  a ( 1 , l )  precedence  

p a r s e  c apab l e  of u s i n g  supplementary  ( 2 , l )  c o n t e x t  as neces -  
s a r y .  A small s u b s e t  o f  PL/1 i s  p rov ided  f o r  t h e  e x p r e s s i o n  

o f  g e n e r a t i v e  a c t i o n s .  A t o t a l  compi le r  i s  d e s c r i b e d  t o  t h e  
system by a grammar i n  Backus form which s a t i s f i e s  t h e  r e -  

s t r i c t i o n s  imposed by t h e  subsequent  u se  o f  a precedence  

p a r s e ,  and by a  s e t  o f  g e n e r a t o r  r o u t i n e s ,  one corresponding 
t o  each p roduc t i on  o f  t h e  gramrnar and invoked when t h e  u se  



of t h i s  p roduc t i on  i s  unambiguously r ecogn i zed .  A grammar 

pre-process ing r o u t i n e  i nc luded  i n  t h e  system c o n v e r t s  each 

i n p u t  Backus grammar i n t o  a set  of t a b l e s  c o n t r o l l i n g  t h e  

precedente parse ,  and, a t  t h e  same t ime ,  checks t h a t  t h e  

grammar s a t i s f i e s  t h e  c o n d i t i o n s  nece s sa ry  i n  o r d e r  t h a t  

t h i s  be  p o s s i b l e ,  i s s u i n g  d i a g n o s t i c s  concern ing  any syn- 

t a c t i c  e r r o r s  t h a t  may occur  i n  t h e  grammar. McKeeman, 

Horning and Wortman a l s o  g i v e  a n  i l l u m i n a t i n g  d i s c u s s i o n  of 

v a r i o u s  d e v i c e s  f o r  s ecu r ing  h igh  e f f i c i e n c y  o:e s t o r a g e  of 

necessa ry  t a b u l a r  in fo rmat ion ,  and f o r  inc reas : ing  compile 

speed by keeping t a b l e s  i n  a p p r o p r i a t e l y  s o r t e d  o r d e r .  For 
a n  e a r l i e r  accoun t  o f  t h e s e  same i d e a s ,  c f .  McKeeman [l]. 

A compi ler  f o r  a PL/1 s u b s e t  produced us ing  t h e  XPL compi ler -  

g e n e r a t o r  a t t a i n e d  a compi l a t i on  r a t e  o f  3000 c a r d d m i n u t e  

on  t h e  IBM 3 6 0 / 6 7 .  

A book similar i n  s p i r i t  t o  t h a t  o f  Rande l I  and R u s s e l l ,  

bu t  one which i s  somewhat more s y s t e m a t i c a l l y  worked ou t ,  

i s  t h a t  o f  Grau [3], which d e s c r i b e s  a n  ALGOL compiler ,  and 

which c o n t a i n s  a  complete s e t  of  compi le r  a l g o r i t h m s  w r i t t e n  

i n  a  v e r s i o n  of ALGOL extended by t h e  i n c l u s i o n  of  t e c h n i q u e s  

f o r  t h e  d e s c r i p t i o n  of t a r g e t  code. Mention should  a l s o  b e  

made of  t h e  book of  Ingerman [l], which d e s c r i b e s  a top-down 

p a r s e r  working d i r e c t l y  from a t a b u l a r  form o f  a Backus 

gramrnar and us ing  c e r t a i n  a d d i t i o n a l  t a b l e s  f o r  i n c r e a s i n g  

t h e  speed of t h e  top-down parse ;  c f .  a l s o  Ingerman [ 2 ]  f o r  

a ALGOL program f o r  such a p a r s e r .  Cheatham [ h ]  g i v e s  a n  

i n t r o d u c t i o n  t o  many of  t h e  s a l i e n t  i s s u e s  o f  syntax  ana iy -  

s i s  and compi ler  w r i t i n g  more g e n e r a l l y .  I n  [ 5 ]  Cheatham 

d i s c u s s e s  many of  t h e  same i s s u e s ;  i n  p a r t i c u l a r ,  he  g i v e s  

a  good account  of how t h e  symbol t a b l e  i s  o rgan ized  f o r  
one s t y l e  of compi l ing .  Lee ' s  book [l] is  a  b r i e f  and e l e -  
mentary,  bu t  w e l l  w r i t t e n  and h igh ly  r e a d a b l e  i n t r o d u c  t i o n  

t o  t h e  c o n s t r u c t i o n  o f  compi le r s .  

Hopgood [l] i s  a  q u i t e  r e a d a b l e  s h o r t  survey of compi le r -  

w r i t i n g  i n  gene ra l ,  and d i s c u s s e s  many of t h e  'major t o p i c s  

belonging t o  t h i s  f i e l d ,  i n c l u d i n g  l e x i c a l  a n a l y s i s  and 

v a r i o u s  methods o f  syn tax  a n a l y s i s  . Hopgood a l s o  d i s c u s s e s  



a  number of i n t e r e s t i n g  t o p i c s  i n  ~ p t i r n i z a t i o n  of the  

s o r t  t o  which Chapter VI11 of th i s  book w i l l  be devoted, 

e s p e c i a l l y  those top ics  r e l a t e d  t o  the  opt imiza t ion  of 

l i n e a r  cod- sequences o r  "bas ic  blocks",  and i n r l u d i n g  

methods f o r  r e g i s t e r  a l l o c a t i o n  and f o r  the  elimina t i o n  

of s t o r e s  i n  a s i n g l e - r e g i s t e r  machine by t h e  rearrangement 
of opera t ion  sequences i n  a b a s i c  block. 

Rosen [ l ]  i s  a  we l l  chosen r e p r i n t  c o l l e c t i o n  of papers 

inc luding  a  number of the  most noteworthy papers i n  t h e  

thcory of compilers.  The e x c e l l e n t  survey a r t i c l e  of 
Feldman and Gries [ l ]  reviews the  development of s y n t a c t i c  

a n a l y s i s  methods, g iv ing  a  t e c h n i c a l  account of var ious  

of the  p r i n c i p a l  methods p r e s e n t l y  a v a i l a b l e ,  t oge the r  
with sn  extensive bibl iography.  This a r t i c l e  a l s o  
d iscusses  quest ions r e l a  t i n g  t o  code genera t ion .  Rosen [ 3 ]  
surveys t h e  e a r l y  h i s t o r y  of prograrnming language and 

cumpiler development, with emphasis on t h e  inf luence  of 
hardware, and .g ives  a  u s e f u l  bibl iography . 



Comments on Indus t r i a  l Com~ilers I 

Compilers produced f o r  se r ious  commercial use must 

conform t o  high s tandards i n  a  number of regards,  and z a r e f u l  

programming e f f o r t  i s  o f t en  devoted t o  t h e  opt imizat ion of 

such compilers. A commercial compiler must no t  be bulky; 

i t  must compile rap id ly ;  i t  must be wel l  debugged and 

d~ciimented. It must produce reasonably e f f i c i e n t  output  

code. It must produce informative d iagnos t i c  messages, 

which ca tch  most cornrnon prograrnmer e r r o r s ,  and which do 

n o t  requi re  many passes over the source code t o  d e t e c t  
e r r o r s .  A commercia1 compiler must be a b l e  t o  provide fu11 

l i s t i n g s ,  inc luding  surh th ings  a s  so r t ed  symbol d i c t i o n a r i e s ,  

c ross  re ference  l i s t i n g s ,  a l l o c a t i o n  t a b l e s ,  e t c .  It must 

implement a l 1  f e a t u r e s  of a  language i n  p r e c i s e l y  s p e c i f i e d  

forrn. It must be e a s i l y  maintainable,  which r e q ~ i r e s  t h a t  

appropr ia te  debugging t o o l s  be b u i l t  i n t o  t h e  compiler, 

and t h a t  t h s  coding p r a c t i c e s  used e r e  such t h a t  changes 
made subsequently w i l l  no t  upset  the  whale compiler. It 
must be wel l  i n t eg ra ted  with t h e  opera t ing  system of the 

machinr on which i t  runs, make i n t e l l i g e n t  use of I/O, 
c a r e f u l  use of s to rage  space, and use contro1 s ta tements  
cons i s t en t  with o thur  compilers running undzr the  same 

operaking system. It must provide output f i l e s  i n  the  p r e c i s e  

form required by t he  system I ink ing  loader ,  and must conform 
c a r e f u l l y  and e f f e c t i v e l y  t o  a l 1  o the r  system conventions 

regarding I/O, overlay handling,  e t c .  ( ~ h i s  problem of 

system i n t e r f a c i n g  of ten  becomes a  thorny po in t  i n  an 

implementation of a  commercia1 compiler, and a  poin t  t o  which 
s u r p r i s i n g l y  l a r g e  amounts of e f f  o r t  come t o  be devoted. ) 

Precise  d e f i n i t i o n  of language i s  an i s s u e  o f t e n  

r equ i r ing  considerable  a  t t e n t i o n  i n  zornrnercial compiler design.  

P a r t i c u l a r  dec is ions  concerning ha rmless looking language 
fea tu res ,  a s ,  f o r  example, r u l e s  regarding FORTRAN COMMON 

va r i ab les ,  may have se r ious  conseqaences f o r  optimiza t i o n .  



An important problem, o f t e n  overlooked, i s  what t o  do about 

i n c o r r e c t  code: If  an a d d i t i o n  t o  the  language i s  made 

t o  make a commonly made e r r o r  l e g a l ,  then compa t ib i l i t y  

with o ther  p a s t  and f u t u r e  compilers f o r  the  same language 

may be a f f e c t e d .  I n  compilers intended only f o r  l o c a l  use,  

a l 1  these  i s s u e s  may be s e t t l e d  i n  whatever manner i s  conven- 

i e n t  f o r  the  moment. I n  w r i t i n g  commercial compilers,  they 

o f t e n  r equ i re  c a r e f u l  a t t e n t i o n .  

Changes i n  machine strutture may f o r c e  s l i g h t  var ia  t i o n s  

i n  language, a s  e.g.,  t he  a d d i t i o n  t o  a language of a c l a s s  

of h a l f  l eng th  i n t e g e r s .  Ca l l ing  sequences and s to rage  
a l l o c a t i o n  r u l e s  must be designed very c a r e f u l l y ,  a s  t h r s e  

u s u a l l y  a f f e c t  the  d e f i n i t i o n  of the  language i t s e l f .  

I n  the  fol lowing paragraphs, we s h a l l  o u t l i n e  some of 
the  ways i n  which the  w r i t e r s  of i n d u s t r i a 1  compilers f o r  
h igher  l e v e l  a l g e b r a i c  languages have a ttempted t o  so lve  

t h e i r  s u b s t a n t i a l  des ign  problems . Various e x i s t i n g  compilers 

w i l l  be c i t e d  a s  exaniples. Although a n  a t tempt  i s  made t o  
note  outs tanding  compilers, i t  i s  o f t e n  t r u e  t h a t  a p a r t i c u l a r  

technique i s  b e s t  i l l u s t r a t e d  by an o thr rwise  undis t inguished 

compiler. 

( a )  Prescan and Lexical  Scan. -- 
Compilation speed can o f t e n  be improved by pre-  

c l a s s i f  i c a t i o n  of s ta tements  by type; many FORTRAN compilers 

inc lude  a s ta tement  pre-scan having t h i s  goal .  For ASA 

s tandard FORTRAN N, t h i s  pre-scan can be aceomplished by 

a f i n i t e  s t a t e  machine; such a t e c h ~ i q u e  is implemented i n  

a t  l e a s t  one e x i s t i n g  cumpiler (cSC).  For a FORTRAN 

which allows subscr ip ted  s u b s c r i p t s  the  f i n i t e  s t a t e  
machine must be supplemented by a t  l e a s t  a n e s t i n g  l e v e l  
counter .  A l o g i c a l l y  t r i v i a l  i s s u e ,  but one s u r p r i s i n g l y  

important f o r  e f f  ic iency,  i s  the  suppression of blanks, a 

func t ion  xhich can be arcomplished during pre-scan. It has 
been found t h a t  comparing each i n p u t  s t r i n g  word wi th  a word 



fu11 of blanks s o  a s  t o  elimina t e  blanks i n  groups can 

increace  the  compile r a t e  of simple compilers by up to 

25 percent .  This f e a t u r e  i s  found i n  most i n d u s t r i a l  
compilers. 

Lexical  scan i s  normally not  a sepa ra te  pass i n  i n d u s t r i a 1  

compilers but  i s  com'sined with f i r s t  pass syntax scan. 

Typical ly ,  th12 syntax scanner c a l l s  the l e x i c a l  scanner t o  

obta in  a next  inpu t  segrnent i n  analyzed form. In  most cases ,  

t hc  l e x i c a l  scanner i s  a hand-coded rout ine ,  based on a 
t a b l e  loolc-up of cha rac te r s  i n  one u r  more t a b l e s  ( t h e  t a b l e  

dedpending on the  cu r ren t  l e x i c a l  s t a  t e  ind ica  t o r )  . Thzse 

t a b l e s  r e f l e c t  t he  strutture of t h e  language being ~ u m p i l e d .  

The l e x i c a l  scanner can the re fo re  throw away comrnents, 
recognize and cunvert  cuns tan ts  and keywords, e t c .  I n  any 

compiley, t h i s  t a i l o r i n g  of the  l e x i c a l  scan g r e a t l y  increases  

e f f i c i e n c y .  I n  a few cases  (e .g . ,  t he  SDS 910 ALGOL compiler 

produced by Programmatics, and a l 1  the CSC Gmesis  compilers)  

the l e x i c a l  scan i s  based a t  l e a s t  p a r t l y  on a forma1 a n a l y t i c  

grernmar. The Genlzsis cumpilers allow the  l e x i c a l  scanner t o  

i n t e r a c t  t o  a c e r t a i n  dagree with the  syntax scan which 

follows along behind i t .  

( b )  Syntax. scan.  
The syntax scan a x e p t s  the source c t r i n g ,  usua l ly  

p a r t i a l l y  pre-digested by l e x i c a l  scan, and produces a s  
output a cude s t r i n g  i n  some form -- of ten  reverse  Pol i sh  

o r  a v a r i a n t  t h s r e o f .  Th.3 number of "passes" used by a 
compiler w i l l  depend on the  language, t h e  space a v a i l a b l e  

t o  the cumpiler, and the  q u a l i t y  of code des i r ed .  ALGOL, 

f o r  example, i s  hard t o  compile i n  l e s s  than 2 passes ,  
because uses  of i d e n t i f i e r s  can appear before  t h v i r  

d e f i n i t i o n s  (and the d e f i n i t i o n s ,  when they do appear, can 
even i n f l u m c e  pars ing) ;  a a ing le  pass ALGOL syntax scan 
i s  poss ib le  only a t  the  c o s t  of r e s t r i c t i n g  the  language, 

producing some r a t h e r  bad cude, o r  c leaning  up the  code l a t e r .  



Whzn a scan i s  done i n  two passes ,  t h e  f i r s t  e s s e n t i a l l y  

processes  name d e f i n i t i o n s ,  and t h e  second produces code 

i n  in te rmedia te  form. On t h e  o t h e r  hand, FORTRAN and JOVIAL 

a r e  e a s i l y  parsed i n  a s i n g l e  pass .  

The syntax scan a l s o  produces almost a l 1  of the  

d iagnos t i c  rnessages developed by a compiler ( t h e s e  messages 

may be held i n  swnmary form f o r  l a t e r  p r i n t i n g ,  a s  i n  the  

C S C  G e n ~ s i s  compilers, t h e  C S C  Univac 1107 FORTRAN compiler, 

e t c .  ; never the les s ,  t he  d iagnos t i c  informa t i o n  i s  developed 

dur ing  syntax scan)  . 
A simple precedence scan, perhaps supplemented by some 

o the r  method f o r  c l a s s i f y i n g  s ta tements  i n t o  types,  i s  most 

commonly used i n  production compilers.  This methM has 

been used s ince  bef ore  1960; ev iden t ly  the  e a r l i e s t  production 

compiler t o  use i t  was t h a t  f o r  Burroughr s 220 ALGOL, a vers ion  

of ALGOL 58 i n  a cumpiler l a r g e l y  designed by J o e l  Erdwinn. 

Since then, t h i s  s tandard scan has  been used i n  t h e  Univac 110 '7  
and 1108 FORTRAN cumpilers, t he  IBM 360 FORTRAN iI and TSS 360 

F9RTKAN compilers, and many o the r s  . 
A number of i n d u s t r i a l  compilers ( t h e  SDS 910 ALGOL 

compiler w r i t t e n  by Prograrnrnatics and thz  C S C  Genesis 

compilers f o r  ALGOL and JOVIAL) use parses  def ined by forma1 
a n a l y t i c  gralmars  of t h e  s o r t  descr ibed above i n  cannection 

with the  ~ 8 i n o l k i  pa r s ing  algori thm. This scan method allows 

speeds comparable t o  t h a t  of t h e  s tandard  scan.  The pa r s ing  
methods a v a i l a b l e  f o r  general ized precedsnce grarnrnars and 

based upon the  use of precedence rnatrices have  not  been much 

used i n  i n d u s t r i a l  cumpilers, perhaps because of the  l a r g e  

t a b l e  s i z e s  required;  hawever, a JOTJXAL compiler f o r  the  
IBM 7090 w r i t  ten by SDC d id  use t h i s  t e c h n i q ~ e .  

Top-down a n a l y s i s  i s  used i n  a number of FORTRAN zompilers. 

A s  noted above, this i s  t he  technique used i n  the  D1GI1FEK 

P02S system. 
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a m u l t i p l i c a t i o n  by t h s  r ec ip roca l ;  combination of cons tants ;  

r ep lac ing  by a s h i f t  a d i v i s i o n  by a power of two; combinat- 
t i o n  3f i n s t r u c t i o n s  a s  allowed by a machine order  code s e t ;  

and innumerable o the r s  d e s i r a b l e  i n  v i r t u e  of t h e  qui rks  of 

a pa r t i c u l a  r ma chine.  

The code genera t ion  process  may be l ikened  t o  cond i t iona l  

macro-expansion. A technique which may be used t o  speed the  

genera t ion  process  i s  the  preexpansion of cond i t iona l  code 

macros i n t o  ske le ton  t e x t s  from which p a r t i c u l a r  l i n e s  
a r e  subsequently s e l e c t e d  by a system of i n d i c a t o r  b i t s .  

This technique is used, f o r  example, i n  t h e  IBM FORTRAN H 

compiler. 

I n  compilers no t  inc luding  a g loba l  r e g i s  t e r  a l l o c a t o r ,  

r e g i s t e r  assignment w i l l  o f t e n  be combined wi th  code genera- 

t i o n .  For some small  machines, a l l o c a t i o n  may be a r e l a t i v e l y  

simple problem, because only or,e o r  two r e g i s t e r s  a r e  a v a i l a b l e ;  

the  Digi tek SDS 910 FORTRAN compiler, f o r  example, d e a l s  only 

with the  contents  of a s i n g l e  machine accumulator. 

( e )  Output E d i t i n ~ .  
.-.m. -- 

This phase p r o d u c e ~  the  a c t u a l  b inary  load modules 

r ep resen t ing  genera t e d  ob j e c t  code, and may a l s o  produce 

a n  assembly language l i s t i n g  of the  genera t ing  code. The 
t I assemblyfl process ,  L e . ,  t h e  s u b s t i t u t i o n  of addresses  f o r  

symbols, i s  o f t e n  made p a r t  of t h i s  phsse. On t h e  o t h e r  

hand, some cornpilers produce a c t u a l  assembler i n p ~ t  card 

images f o r  submission t o  the  system assembler, thereby 
avoiding t h e  n e c e s s i t y  f o r  a s e p a r a t e  e d i t  phase. Por 
production compile?$, t h i s  technique i s  no t  t o  be recomrnended 
because of t h e  speed s a c r i f i c e  involved. It has,  however, 

been used i n  t h e  IBM 7094 and t h e  30s 360 FORTRAX compilers.  

I n  a few compilers, s to rage  a l l o c a t i o n  i s  d r f e r r e d  t o  
the output e d i t i n g  phase. T h i s  approach i s  u s e f u l  f o r  

compilers intended t o  produce cudz f o r  more than one o b j r c t  



machine, and has  been used i n  various of t h e  CSC Genesis 

cotnpilers. Ths e d i t  phase of t h s  compiler may a l s o  merge 

d iagnos t i c s  produced by severa1  previous phases i n t o  a 
sourca l i s t i n g .  The e d i t o r  a l s o  produces any symbol t a b l e s  

used by the  system f o r  debugging and as so r t ed  syrnbol d i c t i o n -  

a r i e s  and l o c a t i o n  maps used f o r  hand debugging by the 

progratnmer . 
Output e d i t i n g  i s  a s u r p r i s i n g l y  slow process,  e s p e c i a l l y  

when a fu11 output l i s t i n g  i s  produced. Generated i n s t r u c t i o n s  

a r e  l i k e l y  t o  r equ i re  q u i t e  a b i t  of processing t o  p u t  them 

i n  f i n a l  form, and mos t machines on which compilers run a r e  
somewhat il1 s u i t e d  t o  th?  cha rac te r  and b i t  s t r i n g  manipula- 

t i o n s  tha t an output e d i t o r  must perform. It may be remarked 

t h a t  many i n d u s t r i a l  compilers produce e i t h e r  no l i s t i n g  of 
generated coda o r  a l i s t i n g  i n  extremely unreadable form. 

Exceptions t o  t h i s  a r e  t h e  UNIVAC 110'7 and 1108 FORTRAN 

compilers and t h e  CCC Genesis cornpilers. 

( f ) In te rna1  Tables and T h l i r  Treatment . - - I _ _ _ . - - I _ -  ---_C-.-I - L - -  

Symbol t a b l e s  i n  commercia1 compilers a r e  gene ra l ly  

a ccessed us ing  a ha sh-sea rch teclmique; exceptions t o  t h i s  

a r e  the  IBM FORTRAN H compiler and t h e  Digi tek POPS compilers.  

Ths FOPS csmpilers use a t r e e  s torage  method f o r  source names. 
I n  t h i s  technique,  a b a s i c  l i s t  conta ins  a l 1  t h e  cha rac te r s  

which have occurred a s  ths f i r s t  c h a r a c t e r  i n  a name, and 

f o r  each such cha rac te r  a l i s t  conta in ing  a l 1  second charac- 

t e r s  which f o l l o ~ ~  t h a t  p a r t i c u l a r  f i r s t  charactier I n  some 

name i s  a v a i l a b l e ,  e t c .  Where a hauhing t e c k ~ i q : ~ e  i s  used, 

t h e  hash t a b l e  i s  t y p i c a l l y  sepa ra te  from tht? data  s to rage  
area ,  and elements having i d e n t i c a 1  hashes a r e  chained 

togeth-r;  t h i s  al lows simple and eff  i c i e n t  a l l o c a t i o n  of space 

f o r  data  s torage .  I n  a n  optimizing compiler, 1;he same hash 

technique i s  o f t en  used t o  f i n d  formally i d e n t i c a 1  sub- 
expressions,  and a d ic t iona ry  of expressions mey be combined 
with the  symbol t a b l e .  Most of the  information s to red  wi th in  



a symbol t a b l e  e n t r y  has  a f i x e d  length ,  and o f t e n  a s tandard  

block of s to rage  i s  reserved a t  t h e  time an  e n t r y  i s  made. 

Items o f t e n  t r e a t e d  d i f f e r e n t l y  a r e  t h z  symbol names them- 

se lvzs  (except  i n  languages such a s  FORTRAN, i n  which name 

l eng th  i s  r i g i d l y  r e s t r i c t e d )  and such th ings  a s  dimension 

informa t i o n .  I n  cases  where name l e n g t h  i s  u n r e s t r i c t e d ,  

some compilers keep name t a b l e s  sepa ra te ly ;  t h i s  has  the  

disadvantage of s p l i t t i n g  the  a v a i l a b l e  space i n t o  two p a r t s .  
An a l t e r n a t e  technique i s  t o  s t o r e  each name j u s t  before  

t h e  a t t r i b u t e  information p e r t a i n i n g  t o  it, and t o  keep t h e  

number of cha rac te r s  i n  each symbol name a s  a f i e l d  i n  t h e  

corresponding a t t r i b u t e  informa t i o n  area .  This permits  

rapid access  t o  a t t r i b u t e s  and a l s o  allows access  t o  the  

name i t s e l f  from the  a t t r i b u t e  block. 

For languages which allow only a small  maximum number 
of dlmensions f o r  an a r r a y ,  some compilers w i l l  allow space 

f o r  t h e  maximum number i n  every a r r a y  en t ry .  On t h e  o t h e r  

hand, dimension information i s  o f t e n  s t o r e d  remotely, and 

referenced by a p o i n t e r  f i e l d  wi th in  t h e  b a s i c  symbol t a b l e  
a t t r i b u t e  block rep resen t ing  an a r ray .  An e legan t  technique 

used i n  t h e  C S C  Genesis compilers i s  to s t o r e  t h e  code 

sequence required f o r  re ference  t o  an element of an  a r r a y  
r a t h e r  than a r r a y  dimensions; t h i s  al lows f o r  rap id  genera- 
t i o n  of code corresponding t o  occurrences of indexed a r rays .  

The symbol t a b i e  t e c h n i q - ~ e  uced i n  a compiler will 

genera l ly  r e f l e c t  t he  name-scoping r u l e s  of t h e  language 
being mmpiled. For languages which, l i k e  ALGOL, permit  
n e s t i n g  o.f name-scopes t o  a r b i t r a r y  depth,  a l 1  the  e n t r i e s  

corresponding t o  a s i n g l e  name can be chained together ,  t h e  
e n t r i e s  corresponding t o i n n e m o s t  scapes being kept f i r s t  

i n  the  chain and removad a t  scope-end; t h i s  provides the  

necessary recurs ivz  a c t i o n .  JOVIAL and t h o s  f ew FORTRANs 

which permit subrout ines  included wi th in  a main program 

can be t r e a t e d  by a s i m i l a r  technique but  w i l l  have only 



two scopes : ma i n  program and s.ub-program. Other FORTRANs , 
which requ i re  a  s t r i c t  s e r i a l  order  of rou t ine  and subrout ines ,  

can be handled sirnply by purging the  symbol tab:Le of a l 1  but  

common Slock and subrout ine  names each time a  su5routi .m i s  
termina ted i  o f t e n  some s o r t  of entry-numberlng scheme ab le  t o  

d i s t i n g u i s h  the  cu r ren t  subrout ine from t h e  l a s t  few 

subrout ines  can be used t o  prsvent  over-f req;ien.t purging. 

A technique,  u s e f u l  when i t  i s  inconvenient o r  expensive t o  

change l i s t  po in te r s  i n  ordlrr t o  remove names i n  an i n n e r  

scope from the  range of re ference  o.f a  given syinbolic name, 

i s  t o  t a g  each symbol t a b l e  e n t r y  with t h s  number of the  

scope t o  which i t  belongs. A t a b l e  of b i t s ,  each rep resen t ing  

a  p a r t i c u l a r  scope, may a l s o  be kept,  and t h e  c:Locing of each 
p a r t i c u l a r  scope Llagged. This makes i t  poss ib le  t o  l o c a t e  

the  c o r r e c t  r e f e r e n t  of a  name a s  the  f i r s t  eleinent i n  the  

chain of e n t r i e s  referenced by a  givzn symbol which belongs 
t o  a  l i v e  scope. 

Most compilers use t a b l e s  of f ixed  l eng th  sxcept  f o r  

t h e i r  symbol t a b l e s ,  input  and output f i l e s ,  and intermediate  

code f i l e s .  A noteworthy exception t o  t h i s  i s  the s to rage  
scheme used the  POPS compilers: here  evcry Sable i s  

always r e f e r e n c 4  through a po in te r ,  s o  thc t a b l e s  can movi 

f r e e l y .  Whenever the block of space a v a i l a S l e  f o r  a  tabì-e 

(l 's tack" o r  " r o l l "  ) i s  exhausted, s torage i s  reu l loca  t ed  and 
t h e  co1lectio.n o.f t a b l e s  moved t o  c r e a t e  more contiguous 

cpace f o r  t h r  t a b l e  aSout t o  o v ~ r f l o w .  This h a s  the  advantage 
of making maximum use of a v a i l a 5 l e  core,  which f o r  the  POPS 

compiless i s  t y p i c a l l y  very small .  

Al1 commercia1 multi-pass compilers make se r ious  e f f o r t s  

t o  overlay sec t ions  of codz and t a b l e  a reas  no longer  needed. 

Compilers mnning i n  a  "paged" environment, L e , ,  i n  a 

hardware s e t t i n g  i n  which blocks of a  c e r t a i n  s l z e  a r e  moved 
automa t i c a l l y  betwsen main and secondary storagt; f i n d  i t  
importaxt t o  use a s  few pages a s  poss ib le ,  i . e ,  not  t o  have 



a number of pages p a r t  fu11  i f  a sma l l e r  number of almost 

fu11  pages would s u f f i c e .  T h i s  cons ide ra t ion  will in some 

cases  d i c t a t e  some s p e c i a l  arrangement and sizing of tables 

and blocks of code. The IBM TSS-360 For t r an  compiler was 

planned with t h i s  i n  mind, 

( g )  - Compiler ---e F l e x i b i l i t y  and Debugging. 

Ekcept i n  compilers s u b j e c t  t o  r i g i d  space c m s t r a i n t s ,  

i t  i s  reasonable  t o  s a c r i f i c e  a c e r t a i n  amount of space and 

speed i n  order  t o  make t h e  compiler modular and improve i t s  

debuggabi l i ty .  This aim w i l l  be e a s i e r  t o  a t t a i n  i f  a c lean  

i n t e r f a c e  i s  maintained between a l 1  t h e  compiler phases, L e . ,  

i f  t he  number of t a b l e s ,  e s p e c i a l l y  those passed between 

successive phases, is kept t o  a minimum. For example, i n  

the  Univac 1107 For t r an  compiler and i n  a l l  the  C S C  Genesis 

compilers t h e  only inforrnation passed from the  syntax a n a l y s i s  
phaae t o  t h e  opt imizat ion phase is the  symbol t a b l e ,  t h e  cade 

s t r i n g ,  and h a l f  a dozen parameters. This approach i s  a l s o  

t o  be noted i n  the  IBM 7094 For t r an  cumpiler, where only 

the  assembly-f orma t card f i l e  i s  passed between the  syntax 

phase and t h e  code genera t ion  phase. 
Commercial compilers of medium t o  l a r g e  s c a l e  w i l l  

norrnally incorpora t e  a few spec ia l i zed  t o o l s  used m l y  f o r  

t h e  debugging of the  compiler i t s e l f .  For exarnple, t h e  
Univac 110'7 compiler recugriizes some unpublished "reserved 
words" a s  l e g a 1  s ta tement  types; t h e s e  cause t o  be p r i n t e d  

a t r a c e  of t h e  compiler a n a l y s i s  of the  fol lowing s ta tement .  
The CSC Genesis compilers inc lude  rou t ines  which d ~ m p  

compiler t a b l e s  on demand i n  a fonn convenient f o r  the  cornpiler 
w r i t e r .  These rout ines  occupy p a r t  of th?  space a l l o c a t e d  

f o r  the  syrnbol t a b l e ,  s o  t h a t  when t he  compiler i s  opera t ing  
i n  non-dvbug mode no space i s  required.  An o c t a l  c o r r e c t i o n  
f a c i l i t y  f o r  p a r t s  of the  compiler I t s e l f  i s  a l s o  included. 

The source s t r i n g ,  var iouc in te rmedia te  code s t r i n g s ,  

khe f i n a 1  b inary  output s t r i n g ,  and the  l i s t i n g  f i l e  producad 



by a compiler a r e  o f t e n  buffered i n  s e c t i o n s  i n t o  e x t e r n a l  
f i l e s ,  a t  l e a s t  f o r  compilations too  l a r g e  t o  f i t  i n t o  core .  

The c a r e f u l  buf'fering of e x t e m a l  f i l es ,  aiming a t  ef  f e c t i v a  

overlap between input-output  operationa and simultaneous 

in-core c a l c u l a t i o n s  can have an important e f f e c t  on t h e  
performance of a compiler. Provis ion of adequate b u f f e r s  

may allow small  campila t i o n s  t o  proceed t o  compl.etion without 

any e x t e r n a l  I/O becoming necessary.  

The symbol t a b l e  i s  normally kept i n  core  throughout 

compilation.  Compilers perfonning g loba l  opt tmizat ion o f t e n  

requi re  t h a t  much of an  inter inediate  code s t r i n g  be kept i n  

x r e  dur ing  opt imizat ion,  and o f t en  keep in te rmedia te  code 

i n  core  while pass ing  from syntax scan t o  optimi.zation. 

Unti1 f a i r l y  recent ly ,  a l 1  commercial compilers except 
f o r  the CSC J3VIAL compilers were w r i t t e n  i n  assembly code; 
t h e  h ighes t  performance compilers s t i l l  a r e .  The 13M 360 
FORTRAX H compiler is w r i t t e n  i n  an extended FORTRAN. The 

ef f i c iency  advantages of assembly. code ovar source code a r e  

c u r r e n t l y  a mat te r  of dabate.  Estimates of the  performance 

advantage f o r  a n  assembly-coded over source-codrd cornpiler 

renge from 50-100 percent ,  and es t imates  o.f t he  advantage 

i n  o ize  of assembly-written over source-writ  ten compilers 
cover a s i m i l a r  range. Minimal spa-e can be t h -  most 

severe .  obs tac le  t o  th,z use of a source-wri t ten compiler 
(wi th  the exception of POPS compilers, s ee  below) . Howevzr, 

t he  development of s u i t a b l e  systems programming languages 

and t h e i r  opt imizat ion i s  expected t o  reduce t h e  r e l a t i v e  

ailvantage of a ssembly-coded compilers very s i g n i f  i c a n t l y ,  

and 3ne may look forward t o  i n c r e a s i n e  u s e  of source language 

f o r  the coding of compilers. 

The d e s i r a b l e  f ea t u r e s  of a compiler-writ ing language a re :  



(i) E f f i c i e n t  access  t o  machine p a r t  words a s  v a r i a b l e s  i n  
t h e  language. This i s  very important i f  t h e  compiler i s  t o  

be ab le  t o  use densely packed t a b l e s .  

(ii) Data s t r u c t u r e s  and a l l o c a t i o n  r u l e s  which permit  

cont  r o l  over placement of va r i a b l e s  i n  mernory inc luding  

cont ro1  of overlays,  and which permit  t h e  combination of 

heterogeneous v a r i a b l e  types i w a  s i n g l e  s t r u c t u r e  o r  e n t r y  

( a s  i n  a  symbol t a b l e )  . 
(iii ) Some form of based s to rage  pe rmi t t ing  convenient shif t i n g  
of t a b l e s  i n  core  and allowing. t a b l e  s t r u c t u r e s  t o  be extended 
t o  newly a l l o c a t e d  blocks of core .  

( i v )  Name-scoping r u l e s  pe rmi t t ing  easy combina t i o n  of 
s e p a r a t e  rou t ines  w r i t t e n  by d i f f e r e n t  people. 

( v )  E f f i c i e n t  and f l e x i b l e  c a l l i n g  sequences. I n  t h i s  
connectian,  some of t h e  ideas  on subrout ine  l inkage  optimiza- 

t i o n  discussed i n  a  l a t e r  chap te r  inay be ualuable.  

( v i )  Access t o  a l 1  machine i n s t r u c t i o n s ,  hapefu l ly  i n  a form 

which does no t  obs t ruc t  g l o b a l  opt imiza t ion  of t h e  compiler 

code. One way of providing t h i s  access  i s  i n  temns of a 
package of subrout ines .  

(vii.) A t  l e a s t  a  rudimentary system of macros pe rmi t t ing  
cond i t iona l  compilation of t h e  system source language should 

be provided. Such a  t001 i s  u s e f u l  f o r  a  v a r i e t y  of purposes, 

inc luding  i s o l a t i o n  of compiler parameters,  avoidance of 
repeated and error-prone h s e r t i o n  of r e p e t i t i v e  code blocks,  

and production o-f a  nurnber of s l i g h t l y  v a r i a n t  vers ions of 

a  compi.ler. 

( v ~ i )  It must be poss ib le  t o  i n i t i a l i z e  va r i ab les ,  and, i n  
t h i s  connection, provis ion  must be made f o r  the cmven ien t  

t reatment  of cha rac te r  and bit s t r ing  cons tants .  

( i x )  Recursive rou t ines  a r e  u s e f u l  f o r  th- expression of a  

number of compiler processes.  



P L / ~  probably has more of thz  above f e a t u r e s  than  any 

o t h e r  language, but  i t s  c a l l i n g  sequences a r e  i n e f f i c i e n t ,  

i t  does no t  g ive  access  i n  a ~ o n v e n i e n t  way to machine 

i n s t r u c t i o n s ,  i t  may involve i n e f f i c i e n t  methods f o r  access  

t o  data  s t n i c t u r e s ,  and I t  i s  r a t h r r  d i f f i c u l t  t o  pptimize.  

I n  general ,  P L / ~  pays s o  high a p r i c e  f o r  i t s  g e n e r a l i t y  a s  

no t  t o  be an  i d d  tool for the W r i t i n g  of e f f i c i e n t  compilers. 

JOVIAL, FORTRAN, and ALGOL each have some but  no t  many of 
t h e  f e a t u r e s  l i s t e d  above. The IBM BSL language and t h e  C S C  

SYMPL language have more of these  f e a t u r e s ,  and systems 

programming languages of t h i s  s o r t  may we l l  become standard 

t o o l s  f o r  compiler production i n  the  next  few years .  

Forrnal compiler-writ ing syc tems, which have been t h e  

f o c a  of a good dea1 of u n i v e r s i t y  research  i n  t h e  l a s t  few 

years ,  have no t  genera l ly  been used f o r  t h e  production of 
commercial-grade compilers. The two principale exceptions 

t o  f h i s  gene ra l i za t ion  a r e  t h e  C S C  Genesis c ~ m p i l e r s ,  which, 

a s  noted above, use  a n a l y t i c  grammars and an a s soc ia t ed  
bottom-up pa r s ing  algorithm, and the  compilers W r i t t e n  

using t h e  Digi tek POPS technique; the  POPS compilers use  

a top-down s y n t a c t i c  scan. The Genesis system produces 

compilers of q u i t e  acceptable  running e f f i c i e n c y  which a t t a i n  

a considerable  degree of machine independence. Genesis has 
by now been used t o  produce ALGOL compilers running on the  

IBM 7094, the  U N I V A C  490 and 494, and th r  Genera1 E l e c t r i c  

635. A JOVIAL compiler running on the  IBM 360 has been 

produced us ing  t h e  same technique.  The POPS system which, 

a s  noted i n  the  d e t a i i e d  d e s c r i p t i o n  of i t  given i n  an e a r l i e r  

paragraph of t he  p r s sen t  sec t ion ,  involves i n t e r p r e t a t i o n  of 
pseudo-instruct ions w r i t t e n  i n  a dense format, can be used 

t o  produce very small  compilers. It i s  a l s o  easy t o  move 

t h e  POPS system from one machine t o  another  by recoding 

the  r e l a  t i v e l y  simple POPS i n t e r p r e t e r .  



(i) Speed and S ize  of Data f o r  a Few P r i n c i p a l  - 
Indus t r i a l  Compilers . -. -- 
We at tempt  i n  the  f ollowing paragraphs t o  g ive  an 

i n d i c a t i o n  of the  r e l a t i v e  e f f i c i e n c y  of a  number of s i g n i f i -  

cant  indus t r i a l  compilers . Approxima t e  f igu res  a r e  given 
i n  number of i n s t m c t i o n s  executed p e r  nomina1 source card.  

Where information i s  a v a i l a b l e ,  an i n d i c a t i o n  of t h e  l e v e 1  

of opt imizat ion a t t a i n e d  and t h e  s t y l e  i n  which t h e  compiler 

was w r i t t e n  i s  given. - 

7094 ALGOL 

360 JOVIAL 

6600 JOVIAL 

7090 JOVIAL 

16 o4 /36 00 
JOVIAL 

1107 JOVIAL 

i i o7 / i i o8  
FORTRAN 

TSS 136 O 
FORTRAN 

Language NO. of Ins  t r u c t i o n s  
Compiler i n  which Executed Per Nomina1 Optimization 

Leve1 - __. wxit ten Source Card 
-----*-- -- -- 

360 For t r an  H For t r an  3 7 K  Good g loba l  
- 
Genesis 
Genesis 

Genesis 

J OVIAL 

JOVIAL 

JOVIAL 

Ma chine 

Ma chine 

1 3 7 K  
96K 

1 OOK 

12OK 

5 5 K  

1 O K  

1 4 ~  

8~ 

Local 

Loca l 

Local 

Local 

Local 

Local 

Good g loba l  

Good g loba l  

- . -  ---- - - - -  - -- -- ------- ------ 

The code produced f o r  a  t y p i c a l  a r i t h m e t i c  loop by a  
good optimizing cumpiler can out-perform t h a t  produced by 

a  naive cumpiler by a  f a c t o r  of 4  t o  1. 

The fol lowing more d e t a i l e d  f i g u r e s  give a  breakdown 

of the  TSS FORTRAN compiler by phases. - 

TSS F3RTRAN Comgiler Breakdown by Pnases . ( ~ o t a l  Coda 6 7 ~  Lines . ) -- - ---- - - -__. --- - - - --- -. -- - ------ -- -- 
Time -- 

Scan ( inc lud ing  c a r e f u l  d i agnos t i c s )  30 O b  

Optimization ( inc lud ing  r e g i s  t e r  e l l o c a t i o n )  28 70 
Code genera t i o n  ( inc lud ing  l o c a l  optizmia t i o n )  28 ?o 

Edi t ing  6  70 

Code - 
30 O,?5 

i 8  

45 70 
7 % 



(j) Additional d e t a i l s  on var ious -- particular p compilers . 
I n  t h e  p resen t  paragraphs, we o u t l i n e  t h è  s t r u r t u r e  of 

a number of compilers; comparison of these  d e s c r i p t i o n s  w i l l  

i n d i c a t e  the  consequences of var ious poss ib le  design approaches 

and the  inf luence  on design o f  such e x t e r n a l  f a c t o r s  a s  source 

language and s i z e  cons tants .  
We begin with an account of the  IBM 0 ~ / 3 6 0  

FORTRAN I V  compilers.  IBM has produced t h r e e  FORTRAN 
compilers t o  run under OSB~O: t h e  E compiler, which can be 
used on a machine with only 32K bytes  of s torage ;  the  G 

compiler, which i s  designed f o r  a 1 2 8 ~  byte  machine; and 

the  optimizing H compiler, which r equ i res  t h a t  256 bytes  of 
s to rage  be ava i l ab le .  The cumpilers themselves do not  use 

the  e n t i r e  memory, of caurse;  severa1  thousand bytes  a r e  

occupied by t h e  r e s iden t  opera t ing  system. 

Since t h e  amount of memory a v a i l a b l e  i s  such an important 

f a c t o r  i n  determining the  design of a compiler, i t  i s  i n t e r e s t -  

i n g  t o  compare the  design 3f t h e s e  t h r e e  compilers. 

The G compiler, whose design i s  most s t ra ight forward ,  

occupies 8 0 ~  bytes  of memory. It was w r i t t e n  f o r  IBM by 

the  Digi tek Corporation and uses  t h e i r  POP technique, which 

i s  descr ibed above. The compiler c o n s i s t s  of f i v e  l o g i c a 1  
phases which a r e ,  i n  general ,  always r e s i d e n t  i n  core;  i f ,  
however, a d d i t i o n a l  spa ce i s  required dur ing  processing,  
those phases no t  c u r r e n t l y  i n  use may be s p i l l e d .  The 

f i r s t  o r  parse  phase transforms the  source program 

i n t o  a r o l l  (push-down s t a c k )  of i n s t r u c t i o n s  i n  Pol i sh  
form and bu i lds  the  d ic t iona ry ,  which i s  contained on a 

number u f  r o l l s .  The second phase uses  the  d i c t i o n a r y  
information developed dur ing  parse  t o  a l l o c a t e  

s to rage  f o r  simple va r i ab les  and a r rays ,  format l i s t s ,  

parameter l i s t s ,  e t c .  The t h i r d  phase i s  an opt imizat ion 

phase. The opt imizat ion performed i s  no t  e x t e m i v e ;  

the  compiler merely at tempts  t o  optimize r e g i s t e r  usage 



f o r  subscr ip t  quan t i t l e s  used in DO-loops. The four th  phase 
uses optimization information and the  Polish r o l l  to generate  
reloca t ab l e  machine code. The f i f t h  and f i n a 1  phase produces 
the  a c t u a l  decks and l i s t i n g s .  

Essen t ia l ly  a l 1  of t he  s torage  used by t he  compiler 
during compilation i s  r o l l  s torage .  This s torage  i s  acquired 
a s  necessary via the  system a l l o c a t o r  i n  4096-byte blocks. 

A given r o l l  i s  kept i n  consecutively-allocated blocks; t h i s  
requi res  re loca t ion  of a l 1  r o l l s  of l a r g e r  index whenever a 
given r o l l  f i l l s  up. 

The G compiler produces r a t h e r  c ryp t ic ,  but  effettive, 

diagnost ics .  Whenever a syntax e r r o r  i s  discovered, a "$" 
i s  pr in ted  under the  character  which caused t he  pars ing  
rout ine  t o  s top.  If t he  rout ine  can continue, i t  then does so; 
i n  t h i s  way i t  may happen t h a t  severa1 pos i t ions  i n  a statement 
may be marked with "$". For each pos i t i on  s o  marked, a one 
o r  two word d iagnost ic  i s  given. For example: 

(l) LABEL ( 2 ) SU'S CRIPT 

The f i r s t  d iagnost ic  ind ica tes ,  of course, t h a t  the  compiler 
expected t o  f ind  a l a b e l  on t h i s  statement (perhaps i t  
follows a GO T0 statement) .  The second ind ica tes  t h a t  BRY 

appears i n  a DIMENSION statement and theref  ore requi res  a 
subscrI.pt, 

The design of the  E compiler, which operates  i n  only 15K 
bytes of core, con t ras t s  with t h a t  of t he  G compiler i n  an 
i n t e r e s t i n g  way. The number of phases i s  l a rge r ,  and thzy a r e  
l e s s  coherently organized. More e x p l i c i t l y ,  only a nuclear  
i n t e r f ace  module i s  res ident  i n  main memory throughout compila- 
t ion .  T h i s  module performs compiler 1/3 and contro ls  the  
loading or  the  o ther  processing phases. It a l s o  contains a 
t o t a l  compiler communications area.  Other phases a r e  loaded 



s ing ly ,  t o  be ove r l a id  when they a r e  no longer  required.  

There a r e  1 2  processing phases, p lus  3 so-cal led " in te r ludes" .  

m e s e  i n t e r l u d e s  a r e  designed t o  recover space u s d b y  I/O 
processing rou t ines  and t h e i r  a s soc ia t ed  b u f f e r s  when c e r t a i n  

in te rmedia te  f i l e s  a r e  no longer  required.  Since th i s  opera- 

t i o n  i s  n e c e s s a r i l y  time-consuming, t h r s e  i n t e r l u d e s  a r e  

executed only whm t h e  compiler must run i n  an absolu te  
minimun of core. 

The f i v e  phases of t h e  G compiler c o r r e ~ p ~ n d  almost 

exac t ly  t o  an obvious l o g i c a l  p a r t i t i o n i n g  of a compiler. 
Consequently, a l 1  of the  funct ions  performed the re  a r e  a l s o  

performed by t h e  3 compiler. A given l o g i c a l  f u x t i o n  i s  

divided i n  the E compiler among severa1  phases. The fol lowing 

c h a r t  r e l a t e s  funct ions  t o  the  phases t h a t  p e r f o m  them. 

Function E Compiler Phases 
-- -- -- -- --.---P 

~ a r s e / d i c t i o n a r y  10D, ~ O E ,  14, 15, 20, 30 

Storage Allocat ion 10D, 12  

Optimiza t i o n  

Code genera t i o n  

Optimization i n  the  E compiler i s  l imi t ed  to  optimizing 
r e g i s t e r  usage f o r  subsc r ip t  q u a n t i t i e s  occurrimg between 

referenced l a b e l s .  Thus program flow strutture i s  no t  
considered.  

The eompiler f i r s t  makes a pre-pass eover i - t s  input  t o  
l l r e serve"  keywords, remove embedded blanks,  and i n s e r t  blanks 

a s  sepa ra to r s  s o  t h a t  the  pars ing  phase can use a l e x i c a l  scan.  

The parse  rou t ine  i s  divided i n t o  two phases: one t o  
process d e c l a r a t i v e  s ta tements ,  which must appeur a t  the 

beginning of the  prograx, and another  t o  handle executable 

s ta tements .  For the  l a t t e r  s ta tements  an in te rmedia te  t e x t  
f i l e  i s  c rea ted .  Diagnostic messages a r e  encoded i n t o  t h i s  

intermedia t e  f i l e  .f o r  l a  t e r  processing.  Expressions a r e  only 
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checked a t  t h i s  point  f o r  well-formedness, s o  t h a t  a 

s t i l l  l a t e r  phase i s  required to modify t he  produced i n t e r -  

mediate t e x t  t o  account f o r  opera tor  hierarchy. 

Memory a l l oca t i on  f o r  the  E compiler i s  done i n  a s i ng l e  

chunk. The amount of s torage  a l loca ted  i s  a funct ion of 

t he  memory s i z e  of the  machine on which the  compiler i s  

running. This s torage  space i s  used t o  Eontain t h e  d ic t ionary .  

Any main s torage remaining i s  used t o  hold intermediate  t ex t ;  

i f  the re  i s  not  s u f f i c i e n t  space i n  main memory t o  accommodate 

a l 1  of the  intermediate  t e x t ,  it i s  s p i l l e d  onto secondary 

s torage .  

The optimizing H compiler requi res  only 8 9 ~  bytes of main 

memory i n  which t o  operate,  although the  compiler contains 

approximately 4 0 3 ~  bytes of code. The campiler i s  divided i n t o  
5 log ica1  phases, s i m i l a r  t o  those of t he  G compiler, which 
overlay each other;  some of these  phases a r e  f u r t h e r  sub- 

divided i n t o  smaller  overlay segments. Allowing space f o r  

d i c t i ona r i e s  and intermediate  t ex t ,  t he  cornpiler requires  a 

minimum of 150K bytes of s torage.  
Two f a i t o r s  account . f o r  the  g rea t  expansion i n  the  amount 

of cade i n  t he  H compiler uver than contained i n  the  G compiler. 

F i r s t ,  the  G compiler i s  wr i t t en  i n  the  POPS language 
which i s  p a r t i c u l a r l y  compact. Second, the  H compiler pe r foms  

extensive g lobal  optimizations of a type not  found i n  the  

G compiler. 
The f i rs  t H-compiler phase recognizes s tatement types 

and encodes the  statements i n  an intermediate  t e x t  of the  

operator-operand type. Simultaneously, i t  bui lds  the  d ic t ionary .  

It i s  i n t e r e s t i n g  t o  note t h a t ,  l i k e  the E compiler, t he  H 

compiler only checks exprecsions f o r  well-f ormedness, pos tpon- 

ing  de ta i l ed  t r a n s l a t i o n  t o  a subsequent phase. 
During the  second phase s torage  a l loca  t i on  of programmer- 

defined var iables  and ar rays  i s  perfonned. I n  addi t ion  
a r i thmet ic  expressions a r e  changed fmm the  opera tor-operand 



format developed dur ing  phase 1 t o  a three-address  f o m a t  

tha t properly r e f l e c  ts  opera t o r  h ie rarchy  . Each element i n  
three-address format i s  of the form 

o p a b c ,  

which represents  

a = b o p c .  

Of course a ,  b, and t e r e  re ferences  t o  d i c t i o n a r y  items, 

e i t h e r  user-defined o r  temporary. Also a t  t h i s  po in t  b a s i c  

blocks and connect iv i ty  inatrices a r e  constructed a s  we l l  a s  

information on thu usage of va r i ab les  and cons tants  wi th in  
a block. This information i s  required f o r  subsequent 

optimiza t i o n  phase. 

S t i l l  fol lowing the  p a t t e r n  of t h e  G compiler, t h e  t h i r d  

phase of the  H compiler i s  devoted t o  opt imizat ion.  The H 

campiler .can produce code ffoptimizedf'  t o  one of t h r e e  

spec i f  i ed  l e v e l s  . A t  t h e  lowes t l eve1  minimal bpt imizat ion 

i s  performed.?his y i e l d s  a s t y l i z e d  form of r e g i s t e r  a l l o c a t i o n ,  

with a f ixed  r e g i s t e r  Lor accumula t ion ,  another  f o r  subsc r ip t ing ,  

e t c . ,  and with redundant r e g i s t e r  loads and s t o r e s  removed. 

The two o the r  opt imizat ion l e v e l s  use r e l a t e d  methods of 

r e g i s t e r  a l l o c a t i o n .  When t h e  most h ighly  optimized code 

des i red ,  r e g i s t e r  a l l o c a t i o n  i s  done on a loop-by-loop b a s i s ,  

proceeding from innermost loops out .  I n  t h i s  case,  g loba l  

subexpression e l imina t ion  i s  a l s o  performed. The method of 
flow ana lys i s  and loop d e t e c t i o n  used by bhe H compiler a r e  

wel l  surnrnarized i n  Lowetz and Medlock [ l ]  and a r e  s i m i l a r  
t o  the  techniques explained elsewhere i n  t h i s  volume; 

consequently, we s h a l l  no t  d iscuss  them here .  
Regis te r  assignment, whether f o r  a loop o r  f o r  the  whole 

program, proceeds i n  two phases; l o c a l  assignment and g loba l  

assignment. Local assignrnent i s  performed independently 
f o r  each bas ic  block. To be e l i g i b l e  f o r  l o c a l  assignment, 
a va r i ab le  must be defined and used ( i n  t h a t  o rde r )  Q i t h i n  



t h e  block. For va r i ab les  t h a t  s a t i s f y  t h a t  c r i t e r i o n ,  a  

pr iva  t e  r e g i s t e r  i s  assigned,  assuming t h a t  one i s  a v a i l a b l e .  

If one i s  s o  assigned, i t  i s  "ownedff by t h e  v a r i a b l e  from 
t h e  d e f i n i t i o n  po in t  t o  t h e  po in t  of l a s t  use  wi th in  t h e  block.  

Once l o c a l  r e g i s t e r  assignment has  been completed f o r  

a l 1  blocks i n  the  loop/program, some e l i g F b l e  r e g i s t e r s  may 

remain f o r  which no assignments have been made. These 

r e g i s t e r s  a r e  then assigned on a  g loba l  b a s i s  t o  t h e  

v a r i a b l e s  having t h e  g rea te s  t number of re ferences  i n  t h e  

loop o r  program under cons idera t ion .  When t h e  h ighes t  l e v e l  
of opt imizat ion i s  s p e c i f i e d ,  loops a r e  processed from t h e  
ins ide-out ,  and, i f  a  v a r i a b l e  i s  e l i g i b l e  f o r  g loba l  

assignment i n  two nes ted  loops,  an at tempt  is made t o  a s s i g n  i t  
t o  t h e  same r e g i s t e r  i n  both,  When a v a r i a b l e  i s  e l i g i b l e  f o r  

both g loba l  and l o c a l  assignment, t h e  g loba l  assignment t akes  

precedence. S t a t u s  b i t s  a r e  s e t  f o r  each af t h e  operands 

of each t e x t  en t ry ,  i n d i c a t i n g  whether o r  not  t h e  operand 
may be assumed t o  be i n  a  r e g i s t e r  and whether o r  no t  i t  
must be r e t a ined  i n  t h e  r e g i s t e r  a t  t h e  end of t h e  opera t ion .  

When t h e  h ighes t  l e v e l  of opt imiza t ion  i s  s p e c i f i e d  f o r  

a  program, t h r e e  o t h e r  types of opt imiza t ion  a r e  performed. 

i )  zornmon subexpressions a r e  elimina ted;  
ii) code i s  rnoved out of loops,  where poss ib le ;  

iii) reduct ion  i n  s t r e n g t h  i s  performed. 

Since t h e  genera1 methods used t o  perform these  opt imiza t ions  are 
descr ibed i n  a  l a t e r  chapter, we s h a l l  no t  go i n t o  d e t a i l  here .  
There a r e  c e r t a i n  a spec t s  of t h e  technique used which a r e  

of i n t e r e s t ,  however. For example, bo th  l o c a l  and g loba l  
cornmon subexpression e l imina t ion  a r e  based on forma1 i d e n t i t y .  
Thus t h e  value-number scheme descr ibed i n  Chap t e r  VI11 i s  

no t  used, even on a  l o c a l  b a s i s  . Moreover, no at tempt  i s  

made t o  do cons tant  p r o p a g a t i m  and indeed c e r t a i n  dec i s ions  
concerning expansions of opera tors  made dur ing  t h e  f i r s t  phase 



make subsequent discovery of constant operands of l i t t l e  
value. O f  course, operations whose operands a r e  seen 

without propagation t o  be constants a r e  perfomed a t  
compile time. 

If the  highest  leve1 of optimization has been speci f ied ,  
the  user  may request t h i s  phase t o  produce a s t ructured 

source l i s t i n g  of the  program. In tha l i s t i n g  statements 

belonging t o  the  same loop a r e  s o  i den t i f i ed  and nes t ing  
of loops i s  indicated by t e x t  indentation. 

The four th  compiler phase uses the  r e g i s t u r  a l l oca t i on  

which has been s e t  up t o  generate code. In code generation 

a r a the r  i n t e r e s t i ng  technique, amounting t o  a kind 
of condit ional  pre-examination, i s  used; t h i s  method 
combines compactness of data reprecentat ion with high speed 
code generation. For each bas ic  type of 3-address i n t e r -  
mediate t e x t  ent ry  operation a skeleton t ab l e  dlescribing 
the  machine code ins t ruc t ions  t o  be generated f or  it i s  
specif ied.  This t a b l e  includes, in proper sequence, a l 1  
possibly necessary r e g i s t e r  loads and s to res ,  even though 
some of them may be redundant f o r  a  given t e x t  entry. 
Since ~ystem/360 allows both r eg i s t e r - r eg i s t e r  and storage- 
r e g i s t e r  version of most ar i thmet ic  and logica1 operations, 
both forms a r e  included i n  the  skeleton. Furthermore, i f  
the operation i s  commutative, both possible load orders 
a re  included i n  the  skeleton. Associated with this 
skeleton t e x t  i s  a  b i t  matrix con ta in ing-as  mariy rows a s  

- there  a r e  items of skeleton tex t .  Using the s2;atus b i t s  
f o r  the  operands of an intermediate t e x t  entry,  which we 

reca11 a r e  s e t  during the  optimization phase, a column i s  
se lec ted  from t h i s  b i t  matrix. The rows se lec ted  by l ' s  i n  
t h i s  column define the  skeleton e n t r i e s  which a r e  t o  appear 

i n  the  t e x t  ent ry  expansion. 
A f i n a l  compiler phase i s  ca l l ed  only i f  e r ro r s  have been 

detected during processing; i t s  only funct ion i s  t o  p r i n t  these 
messages. 



The eontrol Data corporation prgvides two very different 
FORTRAN compilers with their 6000 series computers: the 
FORTRAN RUN compiler, which attains a high compilation 
rate and good optimization of inner DO-loops, and the 
FORTRAN EXTENDED compiler, which emphasizes thorough 
machine-dependent optimization. 

The RUN compiler, originally developed at CDC's 
Chippewa Laboratories, is a one-pass compiler, resident 
in core throughout a compilation. The ob ject code it 
generates is stored imrnediately above the compiler code, 
and expands upward. Fixed-size buffers are kept at the top 
of the available core area; syrn?3ol tables start below 
these buffers and expand dov~nwards. If the object code 
region ever overlaps the groying spbol tables, the 
compilntion ic aborted; no provision 1 s  made for storing 
Intermediate data on external devlces. 

RUN' s i n i n i m l m  core requirement varies between 33, 0008 

ane 11.0, CO09 ( 6 ~ - b i t  vrords), depending on the version of 
t he  compiler used. 

A1.l  %UN romptlers have ~nI1.0wc-d PORTPAN and assernhl~r 

hngucrge sl.~bg~o;.rc?ms tci be intemnixed i.n a source d c ? ~ ! ~ .  





these  var iab les  durlng t he  second pass. 
The symbol t ab l e  used is of some i n t e r e s t .  This t a b l e  

i s  maintained as a s e r i e s  of tree s t ~ c t u r e s ,  accessed 
through a hash table .  As symbols a r e  added, each tree 
i s  rearranzed t o  keep it as symmetric as possible;  as a 
r e su l t ,  not  more than four o r  r i v e  e n t r i e s  need be exmined 
t o  l oca t e  an el-ement i n  a thousand entry table. 

The second compiler converts the  RLIST intermediate 
code i n t o  assembly language code. During t h i s  process 
two bas ic  types oP optimization a r e  performed: DO-loop 
optimization and code cequence optimization. "~el l -behaved"  
DO-loops (containing no funct ion references o r  uncondit ional  
junps, and not having extended range) a r e  analyzed t o  
determine an optimal counting s t ra tegy,  and t o  pre-load 
u se fu l  da ta  such as DO-loop parameters and array addresses 
i n t o  index r eg i s t e r s .  I n  version I of the  compi.ler, 
however, no attempt i s  made t o  take loop-invariant calcu- 
l a t i o n s  outsi.de of DO-loops. 

A secpence 1s a series o f ' i n s ~ r u c t i o n s  dellmited by 

an unconditional jump, ac t i ve  l a b o l ,  o r  condi t ional  jump 
terminatinz a DO-loop; it i s  the  u n i t  within which optim- 
i n a t b n  is performed. Each sequence i s  optimized i n  th ree  
phases : F i r s t ,  a l l  redundant operati-ons i n  the  sequence 
are deleted. Secoild, a dependency t r e e  (simil-ar t o  those 
user! i n  PSRT) 1s buClt and the  operat ions conprising a 
code are ordered on a p r i o r i t y  basis ( e . ~ . ,  an operat ion 
whose r e s u l t  is required f o r  a l l  o ther  operations i s  
given top p r i o r l t y ) .  F inal ly ,  code 5s  emitted. During 
the fCnal phase ,  a ca r e fu l  tirning analys-i-s i s  m d e  t o  
cietemlne the availability of r e g i s t e r s  mà f u n c t i o m l  
u n i  t s  ( the  6600 contains 10 independent funct ional  uni-ts, 
which c m  operate concurrent,-y).  Proper scheduling of 

i i ~nc t i on i t l  units and r e z i s t e r s  allows reduction of the 

ttiw required t o  execute a sequence by twcnty t o  f j - f ty  

perceizt . 
-265- 



Version 1 of 17OXTMN . E X T E N - D  compiled reIative1.y 
~3.m3.y about an order of ~nagnitudc more s b w l y  than I?lTI\!. 

Aboui: tiio-i;lil.rdc o:? the com~ilaatlon time rvas uso? by a 
s-1;anf.lard trvo-pass assemhler !;o assemble the code zenerated 
by the compj.ler. Wiis defect was rcriedied tn version 2, 

released i!~ l9$, i-rhj.cii inclucles a high-speed assembler 
as par t  of pasc 2 of t h e  cmipi.l.er; the  compller pre-computes 
the  addresses lor a l 1  synibols, so tbat only one gass i s  
requ-ired f o r  Cina1 asseinbly. This improvement l ay  a t  

the  h a s j . s  or̂  the threo-fold increase i n  compile speed frorn 
version 1 t o  version 2. 

Contro1 Data's current  p l ans  cal?. fo r  develbpment of 
a tMr6 version of FOZTMN EXTENDED which 3.s to a l l m  a 
rt3pi.d coi>ipila.tion optton (no opt.l.m.i.zatinn) m d  n global  op t i -  - 

mization option perfonned by t he  methods u-sed i n  IBM FORTREIN H. 
C090L eo~ri~fi.ers, a:; a c l i t ~ a ,  have a ra ther  6.f-fferent 

s t m ~ c t u r e  f rom that of the FORTNLN coinpilers described 
ahove. This strutture seems {m have been influenced both 

by t h e  history of COROL anr? hy t h e  nature of the l a n p a ~ ; e  
i - t ;  se.lf, 

In order to apprecizte the s t y l e  of t r ans l a t i on  
cmp3.oged in CQBOL, it 1 s  necessary to have some idea of 
thc st lrwtvre of n C090L pwgrarn. Such a prozram 1s 
~ r r i t t e n  i n  f our sec-kioris, call-ed Divisions.  The Iden t i f  - 
?.ca.tion Division is meci only to ic?entify the  program and 

to describe i t s  use; we sha l l  not be concerned ~ i t h  it t n  
our d~!scuss ion  of the t r anc ln t ion  process. O f  t h e  o ther  
three DCvisions, tw are used  t o  describe the  nature of 
the  data used by the program, particiiZarly the f i l e s ;  the 
t'nirci contlains the executable statements or  the program. 
More precise ly , the  Data Division contains t h e  descr ip t ion 
o f  f i l e s  as they are seen by the user; for example, the 
buffer areas  f o r  each f i l e  a r e  laid out  and the access 

method for each f t l e  i s  described. The Data Division 



a l so  contains descriptions of a l 1  non-file variables. 
The Environment Wvision contains a description of the 
physical aypects of a f i l e  - the  kfndOof device on which the 
f i l e  resides, i t s  ident i f ica t ion  number and extent, etc. 
Finally, the  Procedure Division contains the executable 
par t  of the  program. 

From tl-iis br ief  description it i s  obvious that compiling 
a COBOL proeram involves merging the information i n  the 
Data and Environment Divisions t o  form a complete description 
of the f i l e s  and working storage areas of the program and 
then using t h i s  description t o  produce code f o r  the program 
given i n  the Procedure Division. This the  0~/360 COBOL(F) 
conipiler rnanages t o  do, iising six processing phases, four 
Lntermed-I-ate f i l es ,  and a d-ictionary. 

IXirlnyr the t i r s t  phase the data descriptors from the 
-<nvironment and Data Divisions are  encodee and s p i l l e d  out 
onto an auxilkwy f i l e .  The Procedure Division t e x t  i s  
retWced in a criide m y ,  basicallg t o  the l ex ica l  level .  
I d e n t i f i e r s  are kept  i n  t h i s  text l i t e ra l ly ;  only la'bels 
are eritere3 iiito the d.l.ct!.onary. The proceaire t ex t  is 
spille$. out  oxko a seconti file, 

The second sheso u s e s  t b e  r i l e  oP data  ?escriptions 
to proc!ucc 8. &iir,::!.oriary. It also cloes s. ~ e r t c t i n  amount 
of sto:m~.;e a3.l-ocnt-i-on. Ur;!.ng tlie ti! ctiona~r produ.ced, 

??in %.ire! phase rezls  t ' i e  procec?v.ro tex t  ?!.le and prodiices 





The O S ~ ~ O  PI& CF) compiler has an overal l  design t h a t  
closely resembles that of the COBOL (E) compilar. That ie ,  
it contains a small nurnber of logical~phases, each of which 
i s  subdivided i n t o  a se r i e s  of physical phases. EBch 

physical phase per f~ ins  sane small par t  of the  t o t a l  
processing of the logica l  phaee. This processing generally 
r e su l t s  i n  some modification to the current  t ex t  of the 
program. In  t h i s  way the source t e x t  i s  gradualiy trans- 
fomed i n t o  the object text .  There are eleven logical 
phases, with the functions explained below; there are 
over one hundred physical phases. 

Contro1 of the phase loading resides i n  a separate 
s e t  of modules called the control  phase. Theae modules a r e  
resident throughout compilation. Not a l 1  phasee need be 
loaded f o r  a given compilation; those phases concerned with 
languaga features  not used i n  the program w i l l  be bypassed. 
The control  phase 1s a l s o  responsible f o r  al1 of the compiler 
I/O and fo r  al1 in terna1 storage management. 

It i s  i n  the area of storage management, both primary 
and secondary, tha t  t h i s  compiler d i f f e r s  most f r a  COBOL (E ) .  

As w e  observed above, the COBOL (E)  compiler keeps only the 
dict ionary i n  primary storage. Indeed, the dictionary i s  
never spi l led.  The program text ,  on the other hand, is 
kept i n  auxi l iary storage. Every time it i s  scanned and 
modified, i t  i s  read i n  and wri t ten out again. Such a 
scheme has two obvious disadvantages; an especially large 
program requiring a large dictionary may cause the compil- 
a t ion  t o  abort, and the compiler camot  take good advantage 
of extra primary storage tha t  may be available f o r  a given 
compilation, 

The storage management scheme employed by the P&/1 (F)  
compiler is much more f lexible .  It permits compilation t o  
take place when only limited space i s  available. On the 
other hand, i f  suf f ic ien t  space i s  available, both t ex t  



and dictionary may.be kept in primary stare, with no agi11 
at all. This i s  accompliahed by employing; a "eoftwore 
paging" schema for both dictionary and text. In such a 
scheme, an addrese space large enough to hold the t e x t  for 
any anticipated program is uaed. This is sm6times referred 
to as a "virtual store." This space is generally Urger 
than the amount of rea1 storage space that can be devoted t o  
text and dictionary entriea. The virtual store is therefore 
subdivided in a uniform manner into blocks, called psges. 
The size of a page depends on the amount of memory available 
for the compilation; it is chosen so that at least two 
dictionary pages and two text pages c m  be accommodated 
in memory at the same time. Reference to an element in 

the virtual store is made via a subroutine. Us:Lng a page 
directory, this routine checks to see if the page containing 
the element FS in storage. If it is not, a page i8 moved out 
to make room and the required page t e  brought in. The 
actual address of the element requested is then calculated 
and the element is accessed. 

Such a scheme makes addressing rather unifom, but 

only at the expense of making each reference expensive. 

The cost can be cut down, however, by freezing a given 
page in core at a critica1 point and making the references 
indirectly. 

It is interesting to look in some detail at the logica1 
phases of the compiler, since their organization illustrates 

the relative complexity of a P W  program, when compared 
to either FORTRAN or COBOL. 

1. Macro phase. 

This phase executes the compile4ime statements and 
performs text replacements. The output is a P4/1 
program. This phase is logically independent of 
the rest of the compiler. 



2. Read-in phase. 
This phase performe statement recognition and puts 
the statements into text  pages 'in interna1 form. 
This form closely resembles the external form 
with keywords and redundant punctuation removed. 

This recognition activity requires five passes of 
the text. During this phase, al1 procedure and 
block entry pointe are chained together, as are 

, al1 declarative statements, 

3. Dictionary phase. 
Using the two chains constructed in the previous 
phase, this phase first processes the explicitly 
declared variables (since ~4/1 is a block structured 
language, one needs to know not only what variables 

have been declared, but in what block or procedure 
the declaration was made). Then the text is 
scanned for contextual declarations of variables 

( e . & ,  a variable used in a context where only a 
file nane is permitted) . Finally, using a fixed- 
floating convention similar to FORTRANfs, the 
aetributes for al1 other variables mentioned in the 

progran are filled in, Then each identifier in 

the text is replaced by its dictionary reference. 

This logica1 phase contains sixteen physical phases. 

4. Pretranslator phase. 

Still working at the text-level, this phase attempts 

to sirnplify the task of the remaining phases by 
rewriting certain PL/l constructions in t e m s  of 
other PI/~ or PW-l ike  constructions. For example, 
array and strutture assignments are expanded into 
Do-loops. Expressions used as arguments to subroutines 



are assigned to temporaries. The I/O atatements 

are modified and simplified. F i n a l l y  certain 
debugging statements, if requested, are inserted 
into the program. 

5. Trmslator phase. 
These phases modify the text forrnat in a significant 

way. A l 1  executable text i 8  converted to "triple" 

f orm: an operator followed by two operands. At 

the same time, GENERIC function references are 
particularized to the appropriate fami1.y member. 
Also, certain string operations are marked as 
optimizable (read: amenable to in-line translation). 

6. Aggregates phase. 

At this point accessing functions for 'the elements 
of arrays and structures are computed, assuming 

that the size of the aggregate is known at compile 
time. For arrays and structures with bounds snd 
Iengths adjustable at run time, code is inserted 

into the text to calculate the function at run 
time. Uses of equivalencing statementn are also 
checked at this point to insure that language 
rules are not violated. 

Note that storage is not allocated during this phase. 

7. Pseudo-code phase. 
These phases make a second important change in 
the text format. At this point the text is 
replaced by a machine-like code that is essentially 

one-for-one with machine instructions, Registers 
are left in symbolic form; the last use of a register 
is noted by the appearance of the instruction 
DROP in the instruction stream. 



8. Storage allocation phase. 
Storage is allocated during this phase not only 
f or source program variables knd compiler-e 
generated temporaries, but i8 also for data 
descriptors of various aorts: dope vectors, run- 
time symbol tables, flags, etc. Furthermore code 
is inserted into the text to allocate space for 
those objects whose allocation must be deferred 
unti1 run time. In particular, the code for 
procedure and block prologues is generated. 

9. Register allocation phase. 
This proceeds in a straightforward manner with no 
particular attempt at optimization. 

10. Fina1 assembly phase. 
This produces the fina1 object deck. 

11. Error editor phase. 

Diagnostics are handled in an interesting way in 
t h i s  conpiler. Every time a situation is encountered 
requiring a diagnostic, an entry is made into the 
dictionary one one of four chains, corresponding 
to the severity code of the diagnostic. This 
entry contains the number associated with the 
diagnostic as well as some skeletal information 
identifying the trouble spot; e .g . ,  the line number 

in which the trouble was encountered and perhaps a 
small bit of text from the area of the trouble. 

When the compilation has been completed, the error 
editor phases load in the f u l l  text of the diagnostics 
and expands the error dictionary entries into 
readable prose. These "full" diagnostics are then 
placed in the userts output file. 



CHAPTER 5. RIGOROUS RESULTS CONCERNINO THE PRINCIPAL 
p-- - 1 _ - - - - - - -  

SYNTACTIC ANALYSIS METHODS. 

Turing Machines and Ba'ckus Grarnmars ,. 

In  the  present  chapter,  we s h a l l  prove a va r ie ty  of 
theorems which de l imi t  the  r e l a t i v e  power of the  various 
syntac t i c  ana lys i s  methods introduced i n  the  four  preceding 
chapters .  We s h a l l  see t h a t  some of the  methods a r e  
subs t an t i a l l y  more general  than o thers ,  e .g. ,  t h a t  the  
bounded context syn tac t i c  methods of Chapter 4 a re  i n  f a c t  
not capable of analyzing a s  wide a c l a s s  of languages a8 
can be t r ea ted  by the  general  recurs ive  method described 
i n  Chapter 2 .  These r e s u l t s  w i l l  be derived from the  theory 
of Turing machines, and s p e c i f i c a l l y  from the  proven exis tence  
i n  t h i s  theory of i t e r a t i v e  syrnbolic processes f o r  which 
ce r t a in  problems a r e  unsolvable. 

Our approach w i l l  be as follows. We s h a l l  show tha t ,  
using ce r t a in  l i n g u i s t i c  construct ions,  one can describe 
the  most general Turing machine. Then, by showing t h a t  
c e r t a in  problems a r e  solvable f o r  context f r e e  languages, 
and by noting t h a t  these problems a r e  unsolvable f o r  general 
Turing machines, weesha l l  show t h a t  a c l a s s  of forma1 construc- 
t i ons  beginning with languages descr ibable  by grammars i n  
Backus normal form necessar i ly  passes out of the  domain of 
these languages. In  t h i s  way, we w i l l  show tha t  c e r t a in  
c lasse8 of s t r i n g s  a r e  not describable by Backus normal 
form grammars, and, more general ly,  t h a t  c e r t a in  processes 
describable by such grammars a r e  not describable by grammars 
t h a t  can be parsed by the r e s t r i c t e d  syn tac t i c  method 
described i n  Chapter I V .  

We begin w i t h  t h e  theory of Turing machines. A Turing 
machine i s  by de f in i t i on  an automaton which, a t  each moment, 
e x i s t s  i n  one of a f i n i t e  co l l ec t ion  of in te rna1  s t a t e s  [ O ' )  

and which i t e r a t i v e l y  reads and wri tes  a two-sided i n f i n i t e  



tape divided i n t o  d i s c r e t e  squares.  Each equare of t he  tape 
i s  occupied by one of a f i n i t e  co l lec t ion  of p r i n t  charac te r s  

) C (  Phe tape is read and wr i t t en  b y w t h e  automaton one 
square a t  a  time, After reading and wr i t ing  a given square, 
the  automaton may s t a y  i n  the  same pos i t ion  on the  tape 
and reread o r  rewri te  t he  same aquare; ' a l t e rna t i ve ly ,  i t  
can advance one square t o  the  l e f t  o r  one square t o  the  
r i g h t  and read and/or wr i t e  the  new square. We requ i re  
t h a t ,  a f t e r  the  completion of an elementary read-write 
operat ion,  the  next in te rna1  s t a t e  of t he  Turing machine, 
together  w i t h  i t s  d i r ec t i on  of motion, be determined e n t i r e l y  
by i t s  previous s t a t e  and by the  character  j u s t  read.  
Simi lar ly ,  the  charac te r  which the  Turing machine wr i tes  
i n  a  square must be a  determinate funct ion of the  s t a t e  
of the  Turing machine and of the  contenta of the  square 
j u s t  read. We assume throughout t h a t  a l 1  but a  f i n i t e  
number of the  squares of a Turing machine tape i n i t i a l l y  
contain some spec ia l  one of the  f i n i t e  vocabulary of p r i n t  
characters ,  which we c a l l  the  blank character ;  t h i a  assumption 
w i l l  p lay  a  spec ia l  r o l e  i n  the  following discuss ion.  

According t o  the  above, a  Turing machine i 8  described 
by three  funct ions of two var iab les  each: 

I n  (1) C denotes an a r b i t r a r y  character  chosen from the  
f i n i t e  vocabulary of p r i n t  characters ;  denotes the  s t a t e  
of the machine which must be one of a f i n i t e  s e t  of poss ib le  
s t a t e s .  The funct ion p, which i s  the  p r i n t  function of 
the  Turing machine, def ines  the  character  which the  machine 
w i l l  p r i n t  i n  the  square which i t  i s  scanning i f  the  character  
o r i g i n a l l y  i n  t h a t  square i s  C and i f  the  machine i s  i n  

s t a t e  6 . The function s, ca l l ed  the  s t a t e  function, 
def ines  the  s t a t e  i n t o  which the  machine w i l l  pass  on 
scanning the  character  C while i n  the  s t a t e  6 . The function 
m, ca l led  the  move function, has one of the th ree  poss ib le  



values  -1, O ,  o r  +l, depending on whether t h e  Turing machine 

on scanning t h e  c h a r a c t e r  C while in t h e  s t a t e  will move 
one square t o  the  l e f t ,  w i l l  not  move, o r  w i l l  move one 
square t o  the  r i g h t .  

Each s t e p ,  and thus  induc t ive ly  t h e  whole a c t i o n  of t h e  
Turning machine, i s  def ined  by what may be c a l l e d  i t s  
conf igura t ion ,  i . e .  by i t s  momentary i n t e r n a l  s t a t e  , 
t h e  s e t  of cha rac te r s  p resen t  on i ts  tape  a t  a  given moment, 

and by the  p a r t i c u l a r  cha rac te r  which theTur ing  machine 
momentarily scans .  This machine conf igura t ion  may be 
represented i n  a  form appropr ia te  f o r  our  purposes a s  a  
s t a t e  word of the  strutture shown below: 

I n  (2) ,  S denotes  a  s t a t e ,  c l . . . c k  denotes  a  sequence of 
p r i n t  cha rac te r s  w r i t t e n  on the  Turing machine's tape,  d 
denotes  I ts  i n t e r n a l  s t a t e ,  and c ~ + ~ .  . .C,  a r e  a d d i t i o n a l  p r i n t  
cha rac te r s  w r i t t e n  on the  t ape .  We p lace  the  s t a t e  cha rac te r  
U immediately a f t e r  the  tape cha rac te r  ck t o  i n d i c a t e  t h a t  
the  machine i s  momentarily scanning t h e  p a r t i c u l a r  c h a r a c t e r  
C That i s ,  i n  wr i t ing  the  s t a t e  word ( 2 ) ,  we p lace  the  k ' 
In te rna1  s t a t e  cha rac te r  f o r  a  Turing machine immediately 
a f t e r  the  p a r t i c u l a r  p r i n t  cha rac te r  scanned by the  automaton. 

I n  o rde r  t h a t  a  f i n i t e  word of the  s o r t  shown i n  ( 2 )  

proper ty  descr ibe  the  whole conf igura t ion  of the  i n f i n i t e  
tape  a t tached  t o  a T u r i n g  machine, w e  adopt a s p e c i a l  
convention according t o  which leading  and t r a i l i n g  blanks 
a r e  suppressed . More p rec i se ly ,  i n  w r i t i n g  the  state-word 
(2), we omit any blank cha rac te r  preceding the  f i r s t  non- 
blank cha rac te r  on the  Turing machine tape  and any blank 
cha rac te r  following the  l a s t  non-blank cha rac te r  on the  
Turing machine tape,  with t h e  exception t h a t  i f  any blank 
cha rac te r  l i e a  between a  non-blank c h a r a c t e r  and the  square 
c u r r e n t l y  scanned by the  Turing machine, a l 1  blank Squares 

up t o  and inc luding  the  scanned square must be ind ica ted  
e x p l i c i t l y .  With these  conventions, s t a t e  wopds of the  type 



shown i n  (2 )  w i l l  g ive  a deecr ip t ion  of the  s t a t e  of an 
a r b i t r a r y  Turing machine ocmplete I n  al1 necessary eaaen t i a l s .  

The i t e r a t i v e  motion of a Turing machine f r o m  s t a t e  t o  
s t a t e  and square t o  square may then be repreeented aa an 
i t e r a t i v e  evolut ion of t he  s t a t e  word descr ib ing the  
Turing machine. The t h r ee  poss ib le  elementary evolut ion 
s t eps  may be shown as followe: 

On the  l e f t  hand of ( 3 )  a typ i ca l  s t a t e  word S ( i den t i ca1  
t o  t h a t  shown i n  ( 2 )  ) i s  wr i t t en  . On the  r i g h t  hand s i d e  
of ( 3 )  we i nd i ca t e  the  th ree  poss ib le  words i n t o  which S 

might evolve i n  a s i ng l e  s t ep  of the  Turing machine. The 
first of the  s t a t e  words on t he  r i g h t  of ( 3 )  dep ic t s  an 
evolution s t ep  involving rewri t ing  of the  charac te r  ck 
and change of i n t e r n a l  machine s t a t e ,  but  not accompanied 
by any motion of the  Turing machine along i t s  tape.  The 
second word dep i c t s  a  s t ep  involving by motion one square 
t o  the  r i g h t .  The t h i r d  s t a t e  word shown i n  ( 3 )  dep ic t s  a  
s t ep  involving rewri t ing  of the  character  ck and change of 
i n t e r v a l  s t a t e ,  accompanied by motion of the automation one 
square t o  the  l e f t  . 

Ciiven an i n i t i a l  s t a t e  word, a  Turing machine i t e r a t i v e l y  
produces a  sequence of s t a t e  words of the  type shown i n  ( 2 )  

by elementary s t eps  of the  form shown i n  ( 3 )  . T h i s  sequence 
of s t a t e  words may be wr i t t en  i n  the  form 

A sequence of s t a t e  words of t h i s  kind may be ca l l ed  an 
o r b i t  o r  pa th  f o r  the  Turing machine. The evolution problem 
f o r  a  Turing machine may be described a s  follows. Suppose 
t h a t  a  Turing machine i s  given. Suppose a l so  t h a t  t h i s  

Turing machine possesses a  f i n i t e  s t a t e  of p r i n t  charac ters  

C , a f i n i t e  co l l ec t ion  of i n t e r n a l  s t a t e s  , and t h a t  
* 



t he  elementary s t e p s  of which t h e  Turing machine i 8  capable  
i s  descr ibed by a f i n i t e  s e t  of elementary pmdiict ions 
of t h e  form ( 3 )  . Find an algori thm which, glveiì an i n i t i a l  
s t a t e  word S of t h e  form (2), i s  capable of p r e d i c t i n g  by 

some determinate  a lgori thmic process  whether o r  not  the  
Turing machine w i l l  ever  evolve i n t o  a s t a t e  (5)  i n  which 
Q" i s  requi red  t o  be some f ixed  i n t e r n a 1  s t a t e  c h a r a c t e r  

The evolu t ion  problem t h a t  we have j u s t  s t a t e d  i s  
r e c u r s i v e l y  unsolvable .  That is, no algori thm w i t h  t he  
s p e c i f i e d  p r o p e r t i e s  e x i s t s .  The non-existence of such an 
algori thm i s  a b a s i c  s ta tement  i n  t h e  theory of r ecur s ive  
func t ions .  We s h a l l  no t  at tempt t o  g ive  a d e t a i l e d  proof 
of t h i s  p r i n c i p l e  here ,  bu t  s h a l l  i n s t ead  r e f e r  t o  t h e  books 
of Davis (computabi l i ty  and ~ n s o l v a b i l i t y )  and Minsky 
(~omputa t ion :  F i n i t e  and I n f i n i t e  ~ a c h i n e s )  i n  which extended 
and p a r t i c u l a r l y  l u c i d  d i scuss ions  of t h i s  p o i n t  w i l l  be 
found. We may, however, sketch a b a s l s  f o r  t h i a  p r i n c i p l e  
r a t h e r  b r i e f l y  i n  t h e  fol lowing way. It can be seen r a t h e r  
r e a d i l y  by e x p l i c i t  forma1 cons t ruc t ions  t h a t  a c e r t a i n  
p a r t i c u l a r  Turing machine of t h e  s o r t  which we have descr ibed 
i s  capable of s imulat ing an a r b i t r a r y  computer. Such an 
automaton i s  c a l l e d  a un ive r sa l  Turing machine. Since almost 
by  d e f i n i t i o n  a forma1 algori thm i s  a process  t h a t  can be 
be programmed f o r  a computer we may reason by con t rad ic t ion  
roughly a s  fol lows.  Suppose t h a t  an algori thm of the  kind 
descr ibed above d id  e x i s t .  Then i t  could be programmed 
f o r  a computer. The ac t ion  of the  computer under t h e  contro1 
of i t s  program could i n  tu rn  be simulated by a Turing machine. 
But using a vers ion of the  Cantor diagonal  process ,  we can 
cons t ruc t  a Turing machine which d e v i a t e s  i n  i t s  ac t ion ,  
a t  l e a s t  f o r  one i n i t i a l  s t a t e ,  from t h e  r e s u l t  p red ic t ed  
by any s i n g l e  a lgori thm. T h i s  con t rad ic t ion  e s t a b l i s h e s  
the nonexistence a s s e r t e d  above. 



A stop s t a t e  of a Turing machine l e  a s t a t e  a of t he  
machine with the  following spec ia l  property: once the  machine 
passes i n t o  the  i n t e r n a l  s t a t e  8 ; it w i l l  remain through 
a l 1  succeeding s t eps  i n  the  same s t a t e  and w i l l  cease 
t o  move along i t s  tape.  Moreover, once l t  has entered the  
s t a t e  2 i t  w i l l  never change the  contente of the  square 
on the tape which i t  i s  scanning. This desc r ip t ion  may, 
of course, be summarized more b r i e f l y  by the  s ing l e  statemene: 

A 
once the  machine en t e r s  the  s t a t e  6 , i t  s tops .  For t h i s  

/' 
reason we c a l l  6' a  stop s t a t e .  The bas ic  r e s u l t  on the  
nonexistence of an algorithrn s t a t e d  above may be put  more 
sharply as follows. There e x i s t s  a  Turing machine w i t h  a  
f i n i t e  vocabulary of p r i n t  characters  and of i n t e r n a l  s t a t e s ,  
possessing. a  s top s t a t e  i n  the  above sense, and f o r  which 
the re  e x i s t s  no algorithrn capable, given an a r b i t r a r y  i n i t i a l  
s t a t e  of the Turing machine and i t s  tape, of deciding whether 
o r  not the  Turing machine w i l l  ever  en t e r  the  s top s t a t e .  
The unsolvable decision problem deacribed by the  preceeding 
sentence i s  sometimes ca l l ed  the  ha l t i ng  problem f o r  Turing 
machines. The ha l t i ng  problem i s  of course a spec ia l  case 
of the equally unsolvable s t a t e  t r a n s i t i o n  problem described 
e a r l i e r .  We w i l l  f ind  i t  convenient i n  what follows t o  
make use of the  f a c t  t h a t  not only the  genera1 s t a t e  t m n s i t i o n  
problem but a l so  the  ha l t i ng  problem i s  a lgor i thmical ly  
unsolvable. We leave i t  t o  the  reader  t o  deduce the  s t ronger  
statement from the  weaker, 

I n  order  t o  r e l a t e  Turing machines t o  languages and 
t h e i r  grammars i n  the  most convenient way, we s h a l l  f ind  i t  
convenient t o  rewri te  the  sequence (4)  of s t a t e  words of 
a Turing machine i n  a  very s l i g h t l y  modified form. The 
modification we require  i s  described simply by the  ru le :  
reverse the order  of characters  i n  every even numbered 
s t a t e  word, but not i n  any odd numbered s t a t e  words. I f  
t h i s  elementary transformation i s  performed, the  sequence 
of s t a t e  words which we obtain may be ca l l ed  the  al ternat inp;  
sequence of s t a t e  words f o r  the Turing machine. A s  an 
a l t e r n a t i v e  term f o r  "a l  t e rna t ing  sequence of s t a t e  words" 



we introduce the  term4xack.  To be more precise ,  me make 
the  following de f in i t i on .  If  ( 4 ' )  i 8  any sequence of 
characters ,  then 3he  sequence of characters  shown on the  r i g h t  
of (4")  is  ca l l ed  

( 4 ' )  

( h ! ' )  

Writing W f o r  the  
a s  i n  (4")  by the  
of s t a t e  words of 

i t s  reverse.  

sequence ( 4 ' )  we ind ica te  i ts  reverse 
character  W'. Qiven the  sequence (4) 
a Turing machine, the  t r ack  of the  Turing 

machine is  then represented by the  sequence (6 ) .  

A s  (6) indicates ,  i t  is  convenient i n  what follows t o  
r e s t r i c t  t racks  t o  consis t  of even nwnbers of words; thus 
we always assume t h a t  the  l a s t  word i n  a t r ack  has the form 

G k *  
The successive words i n  a t r ack  a r e  separated by semicolons 

i n  (6)  . i t  i s  convenient f o r  us  ' t o  make t h i s  a f o m a l  convention . 
That is, we assume formally t h a t  "semicolon" is  a character  
not present  i n  the  vocabulary of p r i n t  words of our Turing 
machine (and a l so  not representing an in te rna1  s t a t e  of 
the  Turing machine); and we assume t h a t  a Turing machine 
t rack  i s  always wr i t t en  formally a s  a sequence of reversed 
and nonreversed s t a t e  words, each separated from the  next 
by a semicolon . In  t h i s  way, we represent  'an entilie Turing 
machine t rack  a s  a composite word. We s h a l l  now show t h a t  
the  c l a s s  of woràs which can occur i n  t h i s  way may be 
described completely by a p a i r  of Backus Norma1 Fom grammars, 
and t ha t  these grammars may e a s i l y  be wr i t t en  i n  t e m a  of 
the scheme of productions defining the  Turing machine. 

Indeed, a t r ack  cons i s t s  of a sequence of p a i r s  of words 
(an odd numbered and even numbered worà making up u p a i r )  
successive p a i r s  being separated by semicolons, and the:  
first word of a p a i r  being separated from the  second word 

of the  same p a i r  by a semicolon. Each worà of such a p a i r  
i s  obtained from the  preceding word by an elementary 



production of the  Turing machine and by a revereal .  Thus, 
evepY Pair ha0 neceasarily a form of the  following kind: 

I n  (7) the  subst r ing of characters  marked f and f r  represent  
respec t ive ly  the  f r o n t  subst r ing of the  f irst  word of the  
p a i r ,  which i s  not  modified i n  the  t r a n s i t i o n  from a s t a t e  
t o  the  next succeeding s t a t e ,  and the reverse  of t h i s  f r o n t  
subst r ing.  The sec t ion  of the  s t r i n g s  (7) marked t and t 
a r e  respect ively  the  group of th ree  characters  including 
the  in terna1 s t a t e  character  f o r  the  Turing machine which 
i s  subject  t o  modification i n  elementary t r ans i t i on ;  and 
the  transformed form of t h i s  same group of th ree  characters .  
F inal ly ,  the  sec t ion of the  p a i r  of s t a t e  words (7) marked 
b and br a r e  respect ively  the  back subst r ing of the  Turing 
machine s t a t e  word, which is  a p a r t  the  s t a t e  word not subject  
t o  t ransf  ormation i n  an elementary Turing machine produc t ion ,  
and the  reverse of t h i s  back subst r ing.  

The above descr ip t ion makes i t  p l a i n  t h a t  the  strutture 
of a t r ack  may be described by a r a t h e r  sirnple grammar of 
Backus Norma1 Formo The necessary Backus grammar i s  shown 
below, 

( 8 )  < track', = ( p a i r )  1 .  ( p a i r )  ; dtrack) 
( p a i r >  = <middleS I C < middle) C I d trniddle) d 1.. . 

In  (8) the  characters  C ,  d ,  e t c .  occurring i n  the  
def iner  on the  r i g h t  hand s ide  of the  de f in i t i on  of the  syn- 
t a c t i c  element < p a i r >  a r e  intended t o  be a l i s t i n g  of a l 1  
poss ib le  p r i n t  characters  of the Turing machine C .  Tne 
characters  C ,  d ,  e t c . ,  occurring i n  the definer on the  
r i g h t  hand s ide  of the  Backus de f in i t i on  f o r  t h e  syn tac t i c  
type <end> are ,  i n  the  same way, a comprehensive l i s t  of 
a l 1  the  p r i n t  characters  f o r  the Turing machine which the  



I 
grammars (8) a r e  idtended to model. The doublete tl, tl; 

I 
t2, t2; ... occurr ing  on t h e  r l g h t  hand s i d e  of the  d e f i n i t i o n  
of t h e  s y n t a c t i c  element <middle> a r e  intended to be a 
l i s t i n g  of a l 1  t h e  sepa ra te  elementary product ion t r i p l e s  

Ck q' Ck+l' t h a t  appear among t h e  Turing machine product ions 
( 3 ) )  each taken together  with the  r e s u l t  t r i p l e  c i  t5 c ~ + ~ ,  

e t c .  i n t o  which a s i n g l e  Turing s t e p  w i l l  t ranaform ck 

Ck+l 
Notice now t h a t  not  every sequence of p a i r s  separa ted  

by semicolons forms a v a l i d  Turing machine t r a c k .  Indeed, 
t h e  condi t ion  t h a t  the  whole sequence (6) be b u i l t  up out  
of p a i r s  ( i n  the  sense of the  grammar (8))  is  p r e c i s e l y  
equiva lent  t o  the  condi t ion t h a t  t h e  even element of every 
p a i r  i n  (6) c o n s i s t i n g  of odd and a foi iowing even element 
be der ived from t h e  preceding odd element by a . reversa1 and 
an elementary production of t h e  Turing machine. But, i n  

o rde r  t h a t  t h e  sequence (6)  be a v a l i d  Turing machine t r ack ,  
we requ i re  i n  add i t ion  t h a t  every odd element but  t h e  f irst  

i n  (6) be der ived from t h e  preceding even element by a r e v e r s a l  
and an elementary production of the  Turing mach:lne. The 
s t r u c t u r e s  (6)  s a t i s f y i n g  t h i s  i a t t e r  condi t ion may a l s o  
be def ined by a grammar i n  Backus normal form. Indeed, 
t h i s  l a t t e r  condi t ion amounts t o  nothing more than t h e  
condi t ion t h a t  the  s t r u c t u r e  (6) c o n s i s t  of a v a l i d  s t a t e  
word of t h e  Turing machine followed by a semicolon, followed 
by a sequence of " reverse  p a i r s " ,  followed by a semicolon, 
followed by a f i n a 1  s t a t e  word. I n  t h i s  context ,  we mean 
by a " reve r se  p a i r "  a p a i r  of words of which t h e  f i r s t  i s  
t h e  r eve r se  of a v a l i d  Turing machine s t a t e  word and t h e  
second i s  a v a l i d  Turing machine s t a t e  word der ived from 
t h e  f i r s t  by r e v e r s a l  and by an elementary Turing t r a n s -  
formation.  Such a " reve r se  p a i r "  ev iden t ly  has a s t r u c t u r e  
c l o s e l y  corresponding t o  the  s t r u c t u r e  shown i n  (5) ;  t h e  
c o l l e c t i o n  of a l 1  such reve r se  p a i r s  may be def ined by a 
gramrnar i n  Backus normal form i n  a manner very s i m i l a r  t o  

t h a t  used above t o  d e f i n e  t h e  c o l l e c t i o n  of a l 1  p o s s i b l e  



(nonreversed) pa i r s .  It followa therefore tha t  the collection 
of a l 1  those s t ructures  (6) i n  which every even numbered 
element and the next following odd numbered element forms 
a reverse p a i r  may be defined by a Backus norma1 form grammar. 
A grammar accomplishing t h i s  and specifying al80 tha t  the 
t rack i n  question must lead to  a stopped s t a t e  of the Turing 
machine i s  as  follows, 

t s t a t e )  = 

(pr in tc )  = 

In  ( 9 )  , , . . . cons t i tu te  a comprehensive l i s t i n g  
of a l 1  the in te rna l  s t a t e  characters f o r  our Turing machine. 
The characters C ,  d, and so for th ,  cons t i tu te  a comprehensive 
l i s t i n g  of a l 1  the p r i n t  characters f o r  our ni r ing machine. 
The character d i s  intended t o  be the unique stop character  

I 1 
of the Turing machine. The pa i r s  tl, tl, t2, t2 occuring i n  
the definer f o r  the syntact ic  type omiddle , are  the same 
pa i r s  a s  occur i n  (7) i n  the def in i t ion  of the syntactic 
type middle . 

The words which are grammatica1 according to  both of the 
grammars (8) and ( 9 )  are  then precisely  those tracks of 
the Turing machine which lead to  a stopped s t a t e  of the 
machine. Note tha t  our two grammars are  constmcted i n  an 
en t i r e ly  elementary way using the p r i n t  characters,  in te rna l  
s t a t e  characters,  and elementary productions of the Turing 
machine. We may therefore asser t  tha t  the s e t  of those 
tracks of a Turing machine which lead the machine to  a stop 
s t a t e  may be defined as the s e t  of words which are  grammatica1 
according to  both of two Backus nomal fonn grammars. 

A termina1 character of a Backus grammer i s  a character 



occuring in one or severa1 definers but not occuring as a 
definition. Note that the two grammars deacribed above 
share the same set of terminal characters. 

Using the above observations, the basic Turing unsolvability 
theorem stated at the beginning of this chapter leads 
immediately to the following unsolvability resu3,t. 
Theorem 1. There exist two Backus grammars, both involving 
the sarne set T of terminal characters, such that; there 
exists no mechanical algorithm which, given a string W of 
terminal characters, will decide whether there exists an 
additional string v of terminal characters such that W v is 
a grammatical string of both languages. 

The words W v occurring in Theorem 1 may be conaidered 
to be "puns" which have the unusual property of being 
grammatica1 in two different languages. For this reaaon 
it is reasonable to call the problem whose unsolvability 
as stated in Theorem 1 as the pun problem, and to regard 
Theorem 1 as asserting the algorithmic unsolvability of the 
pun problem. 



2. Problems unsolvable f o r  Backus grammars . 
We now aim t o  apply the  unso lvab i l i ty  of the  pun problem 

s t a t e d  i n  Theorem 1 a t  t he  end of theapreceding eect ion t o  
obtain addi t ional  forma1 conclusions . I t i s  therefore  well  
f o r  us  t o  begin by s t a t i n g  c e r t a i n  baaic d e f i n i t i o n s  concern- 
ing  Backus grammars somewhat more p rec i s e ly  than we have 
yet  done. We f i r s t  de f ine  a Backua language o r  a context 
f r e e  language a s  follows. The language is  spec i f i ed  by a 
grammar; a grammar i s  an unordered co l l ec t i on  P of 
productions of the  form 

A production wri t ten  i n  t h i s  way spec i f i e s  t h a t  a s i ng l e  
character  ( represent ing a syn t ac t i c  type of the  g r m a r  
may be rewri t ten  a s  a s t r i n g  of characters .  We a l so  require  
t h a t  p r ec i s e ly  one nonterminal character  C among al1 the  
characters  occuring i n  the  productions of P be 

speci f ied  a s  the  base character  of the  grammar. A character  
occurring on the  r i g h t  hand s ide  of one of the  productions 

(9) but not occurring on the  l e f t  hand s ide  of any production 
i s  ca l l ed  a termina1 character  of the grammar. Le t  a s t r i n g  
c l . . .ck  consis t ing  of characters  of the  grammar be given. 
We say t h a t  a s t r i n g  obtainable from t h i s  s t r i n g  by replacing 
any of the  characters  of the  s t r i n g  by a s e t  df characters  
which may va l id ly  replace i t  according t o  one of the  productions 
( 9 )  of the  grammar i s  obtained from the  or ig ina1 s t r i n g  by 
immediate descent .  I f  SI and S2 denote two s t r i ngs ,  and i f  

S1 i s . i n  t h i s  sense obtainable from S2 by immediate descent, 
w e  wr i t e  SI,-+ S2 . A sequence of s t r i n g s  S1, S2, . . each 
of which i s  obtained from the  previous s t r i n g  by immediate 
descent i s  ca l l ed  a grammatica1 evolution, and may be 
wr i t t en  i n  the  manner shown i n  (10).  



I n  t h i s  case we say that  Sk is  obtained f r o m  the s t r lng  
S1 by indirect  descent; the relationship of indirect  
descent may be written i n  abbreviated form i n  the manner 
shown i n  (11).  

The s e t  of a l1  str inga which are obtained by indirect  
descent from the base character of a grammar antf which 
consist exclusively of terminal characters of the grammar 
i s  known as the language, the context-free language, or  the 
s e t  of grammatica1 sentences derived from the given grammar. -- 

I n  order to  apply Theorem 1 of the preceding section, we 
must derive a number of s e t  theoretical  propert:les 

of the Banguages defined by Backus Norma1 Form grammars bu i l t  
up out of f i n i t e  collections of basic grammatica1 productions 
of the type ( 9 ) .  

The first of the resulta which we require may be stated 
as follows. Lemma 2. The set-theoretical  union of two 
languages involving the same se t  of terminal characters is  
a language . 

The proof of Lemma 2 i s  easy. Let rl be a gjrammar 
generating the f irst  language. Let f2 be a grammar 
generating the second language. By renaming the nonterminal 
symbols occurring In the grammar f2 as necessary, we may 
readily insure that  a l1  the nonterminal symbols of r2 are 
d i s t inc t  from each or the nonterminal symbols o:€' the grammar 

fi. Then, by replacing the base character of [> by the 

base character of' I;, we rnay insure that  rl andmr2 have the 
same base character, but that ,  aside from t h i s  base character, 
f! and 1: have no nonterminal character i n  comrnon. Given 
t h i s  si tuation,  we simply form the s e t  theoretical  union 
of the collection of productions ( 9 )  which consti tute 
the grammar w i t h  the corresponding s e t  of productions 
constituting the grammar r2. T h i s  "union grammar" we ca l l  r . 



Now we note t ha t ,  i n  view of the  manner i n  which ha8 
been defined, every der iva t ion  (10) I n  which t he  s t r i n g  S1 
cons i s t s  only of the  base charactep c&nkon t o  the  two granmiara 
rl and r2 i 8  i n  f a c t  e i t h e r  a  de r iva t ion  according t o  the  
grammar o r  a  de r iva t ion  according t o  the  gr-ar G. 
Indeed, no s t r i n g  which conta ins  intermixed nonterminal 
characters  of both f, and can ever  be generated from 
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the  case character  by a  production of f . Given t h i a  f a c t ,  
i t  follows a t  once t h a t  every terminal s t r i n g  generated 
by the  grammar ris a terminal s t r i n g  which would have been 
generated ~ i t h e r  by a  der iva t ion  according t o  the  grammar 
q o r  by a  der iva t ion  according t o  the  grammar 5. Thus, 
the  language generated by cons i s te  p r ec i s e ly  of the  s e t  
t heo re t i ca l  union of the  languages generated by the  languages 
M M 

1 ;  and /;,and our r e s u l t  i s  proved. Q.E.D. 
Our next aim is  t o  show t h a t  the  analog, f o r  a  s ing le  

language, of the  pun problem whose algorithmic unso lvab i l i ty  
i s  s t a t e d  i n  Theorem 1 i s  i n  f a c t  a lgor i thmical ly  solvable.  
This asse r t ion  forma the  content of Lemma 3 .  

Lemma 3 .  Given any Backus grammar p the re  e x i s t s  an 
algorithmic procedure which, given any s t r i n g  W of terminal 
symbols, w i l l  decide whether o r  not there  e x i s t s  an addi t ional  
s t r i n g  v  of terminal symbols such t h a t  wv is  a  va l id  s t r i n g  
of the  language defined by 17. 

Before giving the  proof of Lemma 3, we s h a l l  der ive  some 
of' the  consequences. Note i n  the  f i r s t  p lace  t h a t  s ince  
according t o  Lemma 3 a problem i a  solvable f o r  a s ing l e  
language t h a t  according t o  Theorem 1 i s  unsolvable f o r  the  
i n t e r sec t i on  of two languages it fol lws t h a t  the  i n t e r sec t i on  
of two languages i s  not neceasar i ly  a  language. This r e s u l t  
i s  s t a t ed  as Theorem 4. 

Theorem 4. There e x i s t  two languages defined by grammars 

C;, involving the  same s e t  of non-termina1 characters  
whose s e t - t heo re t i ca l  i n t e r sec t i on  i s  not a  language def inable  
by a  grammar of Backus norma1 form. 

Theorem 4 t e l l s  us  t h a t  the  c l a s s  of languages defined 
by Backus grammars, which according t o  Lemma 2 is  x lo sed  



under the  set t h e o r e t i c  operat ion of union, 1s not cloaed. 
under t he  s e t  t heo re t i c  operat ion of i n t e r s e c t i o n .  But a 
family of s e t a  closed under union is  a l so  closed under 
i n t e r s ec t i on  i f  i t  i s  closed under complernentation. There- 
f o r e  i t  fol lows t h a t  our  s e t  of languages i 8  not  closed 
under complementation. This r e s u l t  i s  s t a t e d  a s  Theorem 5. 

Theorem 5. There e x i s t s  a language, defined by a  grammar 
6 

of Rackus normal form, the  s e t - t heo re t i c  complement of 
which is  not  a  language def inable  by any grammar sf Backus 
normal f o m .  

Theorem 4 and Theorem 5 a r e  both based on Lemma 3, and 
it i s  now time f o r  us  to give  t he  proof of Lemma 3. 
Proof of Lemma 3: We s h a l l  show t h a t ,  given the  grammar and 
t he  s t r i n g  W, t he re  e x i s t s  an i n t ege r  K, def'inable e n t i r e l y  
i n  terms of P a n d  of the  length  of W, such t h a t  t he r e  e x i s t s  
a  sentence wv of t he  language defined by r i f  and- only i f  

the re  e x i s t s  a second s t r i n g  v '  f o r  which wvf is  a sentence 
of the  same language whose parse  t r e e  cons i s t s  of not more 
than K nodes. Suppose f o r  the  moment t h a t  t h i s  has been 
es tab l i shed .  Then note t h a t  a )  It i s  easy t o  enumerate a l 1  
parse  t r e e s  with a r e s t r i c t e d  nwnber of nodes. Indeed, each 
parse  t r e e  cons i s t s  of a co l l e c t i on  of nodes' which rnay be 
arranged i n  some s e r i a 1  order ,  and, associa ted  with each node, 
e i t h e r  a  termina1 symbol (poas ib ly  n u l l )  o r ,  a set; of po in t e r s  
t o  c e r t a i n  nodes e a r l i e r  i n  sequence. The number of po in t e r s  
associa ted  with each node is  bounded i n  length,  the  bound 
being of course the  maximum number M of syn t ac t i c  elements 
en te r ing  i n t o  a de f i ne r  of any de f in i t ion .  Therefore any 
parse  t r e e  may be represented i n  some such form a s  

i n  which Ni i s  a  node des ignator  def in ing  the  type of the  
i - t h  node and j (1) t Jna  ( i )  ape i n t ege r s  subjec t  t o  t he  

.L 

(i) < i and represent ing  po in t e r s .  Ae noted, condition . j, 

we always have niLM. It i s  c l e a r  t ha t ,  given a  bound on the  
numberof nodes allowed, the total number of poss ib le  p a t t e r n s  



is  bounded, and from t h i s  a a s e r t i o n  (a) i e  ev ldent .  

b) Qiven t h e  fu11 s e t  o f  pa r se - t r eee  enumerated a8 i n  (a) ,  
we may p l a i n l y  enumerate al1 t h e  eentences cone ie t ing  on ly  
of te rminal  c h a r a c t e r s  and parsed  by one of these t r e e a .  
Then we can te11  whether t h e r e  e x i s t a  a sentence wvl belonging 
t o  t h i s  s e t  by s e r i a 1  examination. 

This  shows t h a t  t o  prove Lemma 3 w e  have only  t o  prove 
t h e  ex i s t ence  of t h e  bound K.  This  we do a8 fo l lows .  Ca l l  
a p a r s e  t r e e  a minima1 t r e e  f o r  W i f  i t  p a r s e s  a sentence 
of t h e  form wv c o n s i s t i n g  e n t i r e l y  of te rminal  c h a r a c t e r s  
and has  no more nodes than any o t h e r  p a r s e  t r e e  with t h i s  
sarne p roper ty .  Ca l l  a s t r i n g  N1, N2, . . . , Nk of nodes i n  a 
p a r s e  t r e e  a pedigree  of each N 3" j > 1, 1s an immediate 
descendant of N j  ,l . Cal l  t h e  depth  of a p a r s e  t r e e  t h e  
maximwn l e n g t h  of a pedigree i n  i t .  

Call t h e  span of a node N i n  a p a r s e  t r e e  t h e  s e t  of a l 1  
te rminal  c h a r a c t e r s  belonging t o  t r e e  twiga which a r e  immediate 
o r  i n d i r e c t  descendants of N. We first e s t a b l i s h  a bound 
k f o r  t h e  depth of a minima1 p a r s e  t r e e  f o r  W .  To do t h i s ,  

no te  t h a t  if N1,. . ., Nk i s  a pedigree  i n  a minimal p a r s e  
t r e e ,  and i f  N1 i s  a node of t h e  same type a s  Nk, then the 
span of Nk must inc lude  a t  l e a s t  one c h a r a c t e r  of W not  
included i n  t h e  span of N1. Indeed, i f  t h i s  i s  f a l s e ,  we 
can obviausly reduce t h e  number of nodes of t h e  p a r s e  t r e e  
by r ep lac ing  t h e  whole complex of branches depending from 
t h e  node N1 by t he  sma l l e r  s e t  of branches descending from 
Nk, c o n t r a d i c t i n g  t h e  assumed minimali ty  of ou r  p a r s e  t r e e .  
It fo l lows  a t  once t h a t ,  i f  2 i e  t h e  number of c h a r a c t e r s  
i n  W, no pedigree  i n  a minimal p a r s e  t r e e  conta ins  more than 
1 r e p e t i t i o n s  of a node-type. Hence, i f  d i s  t h e  number of 
d i s t i n c t  node-types allowed by t h e  grammar , d y i s  a bound 
f o r  t h e  depth  of a minimal p a r s e  t r e e  f o r  W .  S ince eaoh 
node i n  a p a r s e  t r e e  can have a t  most M descendant nodes, 
i t  follows a minima1 p a r s e  t r e e  f o r  W can conta in  a t  most 
K=M" nodes, e s t a b l i s h i n g  the  requi red  bound K and completing 
the proof of our Lemma. Q,E.D, 



Various additional intereating unsolvability resu l t s  
may be proved by the methoda which ne have used t o  prove 
Theorems 4 and 5. To obtain a first such reault, we modify 

the grapnar (9) so tha t  the definer of the basic syntactic 
type <otrack> appeara as ahown in (10) rather  than as shown 

Here, we assume that  S i s  some a rb i t r a r i l y  chosen s t a t e  
word f o r  the Turing machine of Theorem 1. Then the collection 

of words (5) which are grammatica1 according to  both of the 
grammars (7) and (8 ) ,  as modified, are a l1  those Turtng 
machine tracks which s t a r t  w i th  the s t a t e  S and which lead 
eventually to  the stop ' s ta te .  . Since, according to  Theorem 1 

there exis t s  no algorithm capable of deciding whether there 
exis t s  a  track s tar t ing  with an arbi t rary S and leading 
to  the stop s t a te ,  i t  follows that  there ex i s t s  no algorithm 
which, given two a r b i k a r y  languages, i s  capable o$ deciding 
whether or  not these languages have a  non-zero intersection.  
T h i s  resul t  i s  stated formally as Theorem 6. 

Theorem 6. There exis t s  no mechanizable algorithm 
which, given two arbi t rary grammars 1; and i n  Backus 
norma1 form and sharing the same f i n i t e  s e t  of terminai 
characters, w i l l  decide whether or  not there exis t s  
any word v which is  grammatica1 according to both grammars. 

A s l ight ly  modified form of Theorem 6 gives another 
interest ing resul t .  We ca l l  a  grammar ambi .aus i f ,  
according to the grammar, there exis t  two s tructural ly  
d i s t inc t  parsing t rees  which generate the sarne s t r ing  of 
terminal characters. A grammar which does not admit two 
such s t ructural ly  d i s t inc t  parsing t rees  i s  called 
unambiguous. Now note that  the grarnmar (8) i s  unambiguous. 
Indeed, the diviaion of a  track into pa i rs  i s  obviously 
unique . Moreover, w i  t h i n  each pair ,  the <middle7 according 
to the grammar of (8) is  uniquely defined by t;he fac t  that  
the second character of the Oniddle) i s  an interna1 s t a t e  



character  f o r  the  Turing machine. Moreover, only one elementary 
Turing production can apply within a pa i r ,  aince, given the 
s t a t e  of a Turing machine and the character which l t  i 8  

scanning, the  character  which it w i l l  p r i n t  and the  subse- 
quent motion and new s t a t e  a r e  uniquely determined. Thua 
i n  the syn tac t ic  analysis of a pa i r ,  the  cendr i8 unique 
a l so .  For the same reasons the grammar shown aboJe as 
(9) i s  unambiguous a s  is  the  modified f o m  of the  grammar 

(9) shown i n  (13) . It i s  of course t h i s  modified form which 
has been used to  prove Theorem 6. 

Suppose now t h a t  a s  i n  the  proof of Lemma 2, we make 
a l 1  the  nonterminal characters  of the grammars f!! and r2 
d i s t i n c t  by renaming the  nonterminal characters  of the grammar 
P! ,  and that ue fhen identify the base characters  of and /;, 
r e n h i n g  the base character  of 5 i f  necessary. Let f be 
the union of the  grammars and-C as  i n  the  proof of 
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Lemma 2. Then, s ince q and have been seen t o  be 
unambiguous, there  w i l l  e x i s t  a s t r i n g  of terminal characters  
admitting two s t r u c t u r a l l y  d i s t i n c t  parsing t r e e s  i f  and 
only i f  there e x i s t s  a s t r i n g  of terminal characters  which 
admits both a parsing t r e e  according t o  the grammar G. 
That is, the union grammar f w l l l  be ambiguous i f  and only 
i f  there  e x i s t s  a word which i s  grammatica1 according to  
both of the subgrarnmars /; and T;. But Theorem 6 s t a t e s  t ha t  
there  e x i s t s  no algorithm which, given two a rb i t r a ry  grammars 

and r2 of the form which we a re  considering, w i l l  decide 
whether o r  not there e x i s t s  a word which i s  grammatica1 
according t o  both of them. It follows immediately that 
there e x i s t s  no algorithmic procedure which, given an 
a r b i t r a r y  grammar p, w i l l  decide whether o r  not t h i s  grammar 
i s  ambiguous. W e  s t a t e  the r e s u l t  jus t  derived a s  Theorem 7 .  

Theorem 7. There ex is  t 8  no mechanizable algorithm which, 
given an a rb i t r a ry  grammar wri t ten  i n  Backus norma1 form, 
w i l l  decide whether o r  not t h i s  grammar is  ambiguous. 



Generalized languages and restricted lanmages . 3. P--- P 

Genera l iza t ions  of t h e  Backua norma1 form grammars 
which we have s tud ied  e a r l i e r  i n  t h e  p resen t  work have been 
proposed. I n  t h e  p resen t  sec t ion ,  we w i l l  cons ider  one 
auch genera l i za t ion  and s tudy t h e  pa r s ing  problem f o r  i t .  
We s h a l l  a l s o  s tudy a  c l a s s  of s t r i n g a ,  t h e  so-cal led 
r e g u l a r  s t r i n g s ,  which c o n s t i t u t e  an i n t e r e s t i n g  s p e c i a l i z a t i o n  
of the  c l a s s  of languages considered i n  t h e  two preceding 
s e c t i o n s  . 

The genera l ized  languages which we wish t o  cons ider  
a r e  those def ined by the  so-cal led context  dependent g r a m a r s  
lntroduced by N .  Chomsky, Such a grarnmar i s  s p e c i f i e d  by 

a f i n i t e  vocabulary of c h a r a c t e r s  C and by a  f i n i t e  un- 
ordered c o l l e c t i o n  P of product ions of the  fol lowing form. 

I n  ( l ) ,  A ,  B and C a l 1  denote s t r i n g s  of cha rac te r s  formed 
from the  a v a i l a b l e  c h a r a c t e r  vocabulary.  The symbol b 

denotes  some s i n g l e  cha rac te r  chosen from t h i s  vocabulary. 
We allow any o f  A ,  B o r  C t o  be the  n u l l  s t r i n g .  Note t h a t  
product ions of the  form (1) resemble the  product ions t h a t  
w e  have used t o  de f ine  t h e  context  f r e e  languages i n  the  
preceding Sect ion 2 ( c f .  d i s p l a y  formula ( 9 )  of Sec t ion  2 ) .  

However, i n  c o n t r a s t  t o  our  understanding i n  t h e  preceding 
sec t ions ,  we intend i n  dea l ing  wi th  context-dependent grarnrnars 
t h a t  the  production (1) should be app l i cab le  only when t h e  
cha rac te r  b occurs i n  the  context  spec i f i ed  i n  ( l ) ,  t h a t  
i s , w i t h  t h e  p a r t i c u l a r  s t r i n g  A t o  i t s  immediate r i g h t  
and the  p a r t i c u l a r  s t r i n g  C t o  i t s  immediate l e f t .  The 
s p e c i a l  case i n  which A and C both a r e  n u l l  i s  t h e  case of 
the  context  independent product ions s tudied  e a r l i e r .  A s  

i n  the  preceding sec t ion ,  w e  r e q u i r e  t h a t  t h e r e  e x i s t  p r e c i e e l y  
one cha rac te r  C among a l 1  the  cha rac te r s  used i n  the  product ions 

P , i s  s p e c i f i e d  a s  t h e  roo t  o r  base cha rac te r  of t h e  
g r m a r .  A s  before ,  w e  c a l l  any cha rac te r  occurr ing  on t h e  



right-hand s l d e  of one of t h e  product ions  (1) b u t  never 

occurr ing  on t h e  lef t -hand s i d e  of any product ion a termina1 
c h a r a c t e r  of t h e  grammar. I f  a  c h a r a c t e r  s t r i n g  W = 

c l . .  .ck i s  given, we say  t h a t  a  s t r i n g  ob ta inab le  from 
t h i s  s t r i n g  by rep lac ing  any of i t a  c h a r a c t e r s  C,  by a set 

J 
of c h a r a c t e r s  which may v a l i d l y  r ep lace  C ,  according t o  one 

J 
of t h e  context  dependent produc t i o n s  (1)  i s  obtained from 
w by immediate descen t .  We use  t h e  no ta t ion  f o r  immediate 
descent  introduced i n  Sec t ion  2 and d e f i n e  the  not ion  of 
grammatica1 evolu t ion  a s  i n  Sec t ion  2 .  I f  t h e r e  e x i s t s  a  
grammatica1 evolu t ion  s t a r t i n g  with t h e  s t r i n g  S1 and 
te rminat ing  with the  s t r i n g  Sk we say,  j u s t  a s  f o r  context  
independent languages, t h a t  Sk i s  obtained from S1 by 
i n d i r e c t  descent ;  we use  the  same no ta t ion  a s  t h a t  introduced 

i n  Sec t ion  2 ( c f .  formula ( 1 1 ) )  f o r  t h i s .  
Note non that  the evolu t ion  of an a r b i t r a r y  Turing 

machine may be descr ibed  by a  s i n g l e  context  dependent 
language of t h e  type t h a t  we have j u s t  def ined .  Indeed, 

i n  t he  b a s i c  evolu t ion  s t e p s  shown i n  formula (3) of Sec t ion  1, 

a l 1  t h e  c h a r a c t e r s  i n  t h e  s t a t e  word of the  Turing machine 
excep t the  t h r e e  cen t ra1  c h a r a c t e r s  ck, d a n d  c ~ + ~  a r e  seen 

t o  p l a g  a  pass ive  r o l e .  The t ransformation a f f e c t i n g  
these  t h r e e  c e n t r a l  c h a r a c t e r s  i s  almost p r e c i s e l y  of the  
form (1 )  allowed f o r  context  dependent languages.  The elementary 
Turing t ransformation d i f f e r s  from (1) only i n  t h a t  i t  may 
involve a  s h i f t  of the  c h a r a c t e r  6 t o  t h e  r i g h t  o r  l e f t  of 
a cha rac te r  subs tLtu t ion .  To f o r c e  t h e  Turing machine 
product ions shown i n  (3) of Sec t ion  1 i n t o  t h e  fom 
s t r i c t l y  requi red  f o r  the  Turing machine t o  be descr lbed 
formally by a  context  dependent grammar, we proceed a s  fo l lows .  

For each i n t e r n a 1  s t a t e  cha rac te r  b o f  t h e  Turing 
machine, we in t roduce  t h r e e  a d d i t i o n a l  l i n g u i s t f c  cha rac te r s ,  
r e l a t e d  t o  d but  p lay ing  s l i g h t l y  d i f f e r e n t  r o l e s  i n  the  
grarnrnar which we wish  t o  d e f i n e .  These t h r e e  c h a r a c t e r s  
may be c a l l e d  the  "double" of 6, which we w r i t e  5, t he  
" inversd 'of  6, which we w r i t e  /l, and the  inve r se  of the  



double, which we write 62 . For each elementarp praduct ion 

(21) c n '  -9 clfllct . . 

of t h e  Turing machine ( n o t  involving any rightward o r  l e f t -  
ward motion of t h e  Turing machine) we irbtroduce the l i n g u i s t i c  
production shown a s  (31) : 

Note t h a t  t h e  l i n g u i s t i c  production (31) s p e c i f i e s  a 
replacement f o r  the  c h a r a c t e r  C i n  contexts  w h e r e i n d i s  t h e  
cha rac te r  immediately to t he  r i g h t  of C .  F o r  each Turing 
machine production of t h e  f o m  

(211) . C d c t  - dlclct 

involving a le f tward  motion of the  Turing machine we i n t r o -  
duce a  l i n g u i s t i c  production of t h e  following type: 

(31)  C 6 - i  61 C 6 

Formula (33.1) is,  l i k e  ( 3 i ) ,  a  l i n g u i s t i c  production 
involving a  s u b s t i t u t i o n  f o r  t h e  cha rac te r  C .  For each 

b a s i c  Turing machlne production of the  form 

(2111) C b c '  -p c1c16 

involving rightward motion of the  Turing automaton along 
i t s  tape  we in t roduce  t h e  l i n g u i s t i c  production 

( 3 i i i )  C C '  -j C d"+6cf , 
which i s  a  context  dependent l i n g u i s t i c  production,  once 
aga in . involv ing  s u b s t i t u t i o n  f o r  the  cha rac te r  C .  I n  

addi t ion  t o  the  context  dependent grammatica1 product ions 
shown above a s  (31), (311) and (3iiS.),  w e  add a  number of 
add i t iona l  productions t o  our  grammar; these  a r e  intended 
t o  r e l a t e  6+ and 62 t o  t h e  cha rac te r  6. I n  t h e  
f i rs t  p lace  we introduce context  dependent "erasing" pro- 
duc t i o n s ,  involving the  cha rac te r s  & and C-' and having 
the  following fomn: 

( 4 4  a-l a -P 8 



Production (4a)  al lows s u b s t i t u t i o n  of a n u l l  s t r i n g  
f o r  t h e  c h a r a c t e r  8. Aa i n d i c a t e d  i n  (4a) ,  t h i s  product ion 
is  app l i cab le  whenkver occurs  i n  -a cbritext i n  which i a  
t h e  next c h a r a c t e r  on i t s  l e f t .  Similarly, (4b) i8 an ' 

"erasing" product ion app l i cab le  t o  t h e  c h a r a c t e r  8, 
which i s  a v a i l a b l e  provided only  t h a t  the c h a r a c t e r  immediately 
t o  t h e  r i g h t  of f 1  is no t  t h e  c h a r a c t e r  6. I n  add i t ion  
t o  (4a)  and (4b), we in t roduce  the  fol lwoing f o u r  product ions 

Production (5a)  i s  an e r a s i n g  product ion having much t h e  
same form as ,  and app l i cab le  i n  t h e  same condi t ions  a s ,  
t h e  product ion (4a)  descr ibed  above. Formulae (5c)  and 
(5d) show s l m i l a r  e r a s i n g  product ions .  The product ion (5c)  
s p e c i f i e s  t h a t  a  c h a r a c t e r  6+ may be replaced by a  n u l l  
c h a r a c t e r  provided t h a t  t h e  c h a r a c t e r  immediately on i t s  
r igh t  1s t h e  c h a r a c t e r  di1, and (5d) s p e c i f i e s  t h a t  

ci1 may be replaced by a  n u l l  c h a r a c t e r  provided only  t h a t  
the  c h a r a c t e r  imrnediately on i t s  l e f t  i s  not  5. F i n a l l y ,  
t h e  production (5b),  which involves  s u b s t i t u t i o n  f o r  the  
c h a r a c t e r  C ,  s t a t e s  t h a t  C may be replaced by t h e  sequence 
b+lc o' i f  t h e  c h a r a c t e r  immediately preceding C t o  the  
l e f t  i s  t h e  c h a r a c t e r  C+. 

On a l 1  of the  product ions ( 3 i ) ,  (311) snd (3111) above, 
we impose the add i t iona l  contextua l  r e s t r i c t i o n  t h a t  they  
a r e  only  t o  apply if' t h e r e  e x i s t s  no c h a r a c t e r  of t h e  form 
6-l, 6+ o r  6+ with in  two c h a r a c t e r s  of the  c h a r a c t e r  6: 
WTth t h i s  r e s t r i c t i o n ,  the  r eade r  will e a s i l y  see  t h a t  t h e  
l i n g u i s t i c  evolut-ion beginning with a v a l i d  Turing machine , 

word of the  f'orm ( 6 )  



i s  a t  each s tep  completely determiniatic i n  the mense that 
a t  most one production i n  our grammar can apply, and that  
a s i d e  f  rom " in te rmedia te  steps" involving c s n c e l l a t i o n  ,of 

symbols 6, 4, 8, 6;' temporar i ly  generate& th ia  

grammatica1 evolut ion exact ly  matches t he  evolu t ion  of the 
Turing machine which we have used t o  in t roduce  our  context  
dependen t grarnmar . 

To r e l a t e  t h e  Turing machine s topping problem equa]-ly 
d i r e c t l y  t o  the  pa r s ing  problem f o r  the  context  dependent 
grammar introduced above, i t  is a p p r o p r i a t e .  f o r  u s  t o  
in t roduce  a  simple s t andard iza t ion  for Turing rnachines, 
a s  fol lows.  Suppose t h a t  M i s  a  un ive r sa l  Turing machine. 
We have seen the  s topping problem f o r  M i s  unsolvable .  We 
d e f i n e  a s l i g h t l y  rnodified second Turing machine i n  terms 
of M 1  a s  fol lows.  I n t o  t h e  vocabulary of p r i n t  cha rac te r s  
f o r  M 1  we introduce a l 1  the  p r i n t  cha rac te r s  of M and, i n  
addi t ion ,  introduce two e x t r a  cha rac te r s  which we ca11 
r e s p e c t i v e l y  l e f t  and a  r i g h t  end marker c h a r a c t e r s .  To 
any given i n i t i a l  tape f o r  M w e  append these  two end markers, 
t he  l e f t  end marker t o  t h e  extreme l e f t  of the  f i e l d  ind ica ted  
by the  s t a t e  word f o r  M, t he  r i g h t  end marker to  t h e  extreme 
r i g h t  of the  f i e l d  ind ica ted  by the  s t a t e  word f o r  M .  

The s t e p  by s t e p  opera t ion  of t h e  machine M 1  i s  obtained by 

simple modif icat ion from the  operat ion of M .  I n  t he  f i r s t  
p l ace ,  we requi re(except  i n  the  s p e c i a l  "clean up" termlnal  
s t a t e s ,  def ined  below) t h a t  when MI encounters the  l e f t  
end marker charac ter ,  i t  rep laces  the  end marker by a  blank, 
r e p r i n t s  the  end-rnarker one space f u r t h e r  t o  t h e  l e f t ,  and 
then r e t u r n s  t o  t h e  blank square which i t  has  j u s t  i n s e r t e d .  
S imi la r ly ,  when t h e  Turing machine M' encounters the  r igh t  

hand end marker charac ter ,  i t  rep laces  i t  by a  blank, r e p r i n t s  
a r ight-end marker one square t o  the  r i gh t ,  and r e t u r n s  t o  
the  blank square which i t  has j u s t  i n s e r t e d .  I n  a l 1  o t h e r  
s i t u a t i o n s  (except  i n  t h e  termina1 s i t u a t i o n s  t o  be 
descr ibed below) M 1  behaves i n  exac t ly  t h e  same way a s  M .  

It fol lows from t h e  above t h a t ,  except when manipulating the  
end-mark cha rac te r s ,  M '  has a  s t a t e  word whiich 



1s always the same a s ' t h e  s t a t e  word of M, except f o r  t h e  
presence of a l e f t  end marker c h a r a c t e r  marking t h e  extreme 
left hand of the  modified s e c t i o n  of t a i e  and t h e  r l g h t  
hand c h a r a c t e r  marking the extreme r i g h t  hand of t h e  modified 
s e c t i o n s  of tape .  

We a l s o  provide the  modified machine M' with two I n t e r n a 1  
s t a t e s ,  i n  add i t ion  t o  t h e  s t a t e s  possessed by M .  We c a l l  
t hese  two s t a t e s  a r i g h t  e r a s i n g  s t a t e  and a l e f t  e r a s i n g  s t a t e .  
We agree t h a t  any conf igura t ion  which would b r i n g  M i n t o  
i t s  s top  s t a t e  b r i n g s  M' i n t o  i t s  r i g h t  e ras ing  s t a t e .  
Once i n  t h e  r i g h t  e r a s i n g  s t a t e ,  MI haa t h e  fol lowing a c t i o n .  
A square i s  scanned. I f  t h e  square does not c o n t a i n - t h e  
r i g h t  hand end marker i t s  con ten t s  a r e  replaced with a  blank 
and M r  mwes one square t o  the  r i g h t  and remains i n  t h e  r i g h t  
e r a s i n g  s t a t e .  I n  t h i s  way M' w i l l  success ive ly  e r a s e  
every square t o  the  r i g h t  of t h e  p o s i t i o n  a t  which i t  entered  
the  r i gh t  e ras ing  s t a t e  u n t i 1  it encounters t h e  r i g h t  end 
marker. When M' encounters  t h e  right end marker, i t  e r a s e s  
i t  and e n f e r s  the  l e f t  e r a s i n g  s t a t e .  I n  this s t a t e  i t  
proceeds i te ra t i . ve ly  t o  r ep lace  every scanned charac t e r  
w i t h  a b lank  and move m e  square t o  the  l e f t ,  except t h a t  
when i t  encounters the  l e f t  hand end marker i t  rep laces  i t  
with a blank and s t o p s .  Thus, i f  s t a r t ine ;  w i t h  a given i n i t i a l  
conf igura t ion ,  M would s top ,  t hen  M' w i l l  a l s o  s top  i f  

s t a r t e d  i n  the  corresponding i n i t i a l  condi t ion  . B u t ,  before  
s topping,  M' w i l l  have erased i t s  e n t i r e  t ape .  I f  co denotes  
t h e  blank c h a r a c t e r  i n  the  p r i n t  vocabulary of M and P? and 
6 denotes  the  s topping s t a t e  f o r .  M and M', then the f i n a l  
s t a t e  word For M r  i n  t h e  conf igura t ion  i n  which i t  i s  stopped 
i s  

(8) 

If f o r  a n y  i n i t i a l  conf igura t ion  (7) of M' w e  complete 
the  def i n i t i o n  of our  context-dependent language bg i n t r o -  
ducing a base charac te r  b which occurs i n  the s i n g l e  production 



we ob ta in  a language with the follosuing property: the Turing 

machine M ' ,  s t a r t e d  i n  the  conf igura t ion  (7), wlll stop if 

and only  i f  t h e  s t a t e  word (8) i s  grammatica1 i n  our language. 
That is, t h e  Turing machine M', s t a r t e d  i n  t he  sta te  shown 
on t h e  r i g h t  of ( 9 )  , will s top  i f  and only  i f  t h e  s t a t e  
word (8) c m  be derived according t o  the product ions of t h e  
context  dependent grammar by i n d i r e c t  descent  from the  
cha rac te r  b .  It fol lows t h a t  t h e  p a r s i n g  problem f o r  context  

dependent languages inc ludes  t h e  s topping problem for the 
un ive raa l  Turing machine. Hence, the  f o m e r  problem i 8  

a lgor i thrn ica l ly  unsolvable .  We s t a t e  t h i s  r e s u l t  a s  
Theorem 7. 

Theorem - 7 .  There e x i s t s  no programmable algori thm 
which, given an a r b i t r a r y  context  dependent grammar P 

cons i s t ing  of f i n i t e l y  many product ions of t h e  form ( l ) ,  
and given a  word W c o n s i s t i n g  of termina1 cha rac te r s  of 
t h i s  gramrnar, will decide whether W belongs t o  t h e  context-  
dependent language def ined by p. 

This  r e s u l t  i n d i c a t e s  t h a t  u n r e s t r i c t e d  context  dependent 
grarnmars a re  too genera l  t o  be d i r e c t l y  u s e f u l  f o r  the  
s p e c i f i c a t i o n  of programming languages. 

We now tu rn  t o  coneider  the  fol lowing quest ion:  t o  
what ex ten t  can general  context - f ree  languages be parsed 
bv algorithms r e s t r i c t e d  i n  var ious ways? I n  p a r t i c u l a r ,  
can every context - f ree  language be parsea  by an advancing 
d e t e r m i n i s t i c  soheme of the  s o r t  considered i n  Chapter I V ?  

W e  begin our  disciission of t h i s  queation by giv ing  a very 
simple example of a context - f ree  language -- t h e  se t  of a l 1  
symmetric s t r i n g s  on two l e t t e r s ,  L e . ,  t h e  set of al1 
s t r i n g s  on two l e t t e r s  which r e t u r n  t h e i r  form under l e f t -  
r i g h t  r e v e r s a l .  We s h a l l  now show t h a t  t h i s  s e t  of s t r i n g s  
admits no d e t e m i n i n g  context-free grammar whi.ch can be 
parsed by a d e t e r m i n i s t i c  advancing scheme, e s s e n t i a l l y  
because no parsing scheme can f i n d  t h e  middle of the s t r i n g  

without scanning the  s t r i n g  t o  i t s ' e n d  and then backing up. 



We proceed a s  fo l lows .  F i r s t  no te  t h a t  t h e  set of 
symmetric s t r i n g a  on two le t ters  a,b i 8  a context - f ree  - 
language with t h e  "simple grammar - 

To show t h a t  t h i s  simple language cannot be parsed by any 
d e t e r m i n i s t i c  advancing scheme, w e  must first g i v e  an a b s t r a c t  
genera1 model of such p a r s i n g  mechanisms. W e  model advancing 
d e t e r m i n i s t i c  p a r s e s  i n  terms of  an a b s b r a c t l y  def ined  clsiss 
of pushdown automats, a s  fo l lows .  A d e t e r m i n i s t i c  pushdown, 
automaton, o r  simply pushdown automation, i s  def ined  by 
spec i fy ing  a  f i n i t e  a lphabet  of inpu t  c h a r a c t e r s  [ a l ,  
a  f i n i t e  a lphabet  of pushdown s t a c k  c h a r a c t e r s  h) , and a  
f i n i t e  c o l l e c t i o n  f@]  of i n t e r n a l  s t a t e s ,  t oge the r  with 
var ious  func t ions  of  those  c h a r a c t e r s  descr ibed  i n  d e t a i l  
below. The a lphabet  of inpu t  c h a r a c t e r s  must Include 
a  s p e c i a l l y  def ined end-s t r ing  c h a r a c t e r  -( . The a lphabet  
of pushdown c h a r a c t e r s  must inc lude  a  s p e c i a l  s t a c k  bottom 
c h a r a c t e r 4  . The s e t  of i n t e r n a l  s t a t e s  of t h e  automaton 

O 

must inc lude  a  d i s t ingu i shed  i n i t i a l  s t a t e  8 ,  and a  
d i s t ingu i shed  acceptinp; s t a t e  C+. The automaton a c t s  i n  
s tepwise mode. A t  each moment, i t s  fu11 s t a t e  i s  def ined 
by t h e  s t a t e  of i t s  pushdown s t ack ,  t h e  s t a t e  of i t s  
inpu t  s t r i n g ,  and by i t s  i n t e r n a l  s t a t e  6. The pushdown 
s t a c k  s t a t e  is defined by a  word d .( 8 . . .d formed o u t  of o b  
pushdown s t a c k  c h a r a c t e r s  and conta in ing  e x a c t l y  one ( i n i t i a l )  
occurrence of the  c h a r a c t e r d  . The inpu t  s t r i n g  s t a t e  i s  

O 

defined by a  remaining input  word a l . .  .an 4 formed ou t  of 
inpu t  s t r i n g  cha rac te r s  and conta in ing  e x a c t l y  one ( t e rmina l )  
occurrence of t h e  s p e c i a l  c h a r a c t e r  . Each move of t h e  
automaton may involve both a s t a t e  change and an elementary 
t ransformation both o f  t h e  pushdown s t a c k  and of the  inpu t  
s t r i n g ;  each such move i s  f u l l y  determined by the  i n t e r n a l  
s t a t e  of t h e  automaton, by the  topmost ( i . e . ,  r ightmost)  
c h a r a c t e r  on the  pushdown s t ack ,  and by the  nexb ( i  .e., 

l e f tmos t )  c h a r a c t e r  of t h e  inpu t  s t r i n g .  An elementary move 
may e i t h e r  add an e x t r a  c h a r a c t e r  to t he  top of t h e  pushdown 
s t a c k ,  remove a  s i n g l e  c h a r a c t e r  from the  top of t h e  pushdown 
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s t ack ,  o r  l eave  the pushdown stack unchanged; such a move 
may a l s o  e i t h e r  delete the leftmost character fbom the inpu t  
s t r i n g ,  o r  l eave  t h e  input s t r i n g  unchanged. Thus, the 

a c t i o n  of t h e  pushdown automaton is  f u l l y  def ined by t h e  follow- 
i n g  func t ions  of [(top cha rac te r  on pushdown stack) ,  a 
(nex t  c h a r a c t e r  i n  input  s t r i n g )  , and d ( i n t e r n a l  s t a t e )  . 
(2 )  s([,a, a), vaiue i n  = next  i n t e r n a i  s t a t e  funct ion;  

P(& a , ~ )  , values  -1,0,+1 = pushdown s t a c k  move funct ion;  
~ ( d , a , b ) ,  def ined only  i f  ~ ( J , a , d )  = + l ,  value i n  

td) = pushdown c h a r a c t e r  placed on s t ack ;  
1 ( 4 a , d )  = 0,-1 = i npu t  move funct ion .  

We r e s t r i c t  these  func t ions  by t h e  fol lowing condi t ions:  

(3)  ~ ( r ( ~ , a , ~ )  2 0  f o r  a l 1  a a n d d  l 

( s t a c k  may not be pushed p a s t  i t s  bottom); 
I , , )  = O f o r  a l 1 4  and b 

( i n p u t  scan may not  pass  end-s t r ing  mark); 

~(&a,q '+)  = C+ 

(acceptance s t a t e  i s  i n v a r i a n t )  . 

A s t r i n g  a l . . . . a  of input  cha rac te r s  not  containing t h e  
n 

end-s t r i n g  c h a r a c t e r  - is s a i d  t o  be accepted by the  push- 
down automaton i f ,  when s t a r t e d  i n  t h e  i n t e r n a l  s t a t e  o, 
the pushdown s t a c k  being i n  the  "empty" s t a t e  6, and t h e  
input  s t r i n g  being i n  t h e  s t a t e  a l . . . . a ,  4 ,  t h e  pushdown 
automaton w i l l  even tua l ly  reach the  i n v a r i e n t  i n t e r n a l  
acceptance s t a t e  . I f  A des ignates  a  pushdown automaton 

O 

we w r i t e  t h e  s e t  of a l 1  inpu t  words which t h e  automaton 
accepts  a s  OK(A). Note t h e r e f o r e  t h a t  A may be regarded 
a s  a  mechanism f o r  performing a  "syntax check" on c e r t a i n  
c l a s se8  of s t r i n g s .  It i s  c l e a r  t h a t  a  language not pe rmi t t ing  
such a  syntax check by a  pushdown autornaton cannot, i n  
any reasonable  sense ,  be parsed by any such auQomaton. 

The theorem to which w e  s h a l l  devote a l 1  our  e f f o r t s  

i n  the  p resen t  sec t ion  i s  as  follows: 



Theorem $: Let be 
the  two letters a &n6 b. 

pushdown automaton A such 

the set of al1 sglpi~*'%ric stringa on 
Then there exieta no:-determinietic 
t h a t  

W e  s h a l l  bu i ld  a proof by contradic t ion  ou t  of a 
few lemrnas. Thus suppose t h a t  our  theorem 1s f a l s e ,  and 
l e t  A ( a s  described above) be a pushdown automaton such 
t h a t  r =  OK(A) .  

We f i r s t  consider  input  s t r i n g e  of the  special form 
n  m b aw, W being an a r b i t r a r g  s t r i n g  on t he  l e t t e r s  a and b  

(exponents ind ica t ing  r e p e t i t i o n )  and examine the  reac t ion  
of the  automaton ( s t a r t e d  i n  i t s  norma1 i n i t i a l  s t a t e )  t o  
such a  s t r i n g .  Note f irst  of a l l ,  t h a t  the  automaton will, 
a f t e r  a f i n i t e  number of s t eps ,  d e l e t e  every one of the  m+n 

n m charac te r s  b  a  . Indeed, were t h i s  f a l s e ,  the  reac t ion .o f  
n  m the  automaton t o  an input  s t r i n g  b a W would be independent 

n m of W. But s ince  b a  a%" is accepted by the  automaton, 
n  m while b a  a  ia not,  t h i s  i 8  impossible.  

We now make the  following a u x i l i a r y  d e f i n i t i o n .  

Def in i t ion  9 :  ~ ( n , m )  i s  the  Least number of symbols on 
the  pimhdown s tack  of the  automaton A a t  the  beginning 
of anymove i n  the  s e r i e s  of moves of the  automaton during 

n  m which the  n+m-l-th of the  charac te r s  b  a  bui; not  the  n+m-th 
of these characters  has been removed from the  input  s t r i n g .  

The following lemma shows t h a t  i n  scanning the  c l a s s  
of input  s t r i n g s  described above, the  automaton A must 
develop an increas inglg  l a r g e  s t ack .  

Lemma 10: Wehave l im  ~ ( n , m )  = a o f o r a l l n .  
m-+- 

Proof: Suppose the  contrary .  Then the re  must e x i s t  
some no and some sequence ml,m2, ... tending t o u s u c h  t h a t  
~ = ~ ( n ~ , r n ~ )  = ~(n,,m~) = . . . . The sequence ml,m2, .. . i s  
i n f i n i t e ,  while the  t o t a l  number of poss ib le  in te rna1  s t a t e s  
o f  A and the  t o t a l  number of poss ib le  condit ions of a push- 
down s tack  word of length N are both f i n i t e .  It therefore  
follows t h a t  the re  e x i s t  two d i s t i n c t  i n t ege r s  m < d i  



such t h a t  both t h e - i n t e r n a 1  and the  etack sta te  oB the 
automaton A take on iden t ica1  values a t  the beginning of 
two d i s t i n c t  moves of the  automaton, namely, a t  the beginning 
of  .some move of A during which the  n,+m-ltth but  not the  

no+mtth of the  charactere  bnoam has been removed from the  
input  s t r i n g ,  and a t  the  beginning of some move of A during 
which the  n0M-l- th but  not t he  no+iFilth of t he  characters  
bn0aiH ha3 been removed from the input  s t r i n g .  But then the 

automaton w i l l  accept a s t r i n g  bnoamw i f  and only i f  i t  
accepts  the  s t r i n g  bnoa*w. Put t ing  w = b2ambno we see  t h a t  
t h i s  i s  impossible, a  cont radic t ion  proving our  Lemma. Q.E.D. 

We now make a  second aux i l i a ry  def ' ini t ion.  

Defini t ion 118: Nl(n,m) is  the  number of the  f i r s t  move of 
the  automaton A ,  a s  i t  scans an input  s t r i n g  of the form 
n  m 

b a W, w i t h  the  following two proper t i e s  

( a )  a t  the  beginning of the  move i n  question, a l 1  the  . 
n charactera bn have already been removed from 
the  input  s t r i n g ;  

(b)  a t  t he  beginning of the  move i n  question, t he  
nwnber of charac ters  on the  pushdown s tack  of A 

has a t t a ined  a  value which w i l l  increase  and not recur  

again unti1 a character  equa1 e i t h e r  to b o r  t o  -1 i s  
subsequently encountered i n  the  input  a t r i n g .  

Note t h a t  il; follows a t  once from Lema 1 t h a t  ~ ~ ( n , r n )  
i s  well  defined f o r  each n and a l 1  s u f f i c i e n t l y  l a rge  m, and 
t ha t ,  i f  m i s  s u f f i c i e n t l y  l a rge ,  Nl(n,m) i s  independent of 
m .  T h i s  allows us  t o  make two more aux i l i a ry  d e f i n i t i o n s .  

Defini t ion 11B: For each N 2 1, l e t  ~ ( n )  be an i n t ege r  
s u f f i c i e n t l y  l a rge  so t h a t  ~ ~ ( n , m )  i s  well  defined f o r  a l 1  
m 2 ~ ( n )  , and so t h a t  Ifl(n,m) = Bll(n,5) f o r  a l 1  rn,Z 2 ~ ( n )  . 



Def in i t ion  11C: For each n l e t f l ( n )  be 
t h e  i n t e r n a l  s t a t e  of t h e  automaton A a t  t h e  beginning of  
ite ~ ~ ( n , ~ ( n )  ) 9th- move, and le% .<(-n) bé the top  c h a r a c t e r  
of  t h e  pushdown s t a c k  a t  t h e  beginning of  t h i s  same move. 

We now note  t h a t  s i n c e  t h e  t o t a l  number of  i n t e r n a l  
s t a t e s  of t h e  autqmaton A and t h e  t o t a l  a lphabet  of push- 
down s t a t e  c h a r a c t e r s  a r e  both  f i n i t e ,  t h e r e  e x i s t s  eome 
i n f i n i t e  inc reas ing  sequence n1,n2, . . .  of  i n t e g e r s  such t h a t  

$(nl) = 6 ( n 2  = . . .  a n d d ( n l )  =*(n2) = . . .  . 
Next we observe t h a t  t h e  fol lowing lemma may be e s t a b l i s h e d  

by an argwnent s i m i l a r  t o  t h a t  used t o  prove Lemma 1; we 
l eave  i t  t o  t h e  r eade r  t o  make t h e  necessary adapta t ion  of 
t h a t  argument. 

Lemma 13: Let t h e  automaton A be given an i n p u t  s t r i n g  
n m of t h e  f o m  b a b% t t o  scan,  and cons ider  t h e  sequence of 

moves which i t  w i l l  make. Let ~*(n,rn,k)  be t h e  l e a s t  
number of  aymbols on t h e  pushdown s t a c k  of A dur ing  any move 
dur ing  which the  first of t h e  l a t t e r  group of k b ' s  has  
been removed from the  inpu t  s t r i n g ,  but dur ing  which t h e  
f i rs t  c h a r a c t e r  of W has not  p e t  been scanned. Then 

l i r n  ~ & m ~ k )  = f o r  a l1  f ixed n and k .  

m.)- 
If we combine Lemma 12  w i t h  t h e  f a c t s  s t a t e d  i n  t h e  

paragraph preceeding i t s  s ta tement ,  we can deduce c e r t a i n  
i n t e r e s t i n g  f a c t s .  

Let n be a s  i n  Lemma 12, and cons lder  t h e  a c t i o n  of 3 k A i n  scanning inpu t  s t r i n g s  of t h e  form bnjamjb - . W e  

assume here  t h a t  t h e  i n t e g e r  m which w i l l  b e . d e f i n e d  more P 
p r e c i s e l y  hel.ow, i s  a t  ang r a t e  s u f f i c i e n t l y  l a r g e  so t h a t  

i) mj exceeds ~ ( n  ) and t h e r e f o r e  exceeds t h e  number 
j 

ij of c h a r a c t e r s  a of t h e  input  s t r i n g  scanned by A a t  the 
beginning of  i t s  N (n  , ~ ( n  ) ) = t h  move; 

1 3  J 
ii) ,mj ,  k) exceeds ~ ( n  ,M(n j )  ) . 



It fol lows from i )  and i i )  t h a t  t h e  moves of A subsequent 
t o  i t s  N ( n  ,~ (n .$ ) - th  move, and up t o  t h e  first move a t  

1 J 
which t h e  te rminator  -(is scanned, depend only on the p o r t i o n  
amfij  bk 4 of t h e  inpu t  s t r i n g  remaining a f t e r  t h i s  rnove. 
Hence, i f  we p u t  m i +m, where m is any s u f f i c i e n t l y  l ì =  3 
large i n t e g e r ,  i t  fol lows t h a t  t h e  moves o€' A subsequent t o  
i t s  ~ ~ ( n ~ , ~ ( n ~ ) ) - t h  and up t o  t h e  f i r s t  move a t  which t h e  
t e m i n a t o r  4 i s  scanned, a r e  Independent of j ,, It f s a l s o  
p l a i n  t h a t  A will not  examine any one of t h e  f irst  P l ( n j , ~ ( n j ) )  
symbols on i t s  pushdown s t a c k  during any of these  moves. 
The symbols on the  pimhdown s t a c k  of A d i ~ r i n g  any of these  
moves w i l l  t h e r e f o r e  c o n s i s t  of a f i r s t  group depending 
only  on j and a second group depending only on the  nwnber 
of the  te rminat ine  s t r i n g :  ambk 4 o t  input  s i g n a l s  which 
have been scanned. The fol lowing lemma si~mmarixes these  f a c t s .  

Lemma 13: Let K be any f ixed  l a r g e  i n t e g e r .  Let 

[nj{ he a s  In t h e  paragraph immediately preceeding t h e  s t a t e -  
ment of Lemma 1. There e x i s t s  a sequence of i n t e g e r s  m J 
such t h a t  f o r  a l 1  1 k K, and l e t t i n g  L (n,m,k) denote 
t h e  condi t ion  of the  pushdown s t a c k  of t h e  autamaton A 

a t  t h e  beginning of the  first move du-ring i t s  scan of the  
inpu t  s t r i n g  bnamok -) i n  which t h e  s t r i n g  ternrinator 
symbol 4 i s  scanned, then 

i) E b j , m j  ,k )  may be w r i t t e n  a s  a concatenat ion 

t (n, ,mj,k) = q j )  q k )  , 
where the  s t r i n g  x1 ( j )  of pushdown s t a c k  c h a r a c t e r s  depends 
only on j, and the  s t r i n g  Z2(k)  .depends only on m and k .  

i i )  The i n t e r n a l  s t a t e  of A a t  t h e  beginning of 
t h i s  same move depends only on k .  

Using Lemma 13, i t  i s  q u i t e  easy  t o  complete t h e  proof 
of Theorem 8. Le t  J be one more than t h e  number of  i n t e r n a l  
s t a t e s  of the pushdown automaton A, and choose K >nJ i n  



n. m Lemma 4.  Present  each of t he  s t r i n g s  b $ a  dbni where 
i, j=1. . . , J t o  the  automaton, and consider  the r e s u l t i n g  . . 
sequence of moves. I n  p a r t i c u l a r ,  consider  the moves made 
by A a f t e r  t h a t  f i r s t  move, described i n  Lemma 13, i n  which 
i t  scans the  s t r i n g  terminator  symbol 4 . Pla in ly  the re  
e x i s t s  no i 4 J f o r  which A paases i n t o  i t s  accepting s t a t e  
without removing a l 1  the  charac te r s  of z2(ni) from the 
pushdown s tack .  Indeed, i f  such an i exis ted ,  the  response 

the  inpu t s  bnjamjbnf -( would be independent 
of j~ which i s  c l e a r l y  impossible.  Consider then the  i n t e r n a l  
s t a t e  d of A a t  the  beginning of the  f irst  of i t s  moves 

j 
which follows t he  removal of a l 1  the  charac te r s  of &&) from 
the pushdown s t ack .  Since J exceeds the  nwnber of i n t e r n a l  
s t a t e s  of A, the re  must ex!.st two d i s t i n c t  i n t ege r s  
i and i l ,  ne i the r  exceeding J', such t h a t  di, = 5 .  But 

then A r e a c t s  t o  each of t he  s t r i n g s  bnjamjbni  -( i n  oxact ly  
the  same way a s  i t  r e a c t s  t o  bnjamjbni'-l . I n  p a r t i c u l a r ,  
A accepts  bniamibnl '-( ,  a cont radic t ion  which completes the  
proof of Theorem 8. 



* C M  PTER 6. OPTIMIZATION METHODS - -  FOR ALGEBRAL C LANGUA GES 

l. In t roduct ion .  

We noted i n  Chapter I t h a t ,  whereas a source language 
program c o n s i s t s  i d e a l l y  of a  minima1 set of  i n d l c a t i o n s  
i n  appropr ia te  f o m  def i n i n g  an algori thm, t h e  'machine t 

o r  'assembly languageT program i n t o  which t h i s  program i s  
t r a n s l a t e d  e i t h e r  by a  compiler o r  by hand may conta in  a  
g r e a t  dea1 of a d d i t i o n a l  information.  I n  p a r t i c u l a r ,  w e  
observed t h a t  such an assembly language program s p e c i f i e s  
p a r t i c u l a r  machine r e g i a t e r s  and r e g i s t e r  types  t o  be used 
i n  performing t h e  individua1 machine ope ra t ions  t o  which a 
source language i s  reduced; s p e c i f i e s  t h e  p a r t i c u l a r  o r d e r  
i n  which the  necessary sequence of ope ra t ions  i s  t o  be 
s to red  within t h e  machine; t h e  p a r t i c u l a r  o r d e r  i n  which 
the  sequence of opera t ions  i s  t o  be executed by t h e  hard- 
ware; the d e t a i l e d  p a t t e r n  i n  which in te rmedia te  lnformation 
generated i n  t h e  course of computation i s  t o  be s to red  and 
reloaded, e t c .  The s u b s t a n t i a l  purpose of a l 1  t h e s e  a d d i t i o n a l  
s p e c i f i c a t i o n s  i s  t h e  t r a n s f o n a t i o n  of the  orb ig ina l  source 
language algori thm i n t o  a  form which i a  more o r  l e s s  

' op t imizedf ;  t h a t  is,  i n t o  an equiva lent  fonn which w i l l  

run a s  f a s t  a3 p o s s i b l e  and make minimal necessary demands 
on t h e  var ious forms of s to rage  a v a i l a b l e  wi th in  a given 
computer. Now, t h e  genera1 problem of determining the  
equivalence o r  inequivalence of a p a i r  of programs i s  
c e r t a i n l y  unsolvable .  For t h i s  reason, it i s  impossible 
t o  develop a f u l l y  systematic  and wholly adequate theory  of 
program opt imiza t ion .  Any d iscuss ion  of opt imizat ion w i l l  
n e c e s s a r i l y  be a semi-systematic account of a v a r i e t y  of 
methods, each of p a r t i a l  a p p l i c a b i l i t y ,  each intended 
t o  optimize one more pr l e s s  l imi t ed  aspec t  oiP a  program. 

I n  s p i t e  of t h e  d i f f i c u l t i e s  which must be faced i n  
its at ta inment ,  a  reasonable leve1  of optimization is e s s e n t i a l  
i f  source language programs are r e g u l a r l y  t o  r ep lace  programs 



wri t t en  i n  aasembly language. To the  extent  t h a t  compiler- 
produced code i s  subs t an t i a l l y  slower and more voluminous 
than code produced by hand, it i s  economically i nev i t ab l e  
t h a t  programs of major significante w i l l  be hand-coded. 
Fortunately, however, many of the  hand Poding techniquea 
most s i g n i f i c a n t l y  enhancing the  qua l i t y  of code a r e  of a 
s u f f i c i e n t l y  simple logica1 strutture a s  t o  be a lgor i thmical ly  
formalizable.  The r e su l t i ng  co l lec t ion  of algorithms can 
recap t u r e  many of the  experienced programmer t s "coding t r i c k s  . " 
A r e a l l y  good optimization program can i n  many cases 
produce code comparing very favorably with hand code. I n  
some cases,  by making use of the  unique a b i l i t y  of a  computer 
t o  examine a  g r ea t  many items rap id ly  and accurately,  an 
optimization program can even outdo the  hand coder.  A 

human programmer is, a f t e r  a l l ,  l imi ted  by time i n  the  
nwnber of optimizations which he can consider,  and by 
accuracy and debugging considerat ions i n  the  nwnber of 
optimizations which, having considered, he w i l l  decide t o  
use .  It i s  t o  be ant ic ipated  t h a t ,  a s  our knowledge of 
optimization algorithms grows more organized and sophis t ica ted ,  
and a s  growing computer speed and storage capaci ty permit 
the  use of increas ingly  powerful optimization procedures, 
we w i l l  be able  t o  produce mechanically optimized code whose 
q u a l i t y  subs t an t i a l l y  exceeds t h a t  of hand code i n  a l 1  but  
i so l a t ed  spec ia l  cases.  

Optimization procedures may be divided i n t o  two recog- 
n isably  d i s t i n c t  c l a s se s  : machine independent optimizations 
and machine dependent optimizations . Machine independent 
optimizations make use of ce r t a in  r a the r  genera1 transformations 
of algorithms which, f o r  a  l a rge  c l a s s  of languages and 
machines, ape ap t  t o  improve e f f i c iency .  Thus, f o r  example, 
the  elimination of ins t ruc t ions ,  redundant because the  
ca lcu la t ions  they accomplish have already been performed, 
w i l l  i n  almost a l 1  cases and f o r  almost a l 1  machines accomplish 
a  saving both of computation time and of program s i z e .  



Such an opt imizat ion 1s the re fore  machine indepenbent. 
Machine dependen t op t imizat ion methods, on t he  o the r  hand, 
depend r a t h e r  s t rong ly  on p a r t i c u l a r  featuree of a given 
machine. Thus, f o r  example, i f  one p a r t i c u l a r  r e g i e t e r  of 
a  machine is ,  i n  v i r t u e  of the  machine's strutture, the  
locus of a  p a r t i c u l a r l y  r i c h  s e t  of a ing le -b i t  Boolean 
operat ions,  then a  program involving any considerable amount 
of Boolean manipulation w i l l  be moat e f f i c i e n t  i f  w e  can 
arrange t o  have most of the  Boolean operat ions performed 
i n  the  designated r e g i e t e r .  Moreover, i n  t h i s  s l t ua t i on ,  any 
prel iminary operat ion preparing r e s u l t s  which a r e  needed 
a s  Boolean operands should, f o r  the  sake of ef f ic iency,  
generate i t s  r e s u l t s  d i r e c t l y  i n  t h i s  same r e g i s t e r .  Since 
i n  the  present  monograph we a r e  not concerned wiath any 
p a r t i c u l a r  machine, we intend t o  discuas the  machine independent 
opt imizat ions much more f u l l y  than opt imizat ions depending 
on p a r t i c u l a r  machine s t ruc tu r e s .  On the  o the r  hand, 
s ince  any l i n e  separa t ing  these two c l a s se s  of opt imizat ions 
i s  a r t i f i c i 8 1  a t  l e a s t  i n  p a r t ,  and s ince  a  number of 
important optimizations a r e  i n  f a c t  machine dependent, we 
can-t avoid a l 1  discussion of machine dependent opt imizat ion.  

We begin with quick survey of some of the  p r inc ipa l  
machine independent op t imizat ions . 
1. Redundant ins t ruct ions '  may p r o f i t a b l y  be eliminated. 
Thus, f o r  example, the  FORTRAN statement 

i n  which A and B a r e  understood t o  be two-dimensional ar rays  
(which f o r  the  purpose of the  following i l l u s t r a t i o n  we 
assume t o  have the  dimension (25,25)) w i l l  be expqpanded by 
a completely unoptimized t r a n s l a t o r  i n t o  code of the form 

(2) . e .  

K 3 1 * 2 5  
L = K + J  
M = ~ d d r e e e ( ~ )  + L 

Load from ( M )  



~ = 1 * 2 5  
O - N - t J  

P  = ~ d d r e s s ( ~ )  + O 

S t o r e  i n t o  ( P )  

It i s  apparent on inspec t ion  of the  code (2 )  t h a t  t h e  
q u a n t i t i e s  M and O have e x a c t l y  t h e  same values  a s  t h e  

q u a n t i t i e s  K and L, so  t h a t ,  i f  t h e  value of L i s  saved and 
hence a v a i l a b l e  i n  t h e  l a t t e r  p a r t  of the  code sequence, v 

staternent(1)  1s expanded mag be t r a n s l a t e d  more e f f i c i e n t l y  

M = ~ddress ( I3 )  + L 

Load from ( M )  
P = ~ d d r e s s ( ~ )  + L 

S t o r e  i n t o  ( P )  

Note t h a t  our  a s s e r t l o n  t h a t  t h e  code (3)  i s  more e f f i c i e n t  
than t h e  code ( 2 )  depends onlg  on  very mild assumptioas 
concerning t h e  compu-ter on which the codes (2)  and ( 3 )  
a r e  t o  rima We assume, ir! p a r t i c u l a r ,  t h a t  e n o u ~ h  r e g i s t e r s  

o r  core  l .ocations a r e  a v a i l a b l e  for t he  q u a n t i t ~  L t o  be 
savnd and,  i f  necessary, re loaded  withoilt requiring a 
r e l o s d i n g  process  so e l a b o r a t e  a s  t o  be more expensive 
tban the  mul- t ip l tca t ion  N = I * 25 and the  add i t lon  
O = N -t- J comhined. Making t h i s  mild assumption, we regard 
the process t h a t  t akes  1.1,s from the  " r r iw  code" ( 2 )  t o  t h e  

'opt imized code" (3)  a s  a - machine -- independent op t i - za t lo r  . 
Note t h a t  f o r  almost al l machines t h e  code (3)  will 

be b e t t e r  t h e n  the  code ( 2 )  i n  two valuable  senses .  I n  

the f i r s t  place,  (3)  c a l l s  f o r  t h e  execution of fewer machine 
ope ra t ions  than does ( 2 ) ,  so  t h a t  (3)  will run f a s t e r .  
Moreover, the code (3 )  is s h o r t e r  than t h e  code ( 2 )  so  t h a t  

less i n t e r n a 1  s to rage  Is requi red  t o  s t o r e  the sequence 



(3)  t h i n  .is needed* Por (2) . Many, but not a l l ,  6f the 
machine indepcndrnt opt imiza t ions  which we s h a l l  consider 
u r i l l  y3.eld both Wese a d v a n t a g e ~ .  Fowever, we s h a l l  also  
d iscuss  opt imiza t ions  (like t b ~  opt imlzat iona bp "redilction 
i n  strcmgth" descr ibed below) which makc, cobes more e f f i c i e n t  
i n  regard to t h e i r  e x e c u t i o n  time, b u t  a t  the expense of 
a siight, expansion i n  their lerigth. Notice a l s o  t h a t  t h e  

optirnization Aescribed above is an axiomatic aspect  of 
"good handcodinp; procedure," and would be made, a s  a ma t t e r  
of  course, by any experienced p r o g r a m e r  cxpressing t he  

algorithm (1) d i r e c t l y  i n  assembly code. 

2 .  A second class of opt;imizatlons aims a t  thc optirnization- 
time d e t e c t i o n  of expressions wi th  determinate  cons tant  
values,  and tlw replacement of such expressions i n  t he  
optimized code scquencc by t h e i r  known constani; va!ces. 
;?oiq cxampl e, i t  i s  not  uncommon t'or a programmcr t o  d e f i n e  

i q u a n t i t y  P1 a t  the b e g i n n i n g  of: i t s  program by  the FORTRAN 

statement P1 = 3.lil.159, and t h e n  to use t h i s  q u a n t i t y  

symbolicallg i n  subsequent po r t ions  of h i s  p rog rm,  where 
he mizht, f o r  exarnple, write 

(4 )  . . o  . 

X = 2 * P I * Y  

. . . e t c .  

On the reasonahle  assumption t h a t  the quant i t .y  P1 is n e v e r  
redef ined ,  the  expression (4 )  may be r a t h e r  t r i v i a l l y  
r ewr i t t en  a s  

ivhich i n  t h e  expanded, assembly language vcrsion of the 

same code would both be s h o r t e r  and save a r n u l . t i p l i c a t i o n .  
The saving of t l m e  which r e s u l t s  from this replacement 
c m  o r  co i~rse  se  p a r t i c u l a r l y  important 'if t he  i n s t r u c t i o n s  

(1-4)  o r  (5) happen t o  lie i n  a f r e q i i e n t l y  executed region 
of  the program. 

-310.- 



Evident ly ,  o t h e r  cons tan t s  t h a n w c a n  be involved i n  
such opt lmiza t ions .  A programmer s t r i v i n g  for g e n e r a l i t y  
of code w i l l ,  i n  many casea, refer t o  *var ious  cons tan t s  
symbolical.ly throughout h i s  program, in tending  t o  supply 
p a r t i c u l a r  cons tant  va lues  f o r  a l 1  necessarg  sjmbols i n  a 
block of' s ta tements  forming a p re f ixed  i n i t i a l i z a t i o n  s e c t i o n  
in h3.s program. Ang symbol. used i n  t h i s  way may be t h e  
subject of an opt imiza t lon  of the kind t h a t  takes  11s from 
(4 )  above t o  (5) . Optimizations of t h i s  s o r t  have been 
c a l l e d  optl.mizations by cons tnnt  propagat ion;  t h i s  i s  the  
term by which we s h a l l  desc r ibe  such opt lmiza t ions  i n  t h e  
remainder  of t h e  p r e s e n t  chapter  . 

Op t imiza t ion  5y cons t a n t  propagat ion msy be p a r t i c u l a r l y  
important i n  connection w i t h  s u b r o l ~ t i n e s  . O f  t e n ,  a symbolic 
argument t o  a suhrout ine  will in f a c t  be assigned only m e  

s i ~ g l e  77alue every tlme the  nubroutine 1.s ca3led fkom a 
givèn l o c a t i o n .  The usc! of techniques a l l o r i n g  the j o i n t  
op t imiza t ion  of s e p a r a t e l y  pre-compiled suhrout ines  enables  
one t o  t a k e  advantage of such circ1.1mstances t o  produce 

eff i c i e n  t suhrout- i .nc code wi t h  iv3.ich fo ld ing  has bcen 
pcrf'ormed d u r i n g  s pre-min opt imiza t ion  p a s s .  

3. Another useful mnchine independen t op t imiza t i o n  procedure 
i s  the e1I .m-nat ion,  wi th in  a. progrmn, of  a17 c a l c u l a t i o n s  
W??OSC resi,l.ts a r e  neve?  i~sed,  and of a11. c ~ l c u l 3 t i o n s  whici? 
do not ! i ing  bui; prepare da ta  requlred for s u c b  ca3 .c i i l a t ions .  
Of c o u r s ?  tlz? occurrcnce i n  sn 1ino~t i .mized  program of nuch 

a calc!i3ation Ls n o m a l l y  n resi il^; o f  programmcr w r o r  o r  
ca re l c s sne r  S. h'o:uever, vari~us 7f the optimlszation procedlir-s 

~IECYRB~ 3elow ma:l, as  a s1d.e e.?tec t ,  -Lntrod;we unuscd 
c i l c u l a t i o n s  of' this swt  i n t o  a progran.  por  ti-!:!.^ reascin, 

j t i s I m p ~ r t m t  bi an optimlzer to he ah lc  te rernove sxh  

c31cu1.at;ions . T h i . ~  a l t l ~ a t i o n  ivlt1.l. be -Ill.u.st;ratcd below . 



cnmp~tetlons a r e  also o? use i n  performtng snother  importnnt; 
op t;imi.zation, nimelg, the e l i n i n a t i o n  in genernted rnac!iine 

t h e  optlrnixcr IR ab3.c t o  dstecf  t h c  p o i n t s  w i t P i n  3 coda 



of i t s  execution time i n  these ama11 inner  loops, and t h a t  
a l 1  the  r e s t  of the  i n s t ruc t i ons  making up the  program, 
which may cons t i t u t e  a very much l a r g e r  "mass of code, a r e  
executed r e l a t i v e l y  i n f  requently.  I n  such cases,  the  speed 
with which a computer w i l l  complete t he  execution of a given 
algorithm may be increased considerably i f  i n s t ruc t i ons  can 
be moved out  of f requent ly  t raversed program sec t ions  i n t o  
l e s s  f requent ly  t raversed sec t ions .  Optimization which 
makes use of t h i s  f a c t  i s  ca l l ed  optimization by code motion. 
Thus, f o r  example, the  FORTRAN DO-loop 

w i l l  r u n  with d i s t i n c t l y  enhanced e f f i c i ency  i f  the  mult i -  
p l i c a t i o n  of the  constant Q by 2.0 i s  moved out  of the  loop, 
and the  shor t  code sequence (6) r ecas t  as  

Detection of cases i n  which an improvement of t h i s  s o r t  i s  
ava i lab le  i s  another important goal f o r  a well constructed 
op t imizer  . 

The optimizing t r a n s i t i o n  from (6) t o  (7), t h a t  is, 
t ranspor t  of an operation ( o r  more genera l ly  of a sequence 
of operat ions)  oiit of a program loop is  only poss ib le  i f  none 
of the  argwnents involved i n  any of the  i n s t ruc t i ons  t o  be 
moved i s  redefined within the  loop. T h i s  and o ther  more 
genera1 cons t ra in t s  on code motion w i l l  p lay  an important 
p a r t  i n  our discussion.  These cons t ra in t s  on code motion 
and r e l a t ed  optimizations a r e  most na tu ra l l y  expressed i n  
terms of the flow graph of a program. For t h i s  reason a 



systematic discussion of program flow graphs w i l l  preceed 
oiir s tudy of optimization by code motion. We will be l ed  

through an ana lys i s  of program i'low t o  t he  d e f i n i t i o n  of 
c e r t a i n  important nested fami l i es  of subregions of the 
program having the  character  of genera1 a b s t r a c t l y  defined 

5 .  m e r e  e x i s t s  a genera l iza t ion  of the  simple code 
motion optimization discussed above with a s i g n i f i c a n t l y  
increased range of a p p l i c a b i l i t y .  This genera l i sa t ion  may 
be comprehended most r ead i l y  by considering siniple example . 
Suppose t h a t  the  code 

occurs i n  a source program. Compilation of t h i s  code, followed 
by optimization by the  el iminat ion of redundant i n s t ruc t i ons  
as  described above, would y ie ld  the  following pa t t e rn  of 
I n s t ruc t i ons .  

(9) . . m  

I = l 
W ~ P :  K = I * 2 5  

L = K + J  

M = Address(b) + L 
Load from (M) 
P = ~ddre s s (A)  + L 

Store  i n t o  ( P )  

I = I - i - 1  

IF(I . L E . ~ O O )  G$ W@ 

Since the quant i ty  I i s  redefined within the  loop contained 
i n  the  code ( g ) ,  t he  mul t ip l ica t ion  K = I * 25 cannot be 

moved out  of the  loop. However, i t  i s  p.ossible f o r  u s  t o  
replace t h i s  ( r e l a t i v e l y  expensive) mul t ip l i ca t ion  operation 
by a ( l e s s  expensive) addit ion operat ion.  We have only t o  
make use of the  f a c t  t h a t  a mul t ip l i ca t ion  is an i t e r a t e d  
add i t ion .  T h i s  observation allows us  t o  t r a n s f o m  the  
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code (9) l n t o  t h e  form shown immediately below. 

(10) e . .  

1 = 1  

K = 25 

W@ : L = K + J  
M = ~ d d r e s s ( ~ )  + L 
Load from ( M )  
P = ~ d d r e s s ( ~ )  + L 

S t o r e  i n t o  ( P )  
I = I + 1  
K = K + 2 5  

. IF ( I .LE .~oO)G~~ T9 I@~P . 

Passage from (9) t o  (10) involves  
( a )  motion ou t  of t h e  loop of t h e  i n s t r u c t i o n  K = I * 25, 

followed by an opt imiza t ion  by cons tant  propagation "folding" 
t h e  known value I = 1 i n t o  t h e  i n a t r u c t i o n  K = I * 25, 
r e s u l t i n g  i n  t h e  s impler  i n s t r u c t i o n  K = 25. 

( b )  The i n s e r t i o n ,  a t  t h e  p o i n t  wi th in  the given loop 
a t  which I i s  incremented, of t h e  " d i f f e r e n t i a l "  form K = K + 25 
of t h e  o r i g i n a l  i n s t r u c t i o n  K = I * 25. 

An opt imiza t ion  of t h l s  s o r t ,  rep lac ing ,  wi th in  a  loop, 
t h e  r e l a t i v e l y  expensive opera t ion  ( e  .g. mul t ip l icaGion)  by a 
r e l a t i v e l y  inexpensive opera t ion  ( e .g .  add i t ion )  18 c a l l e d  
opt imiza t ion  by reduct ion i n  o p e r a t o r  s t r e n g t h ,  o r ,  more 
simply, reduct ion  i n  s t r e n g t h .  I n  a  subsequent s e c t i o n  of 
t h e  p r e s e n t  chapter ,  w e  s h a l l  d i s c u s s  t h i s  method of 
opt imizat ion more sys temat i ca l lg .  

6 .  Eliminat ion of unnecessary computations may o f t e n  be 

combined w i t h  corresponding modif icat ion of t h e  loop-closing 
cond i t iona l  t r a n s f e r s  n o m a l l y  generated from source s t a t e -  
ments having t h e  genera1 c h a r a c t e r  of the  F~RTRAN statement;  
doing t h i s ,  w e  ob ta in  an a d d i t i o n a l  opt imiza t ion .  I f ,  f o r  
example, we cons ider  the  code sequence ( l o ) ,  w e  n o t i c e  t h a t  
the  loop c los ing  statement f ~ f ( ~ . l e . l O O )  go t o  LOOPt may be 



transformed into a test of the quantity K, whlch quantity 
i8 calculated within the loop and available  a t  t;h&oint 

in the code at which the IF statement is to be executed. 
Specifically, we may replace the termination test for the 
DO-loop of (10) by the quite equlvalent test "IF(K.LT.~~~o) 
GO T0 LOOP." Now, once this change has been made, the opera- 

tion I = I + 1, which merely counts iterations, may become 
superfluous. This will certainly be the case iZ the quantity 
I is dead at the point at which exit from the indicated 
loop is made. In this case, by combining test replacement 
with instruction removal, we can rewrite the code sequence 

(10) in the more efficient form 

M = ~ddress(~) i- L 
Load from (M) 
P = ~ddress(~) + L 
Store into (P) 
K = K + ~ S  

If (K.LE.~~o~) G$ T$ @$P 

The procedure we have just descrlbed is called optimization 
by test replacement. Note that, in the optimized code (ll), 
no reference to the symbolic quantity I occurs; in particular, 
no register is required, even temporarily, for the storage 
of the quantity I. Generally speaking, removal of references 
to dead variables not only saves code but economizes the 
use of available fast registers. 

Later in the present chapter we shall discuss miscellaneous 
optimization procedures related to the test replacement 
optimization that we have just described, useful in connection 
with iterative loops of the kind cornmon in many algebraic 
languages. 



7. On many high speed computers, t e s t a ,  L e . ,  condi t ional  
t r ans f e r s ,  a r e  expensive operat ions t o  execute, i n  t h a t ,  
when a  condit ional  t r a n s f e r  occurs, t he  even flow of i n s t n i c -  
t i o n s  through the  hardware i s  momentarily in te r rup ted ,  
forc ing the  hardware t o  use time t o  recover from t h i s  
t r a n s i e n t  i n t e r m p t i o n .  Later  i n  the  present  chapter  we 
s h a l l  d i scuss  a  c l a s s  of machine "semi-independent" 
opt imizat ions of margina1 u t i l i t y  which a r e  aimed a t  j u s t  
t h i s  po in t .  

8 .  There e x i s t s  an i n t e r e s t i n g  c l a s s  of loop optimizat ions 
which increases  the  e f f i c i ency  of a  program, reducing the 

number of i n s t ruc t i ons  which must be executed a t  the  expense 
of expanding the  number of i n s t ruc t i ons  of which the  program 
ac tua l l y  cons ia t s .  The following example w i l l  i l l u s t r a t e  
t he  procedure, gener ica l ly  ca l l ed  optimization by unrol l ing ,  
which we have i n  mind. Consider the elementary i t e r a t i v e  
loop 

T h i s  loop, expanded i n t o  a  form c lo se r  t o  assembly language, 
would have the  following form. 

(13) . . 
J = 1  

LOOP K = ~ d d r e s s ( ~ )  + J 

Load from ( K )  
L = Address(A) + J 

S tore  i n t o  (L) 
J = J - t 1  

~f ( J . L E . ~ O O )  G$ T J ~  W$P 

A more e f f i c i e n t ,  a l b e i t  longer, code sequence equivalent  t o  
(13)  appears below. 
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O . .  

J = 1  

M O P  : K = ~ d d r e a s ( ~ )  + J 
KK = ~ddress(I3-kl)  i- J 
r ~ a d  f r o m ( ~ )  
L = ~ddress(~) -I- 3 

LL - ~ddress(~+l) + J 

S t o r e  i n t o  (L)  

Load from ( K K )  
S t o r e  i n t o  (LL) 
J = J + 2  

I 

If (J.LE* ~ O O ) G $  T$ @$P 

Both code sequences (13) and (14) are  equiva lent  t o  t he  source 

1.anguage code (12) . However, comparing (13) with (14), we 
see t h a t ,  i n  t he  f l r s t  p lace ,  t h e  elementary loop i n  (13) 
is t raversed  100 times, whereas the  modified o r  "unrolled" 
loop i n  (14) i s  t raversed  only 50 t imes.  The t o t a l  number 
of address ca lcu la t ions ,  loads,  and s t o r e s  performed i s  
equa1 i n  both cases .  However, the bookkeeping opera t ions  
(incrernentation of the  loop counter  J ,  execution of the loop 

terminat ion t e s t )  a r e  performed 100 times i n  the  code shown 
i n  (13) but  only 50 t imes In  t h e  code shown i n  ( 1 4 ) .  
P a r t i c u l a r l y  i f  t he  t e s t  operat ion 1s an expensive one, 
t h i s  rnay yield a s i g n i f i c a n t  saving i n  execution t ime.  
I n  a subsequent sec t ion ,  w e  s h a l l  observe t h a t  app l i ca t ion  
of the u n r o l l i n g  opt lmizat ion t o  loops performing var ious 
cornmon two dimensional mat r ix  opera t ions  a t t a i n s  s t i l l  
f u r t h e r  ga ins .  

9. As we remarked above, we intend t o  desc r ibe  opt imiza t ions  
of the machine independent c l a s s  r a t h e r  ex tens ive ly ,  but 

will d i s c u s s  machine dependent opt imiza t ions  only i n  r a t h e r  
cursory f ashion . Machine dependent op t imiza t ions  must, 
i n  f a c t ,  o f t en  be adapted r a t h e r  c l o s e l y  t o  t h e  p a r t i c u l a r  
f'eatures of an individua1 computer. Certain opt imiza t ions  



of t h i s  c l a s s  may however exhibit a f a i r  degree of  t r a n s -  
computer comrnonality, e x p e c i a l l y  i n  regard  t o  computers 
designed t o  perform s c i e n t i f i c  numerica1 c a l c u l a t i o n s  of 
t h e  most comon s o r t  e f f i c i e n t l y .  Such machines w i l l  
t y p i c a l l y  be provided with a  f a i r  number of high speed 
"scra tch"  r e g i s t e r s .  Operations f i n d i n g  t h e i r  arguments i n  
such r e g i s t e r s  f iather than i n  norma1 "memory" o r  "core 
l o c a t i o n ,  l' w i l l  normally proceed f a s t e r  than ope ra t ions  
which must r e fe rence  co re .  Various of  t h e  more important 
machines of t h i s  c l a s s  have an o r d e r  code strutture i n  which 
many opera t ions  f i n d  both t h e i r  operands i n  high-speed 
r e g i s t e r  and genera te  t h e i r  r e s u l t s  i n  a r e g i s t e r ;  an 
important cons idera t ion  f o r  computers of t h i s  c l a s s  i s  t h e  
opt imiza t ion  of r e g i s t e r  a l l o c a t i o n .  Symbolic q u a n t i t i e s  
occurr ing  i n  semi-expanded assembly code must be assigned 
t o  r e g i s t e r s  a t  any p o i n t  i n  t h e  a c t u a l  machine code i n  
which ope ra t ions  a r e  t o  be performed on them. Once t h e  
a v a i l a b l e  supply of f a s t  r e g i s t e r s  has  been completely 
used, and when a r e g i s t e r  i s  requi red  f o r  a new quant i ty ,  
one o r  more of t h e  a v a i l a b l e  r e g i s t e r s  must be unloaded 
i n  o r d e r  t o  f r e e  i t  f o r  reassignment.  T h i s  f o r c e s  t h e  
i n t e r p o l a t i o n  i n t o  f i n a 1  machine code of a u x i l l i a r y  load 
and s t o r e  ope ra t ions .  A good r e g i s t e r  a l l o c a t i o n  scheme, 
by c a r e f u l l y  dec id ing  on the  p a t t e r n  i n  which s y m b ~ l i c  
q u a n t i t i e s  w i l l  be assigned t o  r e g i s t e r s ,  can reduce t h e  
number of such i n t e r p o l a t e d  load and s t o r e  ope ra t ions  very 
considerably . This  opt imiza t ion  r e q u i r e s  
a systematic  survey of t h e  semi-f inal  code, aiming a t  t he  
es t imat ion  f o r  each symbolic q u a n t i t y  of the  irnrninence of 
i t s  next use .  Using t h e s e  es t imates ,  a good resource 
scheduling algori thm can evolve an effettive p a t t e r n  of 
r e g i s t e r  assignments. 

10. High speed machines o f t e n  a t t a i n  t h e i r  speed by the  
systematic  app l i ca t ion  of t m i c r o p a r a l l e l i s m l ,  t h a t  i s ,  by 
the  provis ion  of independent o r  mul t ip l e  a r i t ' m e t i c ,  Boolean, 
indexing,  and o t h e r  func t iona l  u n i t s ,  and by t h e  execution 

of  l o c a l  sequences o f . i n s t r u c t i o n s  i n  p a r a l l e l  where t h i s  
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is l o g i c a l l y  p o s s i b l e .  For machines 6f t h i a  d a $ § ,  
t n s t r u c t i o n  scheduling can be a aecond important  machine 
dependent opt imiza t ion .  I f  a program is t o  r u m  wi th  maximal 
speed i t  i s  important t h a t  the  opera t ions  i n  it be ordered 
i n  such a way a s  t a  provide t h e  g r e a t e s t  p o s s i b l e  scope 

f o r  p a r a l l e l  execut ion.  T ~ u s ,  f o r  example, i n  eva lua t ing  
t h e  expression A * B -t C * D on a machine e i t h e r  possessing 
tw mvltip1.y u n i t s  o r  a b l e  t o  execute two m u l t i p l i e s  i n  
parai-lel, i t  i s  good p r s c t i c e  to begin t h e  two mul t ip l i ca -  
t i o n  opera t ions  A * I3 and C * D ss soon a s  poss ib le ,  and 

t o  sckiedule the  acldition a f t e r  the  multiI,licat:i.ons have heen 
~ ~ t a r t e d .  V a r i o u s  extensions of this idea  a r e  p o s s i b l e .  
However, since t h i s  c l a s s  of optlmizations depends i n  a 
f a i r l y  s e n s i t i v e  way on the  manner i n  which t h e  computer 

hardware handles overlapped i n s t r u c t i o n s  w e  s h a l l  no t  d i s c u s s  
i t  i n  a n g  d e t a i l .  

11. A f i n a l  i n t e r e s t i n g  c l a s s  of rnachine dependent optimiza- 
t i o n s  involves  the p o s s i b i l i t y  or conbinlng Beveral 
i n s t m c t i  ons i n t o  a  s l n p l e  rnachine i n s t n i c t i o n .  Thus, f o r  

example, on m e  computer one may have t o  make a s i z e  t e s t  
on thr: absolu te  value of a quan t i ty  by f i r s t  forming t he  
absolu te  value and then performing a  s e p a r a t e  'test; a machine 
with a d i f f e r e n t  o rde r  code s t ~ u c t u r e  inight pe :mi t  the  
combination of these  two i n s t r u c t i o n s  i n t o  a s-lngle machine 
i n s t r u c t i o n  . Code improvements of t h i s  s o r t  depend q u i t e  
s e n s i t i v e l y  on t h e  o r d e r  code s t r u c t u r e  of  a g i v e n  computer 
and hence tend t o  be h ighly  machine dependent. We s h a l l  
t he re fo re  have very l i t t l e  t o  say about them. 

2 .  Rasic  Code Blocks and Their  Optimization.  

Optimization, which i s  a complex process  of code 
t r a n s f o n a t i o n ,  f i n d s  the  source of i t s  g r e a t e s t  d i f f i c u l t i e s  
i n  the  presence,  within programs, of  transfers. I n  t h i s  

s e c t i o n ,  we s h a l l  t r e a t  a pre l iminary  case of t h e  optlmiza- 

t i o n  problem, assuming away this fundamental d i f f i c u l t y .  
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That is,  we s h a l l  d i s c u s s  t h e  opt imiza t ion  o f  s e c t i o n s  of 
code conta in ing  n e i t h e r  l a b e l l e d  p o i n t s  which rnay be t h e  
t a r g e t s  of con t ro l - t r ans f  e re ,  nor  t r ana f  e r  ope ra t ions  aending 
c o n t r o l  o u t  of t h e  given s e c t i o n  of code. Such a  sequence 
of i n s t r u c t i o n s ,  having t h e  p roper ty  t h a t  c o n t r o l  always 
e n t e r s  t h e  sequence a t  i t s  f irst  i n s t r u c t i o n  and always 
l eaves  t h e  sequence a t  i t s  l a s t  i n s t r u c t i o n ,  i s  c a l l e d  a 
b a s i c  block.  A genera1 program rnay be d iv ided  i n t o  a  
c o l l e c t i o n  of b a s i c  blocks;  we have only  t o  in t roduce  a  
p o i n t  of d i v i s i o n  a t  each l a b e l l e d  i n s t r u c t i o n  wi th in  t h e  
program and a t  each cond i t iona l  t r a n s f e r  opera t ion  which 
it con ta ins .  I n  subsequent s e c t i o n s  of t h e  p r e s e n t  chap te r  
w e  s h a l l  go on t o  develop methods f o r  the  r ep resen ta t ion  
of the  flow strutture of a  program conta in ing  cond i t iona l  
t r a n s f e r s  and associateci l a b e l l e d  d e s t i n a t i o n  p o i n t s  
and t o  s tudy t h e  p r e s e n t  conaequences, f o r  opt imiza t ion ,  of 
program flow. 

Optimization by t h e  e l iminat ion  of redundant i n s t r u c t i o n s  
and by t h e  propogation of cons tant  va lues  rnay u s e f u l l y  be 
p e r f o n e d  even i n  t h e  l i m i t e d  context  of a  s i n g l e  b a s i c  block.  
I n  t h i s  same context  we rnay a l s o  optimize by t h e  e l imina t ion  
of unnecessary v a r i a b l e  names. E .g . ,  t h e  code sequence 

rnay be s impl i f i ed ,  by e l iminat ion  of t h e  unnecessary 
in te rmedia te  v a r i a b l e s  B,C and D, and reduced t o  t h e  form 

On t h e  reasonable assumption t h a t  information i s  a v a i l a b l e  
which s e p a r a t e s  t h e  v a r i a b l e s  whose values  a r e  ca lcu la t ed  i n  
t h e  given block i n b  ' l i v e '  and 'deadf  va r i ab les ,  we rnay 
f u r t h e r  optimize a b a s i c  block by the  e l iminat ion  wi th in  
i t  of' al1 dead v a r i a b l e s  and al1 c a l c u l a t i o n s  which p l a y  
no o t h e r  r o l e  than t o  prepare  values  f o r  such v a r i a b l e s .  



On t h e  o t h e r  hand, none of t h e  opt imiea t ions  involv ing  
t h e  motion of code, a s  descr ibed  i n  Sec t ion  1, make aense i n  
t h e  l imi t ed  context  of a  s i n g l e  b a s i c  block.  Thus, i n  the 

p resen t  sec t ion ,  w e  s h a l l  not  d i scuss  e i t h e r  opt imisa t ion  by 

code motion, opt imisa t ion  by s t r e n g t h  reduct ion,  o r  optimi- 
s a t i o n  by t e s t  replacement. Our a t t e n t i o n  w i l l  be confined 
t o  opt imisa t ion  by cons tant  propagation and by t h e  e l imina t ion  
of redundant computations. The r e l a t i v e l y  simple and s t r a i g h t -  
forward algori thms descr ibed i n  t h e  p resen t  s e c t i o n  w i l l ,  i n  
the  sec t ion  fol lowing t h e  p resen t  sec t ion ,  be s o p h i s t i c a t e d  
by t h e  inc lus ion  of methods f o r  t h e  t reatment  of code flow. 
The more powerful op t imisa t ion  scheme therewobta ined  w i l l  be 
c a l l e d  t h e  l i n e a r  nested region opt imisa t ion  scheme. Thus, t he  
p resen t  s e c t i o n  may be regarded a s  p repa ra to ry  t o  t h e  s e c t i o n  
which fol lows i t .  

The f i r s t  aim which a  b a s i c  block opt imiser  must accom- 
p l i s h  i s  t h e  de tec t ion  of forma1 i d e n t i t i e s .  T h i s  end i s  

a t t a i n e d  a s  fol lows.  When, i n  processing a block of code, 
the  opt imiser  encounters an elementary computation not  pre-  
v ious ly  occurr ing,  a s e r i a 1  o r  value number is  assigned t o  
t h i s  computation; t h i s  value number may be thought of as an 
i d e n t i f i e r  a t tached  t o  the  r e s u l t  q u a n t i t y  produced by the  
c a l c u l a t i o n .  A t  t h e  same time, an e n t r y  de f in ing  t h e  
opera t ion  t o  be  performed, the  value nwnbers of i t s  two 
inpu t s ,  and the  value nwnber of i t s  r e e u l t  i s  placed i n  a  hash- 

Fig 1. Form of i tem i n  a v a i l a b l e  computations a t ack  
( ~ a r e n t h e s i s e d  kewords  a r e  names of corresponding f i e l d s  i n  

addressed a v a i l a b l e  computations s t a c k .  The f o m  of an e n t r y  
i n  t h i s  s t a c k  i s  as  fol lows.  

constazat b%t 
(opn) ( v a l i )  (va12) (vainwn) ( i s c o n s t )  

Table I .) 

I 

Seco i vaui~lfio. 1 1 
op i ~ g i u ~ n ~ ~ t .  

I ~ '  

va?,, BB . C 
4 i 



Each opeyation e ~ b s e q u e n t l y  encountered i s  checked agains t  t h e  
. . 

ava i lab le  computations s t ack  t o  determine whether o r  not an 
i d e n t i c a l  operat ion has previously  been performed; i f  i t  has, 
the  operat ion i n  question is redundant and may be replaced 
by a reference t o  a  previously ca lcula ted  value. On encounter- 
ing  an assignment operat ion whose t a r g e t  is  a given var iable ,  
we assoc ia te  the  value number of the  expression forming the 
r i g h t  hand s ide  of the  assignrnent with the  var iab le  which is  
the  t a r g e t  of the  assignment. To apprecia te  t he  combined e f f e c t  
of these procedures, consider  the  sequence of statements 

(2) X = B * C * D + B * C * 2 . 0  
B = B * C * 3 . 0  

Y = B * C + l . O  
The mul t ip l i ca t ion  operat ion B * C occurs fou r  times i n  t h i s  
code sequence. Three of these  mul t ip l i ca t ions  y ie ld  t he  sarne 
value, so  t h a t  two of them a r e  redundant and may be eliminated. 
The formally iden t ica1  mul t ip l i ca t ion  occurring i n  the  l a s t  
l i n e  of (2 )  i s  however not  redundant, s ince  ehe value of B is  
changed by the  s t o r e  operat ion which forms p a r t  of the  second 
l i n e  of ( 2 ) .  Clearly,  every time the  value of a  va r iab le  is 
r e s e t  by a  s t o r e  operat ion a f f ec t i ng  i t ,  subsequent compu- 
t a t i o n s  involving t h i s  va r iab le  must be redone. Our optimi- 
sa t ion  algorithm takes account of t h i s  circumstance by a t taching 
t o  the  t a r g e t  value of an assignment statement, the  var iab le  
nwnber belonging t o  the  r i g h t  hand s i d e  of the  assignment s t a t e -  
rnent. Thus, f o r  example, i n  optimising the code corresponding 
to the  sequence (2), the  var iab le  B w i l l  receive a  new value 
number during the  optimisat ion of the  second dieplayed statement.  
The f i n a l  occurence of the  mul t ip l i ca t ion  B * C w i l l  then 
involve a p a i r  of input  value nurnbers d i s t i n c t  from the  value 
numbers previously associated w i t h  the  same mul t ip l i ca t ion .  

The optirniser w i l l s s a b l e  t o  recognize t h a t  the  
f i n a l  occurence of B * C i n  the  code sequence (2 )  is  irredundant.  
A r a t h e r  s imi l a r  procedure rnay be employed i n  connection w i t h  

indexed var iab les  and assignment operat ions having indexed 
var iab les  a s  t a rge t s ;  add i t iona l  d e t a i l s  a r e  given below. Note 



t h a t  a f i e l d  must be reserved i n  the  symbol t a b l e  e n t r y  de- 

s c r i b i n g  a given v a r i a b l e  t o  conta in  the  value number c u r r e n t l y  
a s s o c i a t e  with the  v a r i a b l e .  When, i n  p rocess ing  a b a s i c  block, 
the  opt imiser  encounters  a v a r i a b l e  f o r  the  f irst  time, i t  w i l l  
aas ign a previous ly  unused value nwnber t o  the  v a r i a b l e .  A 

value number counter ,  incremented each time a new value 
nurnber i s  assigned, may be used f o r  t h i s  purpose. The same 
counter  i s  used t o  ass ign  value nurnbers t o  p rev ious ly  un- 
encountered expressions . 

The procedures employed i n  connection with indexed loads  
and s t o r e s  n e c e s s a r i l y  d i f f e r  somewhat from those which apply 
t o  t he  corresponding unindexed opera t ions .  The occurrence of 
an indexed assignment 

(3 )  a ( I )  = expression 
makes t he  compile-time value of every subsequcnt r e fe rence  t o  

an e n t r g  a (  j) taken from the  a r r a y  a i n d e f i n i t e ,  except t h a t  
expression a ( i )  i t s e l f  i s  known t o  have the  value assigned t o  
i t  i n  ( 3 ) .  For t h i s  reason, on encountering an indexed assign-  
ment ( 3 ) ,  we give  the  v a r i a b l e  (i  .e. ,  a r r ay )  name a new value 
number, and cons t ruc t  a new a v a i l a b l e  va lue  i tcm rep resen t ing  
the  indexed t a r g e t  expression a ( i ) ,  s e t t i n g  the  opera t ion  f i e l d  
of t h i s  new item t o  s igna l  an indexed f e t c h  opera t ion ,  and 
s e t t i n g  i t s  f i r s t  input  f i e l d  t o  r e f e ~ e n c e  the  value number 

newly assigned t o  the  a r r a y  a, i t s  second input  f i e l d  t o  r e f e r -  
ence t h f i a l u e  number of index expression j, and i t s  r e s u l t  
value f i e l d  t o  conta in  the  value nwnber of t-he assigned expression 
o n  the  r i g h t  of ( 3 ) .  Once t h i s  i s  done, indexed load oper- 
a t i o n s  may be t r e a t e d  i n  much the  same way a s  ord inary  b inary  
opera t ions ;  each assignment (3) t o  a l o c a t i o n  i n  the  a r r a y  a 
w i l l ,  i n  e f f e c t ,  i n v a l i d a t e  every f e t c h  expression a ( j )  i n  t h e  
a v a i l a b l e  computations s t a c k  except f o r  t h e  s i n g l e  expression a ( i ) .  

The d a t a  s t r u c t u r e s  used by the  bas ic  block ogt imizer  a r e  
a s  fol lows.  The compiled code, held i n  a s u i t a b l e  in te rmedia te  
form, c o n s t i t u t e s  the  code t e x t .  Var iab les  and t h k i r  r e l evan t  
a t t r i b u t e s  a r e  represented by e n t r i e s  i n  t he  symbol t a b l e .  A 

list of the  c a l c u l a t i o n s  a l ready performed, whose walues a r e  

a v a i l a b l e  f o r  the  e l iminat ion  of redundant opera t ions ,  i s  con- 



t a ined  In an  ava l l ab l e  v a l u e s  s t a c k .  For e f f i c i e n c y ,  e n t r i e s  

i n  t h i s s t a c k  are  loca ted  using an a u x i l i a r y  hash t a b l e .  Con- 
stants generated by the o p t i m i a e h  cons tant  propagat ion process 
a r e  he ld  i n  a cona tan t s  t a b l e .  

A d e ~ c r ~ p t i o n  of the e n t r i e s  i n  the foregoing d a t a  s t r u c t u r e s  
wlll a id  understanding of t h e  remaining d e t a i l s  of the ba s l c  
block op t imise r .  Figure 2 shows the  symbol t a b l e  i tem rePre-  
senti-ng a v a r l a b l e  nam-. 

Fig. 2 .  Symbol. t a b l e  i t e m .  

( ~ a r e n t h e s j - s e d  key m r d s  a r e  narnes used i n  Table I) 

In additlon t o  the u s u a l  name-reference an  attribute d e s c r i p t ì o n  
f i e l d s ,  symbol t a b l e  items i n c h d e  a v a l u e  number f i e l d  g iv ing  
the number oP the value a t imes the  v s r i n b l e  a t  any phase of 

t h e  optim?.sation p r o c e s s ,  and a one-bi t  constant f l -e ld ,  sct t o  - 
onc? i C  t h e  va lce  momentiri ly assigned to t h e  v a r i a b l e  i s  known 
t o  be a constant. Note aga in  t h c  v a l u e  niimher f i e l d  a t t a t c h e d  
t o  a v a r i a h l e  o r  t o  an  item in the code will he O if no v a l u e  

n?.imber h a s  y e t  been a s s igncd  t o  the g i v e n  v a r i a b l e  o r  computation. 

F i g w e  3 ahovs t'ne f o m  of the code t e x t  items assoc la ted  

w i t h  t h e  various o p c r a t i o n s  which may occur  w i t h i n  a  basic bl-ock. 

(op) ( i n i )  (1n2) (vainuml *&onst) (do)  
r I I 

Figi.tre 3. ?%m of i k m s  occuring in b a s l c  block of code t e x t .  
( ~ a r c n t h c s - ~ s e d  Itey wordn a r e  narncs of cor respondtng  f i e l d s  i n  TaSle I) 

n m m a l  binary o p c r a t  2on : OP 

j.ndc?xed nssignmen5 opera t im : 

Il 1 i2 

op 

t 
value no. I 

t a r g  ,i2 
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Ordinary binary operat ions are treated as follows. The 
two inpu ts  t o  the  operat ion a r e  examined. If either  of these  
input  arguments ha's not ye t  been assigned a value number, a 
subroutine is ca l l ed  t o  make t h i s  assignment. Once t h i s  i s  
done, value numbers a r e  ava i lab le  f o r  both input  arguments. 
A t  t h i s  point ,  the  input  arguments a r e  checked; if these  i n -  
put  arguments a r e  known constants  a compile-time constant  value 
f o r  the  r e s u l t  of the operat ion may be ca lcula ted ,  and t r a n s f e r  
i s  made t o  a  spec ia l  procedure f o r  carrying out  t h i s  ca lcu la t ion .  
I n  the  contrary  case, the  ava i lab le  computations s tack  i s  
searched, using a subroutine f ind ,  t o  f i nd  an ava i lab le  com- 
puta t ion item showing the  same operat ion code and input  value 
nwnbers a s  t he  computation item cu r r en t ly  being processed. If 

no such item i s  found, the  algorithm t r a n s f e r s  t o  the  procedure 
which must be employed i n  the  non-redundant case. I n  the con- 
t r a r y ,  redundant case the  current  code t e x t  i t e m  i s  marked a s  
redundant and non constant,  and the value number de temined  
from the  corresponding item i n  the  ava i lab le  computations, s t ac l -  
assigned t o  %t; then the algorithm loops back t o  Its beginning 
t o  process th.e next code item i n  tu rn .  Note t h a t ,  i n  t h i s  redun- 
d a n t  case,the code generation process which eventual ly follows 
will repplace the operat ion occurring i n  the  or ig ina1 code t e x t  
by a d i r e c t  reference t o  i t s  r e s u l t  value, ca lcula ted  by a pre-  
vious operat ion.  . 

I n  the  nonredundant case, the operat ion indicateci i n  the 
code text must be performed, and a corresponding new en t ry  must 
be made i n  the  ava i lab le  items s tack.  I n  this case, we build 

up the  necessary ava i lab le  cornputations s tack  item by s e t t i n g  
i t s  operat ion f i e l d  and i t s  f irst  and second input  value f i e l d s ,  
and by updating the  hash t ab l e  through which reference t o  the 
ava i lab le  ca lcu la t lons  s tack  i s  made. T'ne corresponding code 
tex t  i t e m  i s  then marked as  irredundant and non-constant, and a 
new value number I s  entered i n t o  the value number f i e l d  of the  
code t e x t  item and of i t s  corresponding ava i lab le  value s tack  
itern; the  value number counter is then incremented and the a l -  

gorithm loops back t o  process the  next code item i n  turn .  



Table I .  Algbrithrn f o r  optimisin& a b a s l c  block. 

noa=pointer t o  f i r s t  i tem i n  bas i c  
block; 

end=pointer t o  l a s t  i tem i n  b a s i c  : 

block; 

go t o  optype; 
nextitem: 

now = now + 1; 

if (now. g t .  end) go t o  f i n i s h ;  
optype: 

item = code(now); 
op = op(i tem);  
goby kind (op) (computation, 

simpassign, indxassign, indxload);  
computation : 

il = i n l ( i t a m ) ;  i 2  = in2( i tem) ;  
if (valnum(code(i l )  ) .eq. O )  

c a l l  newval ( i l ) ;  

if (valnum(code(i2)) .eq.0) 
c a l l  newval (12) ;  

v 1  = valnum(code(i l ) ) ;  
v2 = valnum(code(i2));  
i f  (const(code(ll)).and.const(code 

( - 2 ) ) )  go t 0  fo ld ;  
o ldva l  = f ind(op ,v l ,v2) /  

i f  (o ldva l  .eq.0) go t o  notava i l ;  

e l s e  do(code(now)) - no; 
const(code(now)) = no; 

valn~m(code(now) ) = oldval ;  

i n i t i a l i s e  cu r ren t  i tem p o i n t e r  and 
s e t  up basic block end po in te r ;  

i n i t i a l i s e  p o i n t e r s  t o  cons tan t  values  
s t a c k  and a v a i l a b l e  i tems s tack;  

i n i t i a l i s e  value number counter;  
go t o  process  f i r s t  i n s t r u c t i o n ;  

t e s t  f o r  completion of block 
op timisation ; 

determine operat ion code of i tem t o  
be processed; 

t r a n s f e r  t o  subprocens appropr ia te  t o  
Creatment of opera t ions  of var ious  kinds; 

determine two inpu t  argwnent code i tems; 
i f  ' the f i r s t  input  argument of t h e  
operat ion has not  yef been assigned 
a  value number, c a l l  a  subrout ine t o  
ass ign i t  a value number h i t h e r t o  
unused; 

ca r ry  out  corresponding procedure f o r  
second input  argument of cu r ren t  
operat ion;  

determine t h e  value nwnbers of 
inpu t argumen t s ; 

i f  both input  a r p e n t s  a r e  constants ,  
compile time ca l cu la t ions  can be done; 

e l s e  t r y  t o  f i n d  ava i l ab le  p r i o r  value 
nwnber with iden t i ca1  operat ion and 
input  s; 

'eturnzd value of O means no such 
ca l cu la t ion  avai1abl.e ; 
? l s e  mark computation a s  redundant, 
non-constant ; 

nnd ass ign  value number found; 



go t o  nextitem; 

no tava i l  : 
. .. 

opn(ava i l ( ap t r ) )  = op; 
va1 I ( a v a i l ( a p t r ) )  = v1 
v a l 2 ( a v a i l ( a p t r ) )  = v2; 
c a l l  hash in(apt r )  

do(code(now)) = yes; 
const(code(now)) = no; 
valnum(code(now)) = curval ;  

valnum(avail (ap t r )  ) = curval  ; 

curva l  = curva1-i-l; 
go t o  nextitem; 

f o l d ;  

v=f indconst  ( C )  

i f (v .eq.O) go t o  newconst; 

go t o  nextitem; 

loop back t o  process  next  code item; 
i n  nonyedundant case,  an opera t ion  . . 

wi.1-l be performed and a  correspondlmg 
new e n t r y  must be made i n  t h e  a v a i l a b l e  
i tems s tack;  

t s e t  opera t ion  f i e l d ,  
first and second input  value f i e l d s  

f o r  newly performed ca l cu la t ion ;  
update a v a i l a b l e  c a l c u l a t i o n s  

hash tab le  t o  re ference  new item;.  
mark computa t i o n  a s  irredundan t, 

non-constant; 

l e n t e r  new value number i n t o  code itern 
f i e l d ;  

I ass ign  same number t o  i tem i n  a v a i l a b l e  
values  a r ray ;  

increment value number counter;  
loop back t o  process  next code item; 
beginning of  sequence t o  handl8 

complle-time cons tan t  ca l cu la t ions ;  
f i n d  cons tan t  values  f o r  both inpu t  

a  rgumen t s ; 

I apply spec i f  i ed  opera t ion  t o  argument 
values;  

I attempt t o  f i n d  ca l cu la t ed  value i n  
cons tan ts  t a b l e ;  

I if not  ava i l ab le ,  t r a n s f e r  t o  "new 
cons tan t" sequence; 

f l a g  cu r ren t  i tem a s  redundant 
and show t h a t  cons tan t  value i s  known; 

e n t e r  value number refencing cons tan t  
i n  cu r ren t  code item; 

(loop back t o  process  next  code item; 



newconst : 
v=curval ; 

curval=curvali-l ; 

va~(const(constptr))=v; 

cval(const(constptr) )=C; 

cons tp tr=constptr+l ; 

go to constop; 

simpassign : 

if (valnum(code(quantity) .eq.~) 

call ncwval(quantity); 

valnum(code(variable))= 

valnum(code(qaantity) 

const (code(variable))= 
eonst(code(quantity) ) 

go to nextitem; 
indxassign: 

variable=inl(item); 

if valn~m(code(~uantity) .eq.0) 

call newval(quantity) ; 

if va3num (code(indcx).eq.~) 
call newval(index); 

assign new value nwnber for new constant; 
increment value number counter; 
assign value number and calculated 

constant value to new constant 
value table entry; 

incrcment top pointer of constant 
value table; 

loop back to finish treatment of 

current code item; 

beginning of sequence for treatment 
of simple assignment operation; 

determine variable to which assignrnent 

is made; 
determine quantity being assigned to 

variable; 

if the right-hand side of the assignment 
operation has not yet been given a 

value number, call a subroutine to 
assign it a value number hitherto 
unused; 

assign value number of quantity as 
value number of variable; 
variable also inher:lts constant hit 
from quantity; 

loop back to process next code item; 

determine indexed variable to which 

assignment is made; 
determine index expression; 

detennine quantity being assigned 
to variable; 

if the right-hand side of the assignment 

operation has not yet been given a 
value number, call a subroutine to 
give it a value number hitherto unused; 

and do the same for the index quantity 
appearing in the assignment statement; 



curval=curval+l  ; 
opn(avail(aptr))=indexed f e t c h ;  
va11 ( a v a i l  (ap t r )  ) =vari.able; 
v a l 2 ( a v a i l  (ap t r )  ) =index; 

valnurn(avai1 ( a p t r )  ) = 

valnum(code(quantity) ) ; 
i s c o n s t  ( a v a i l ( a p t r )  )=  

const  (code(quant i ty)  ) ; 
c a l l  hashin(ap t r )  ; 

go t o  nexti tem; 
indxload t 

il=ini(item);i2=in2(item); 

i~(valnarn(code(il)).e~.~) 

c a l l  newval( i1) ;  

i f  (valnum(code(i2) .eq.0) 
c a l l  newval (i2) ; 

i f  (o ldval .eq .0)  go t o  no tava i l ;  

a s s ign  new value number t o  indexed 
va r i ab le ;  

. I -  

increnient value number counter ;  
c o n s t r u c t  new a v a i l a b l e  va lue  

i tem rep resen t ing  indexed expression 
5y s e t t i n g  opera t ion  f i e l d ,  f irst  
and second i n p u t  value f i e l d s ;  

a s s ign  value number of q u a n t i t y  
as value number of indexed expression;  

indexed expression a l s o  i n h e r i t s  
cons tna t  bit from quant i ty ;  

update a v a i l a b l e  c a l c u l a t i o n s  hash tab le  
to r e fe rence  new item, 

loop back t o  p rocess  next  code item; 
sequence f o r  handling indexed load  
opera t l o n ;  

if t h e  f irst  lnpu t  argument of t h e  
indexed load opera t ion  has not  y e t  
been assigned a value number, c a l l  
a subrout ine  t o  assign i t  a value 
number h i t h e r t o  unused; 

c a r r y  ou t  corresponding procedure for 
second Input argument ( index)  of  

load opera t ion;  
determine the  va7ue numbers of  

v a r i a b l e  and index; 
t r y  t o  f i n d  a v a i l a b l e  p r i o r  value 

namber wi th  i d e n t i c a 1  opera t ion  and 
i n p u t s ;  

returned value of O means no such 
csilcuWion a v a i l a b l e ;  

letermine cons tant  a t t r i b u t e  from b i t  

of a v a i l a b l e  e n t r y  found; 
nark indexed load a s  redundant; 
3et cons tan t  a t t r i b u t e  appropr i a t e ly ;  



Tho proccdurc  f o r  %ndl i .ng  a compiitatlon €'or whlch a compile 

t i r n c t  c o n s t s n t  va.ll,~ci !.a ~vai. la 'Ole i3 as i . 0 1 1 0 w s .  Ve f i r s t  f'ind 

thc c o n s t a n t  va luez  of vsck o r  t h e  i n p u t  argi~merits of' thc  com- 

putat-i.on I n  qucstlon. Next we apply  t h e  speci f ied  o p c r a t i o n  t o  

those  two a r g u m c n t  va lue s ,  o h t a i n i n g  a c o n s t a n t  v a l u c  Por t h e  
r e s u l t  o.f t h e  c a l c i l l a t i o n .  We thcn a t t empt  t o  f i n d  thfs c a l -  

oi i latcd cons t an t  I n  tbe a x i s t i n g  c o n s t a n t s  t a b l e ;  i f  no  such 

walue 1 s  gva i lab3e  t n  t h e  constar i t s  t a b l e  :ve e n t c r  such a v a l u e  
i n t o  t b e  c o n s t a n t s  t a b l c ,  a t  t h e  same t ime a s s i g n i n g  t h i s  v s l u e  

a new v a l u c  numhcr and incr?mcnting t h e  va luc  number c o u n t e r .  
I n  c i t h e r  case ,  a v a l u r :  nlirnher r e p r e s e n t i n g  t h e  cons t an t  va lue  

w i th  which w e  arc d e a l i n g  w i l l  be a v a i l a b l e .  This v a l u e  number 

i s  en t e r ed  i n t o  t h e  a p p r o p r i a t e  r i c l d  of t h e  c u r r e n t  code i t e m ;  
this item i s  flagged a s  redundant and as having a known c o n s t a n t  
va l i ie ,  and  the a lgor i th rn  l oops  back t o  p roces s  t h e  nex t  code 

i.tem i n  t h e  b a s i c  b lock  being op t imized .  So concludes  t h e  t r e a t -  
ment, of8 b.inar;y ca1cu l . a t j .m i tems of  o r d i n a r y  f o m .  

Sjmple asslgnment, s t a t emcn t s  a r e  t r e a t e d  a s  fo l  lows . The 

var iab ' le  t o  whl-ch assf~gnrnent 1 s  b e 1 . n ~  made and t h z  q u a n t i t g  
b c i n y  ass lgncd t o  t h i s  v a r i a b l e  a r e  f i rs t  determined.  The 

q u a n t i t y  being a s s igned  i s  checkcd to v c r i f y  t h a t  it has  been 

given a  val-ue nlmber, and, if t h i s  1.3 f a l s e ,  a  v a l u e  number 1 s  

given t o  tiie q u a n t i t y  a t  once .  Then t h c  v a l u e  number of  t h e  

q u a n t i t y  i s  assigned t o  t h e  t a r g e t  v a r i a b l e ;  the  t a r g e t  v a r i a b l e  

a l s o  i n h e r i t s  a c a n s t a n t  b i t  from t h e  q u a n t i t y  be ing  ass igned ,  
so t h a t ,  i f  the q u a n t i t y  i s  known t o  be a  c o n s t a n t ,  t h e  v a r i a b l e  

i n h e r i t s  the  a t t r i b u t e  of having a known cons t an t  value. The 



algori thm then loops  back t o  process  t h e  next  code item. 

Indexed assignments a re  t r e a t e d  .by0a'eomewha$ more complex 
procedure.  The indexed a r r a y  which i s  t h e  t a r g e t  of the asaign-  
ment, t he  index expresseion i t s e l f ,  and t h e  q u a n t i t y  being 
assigned a r e  a l 1  de te rmimd.  Next, both t h e  q u a n t i t y  and t h e  
index expression a r e  checked to make s u r e  t h a t  they  have been 
given value numbers and, i n  t h e  con t ra ry  case, new value nwnbers 
a r e  a t  once s p e c i f i e d .  A new value number i a  a l s o  given t o  t h e  
indexed t a r g e t  v a r i a b l e  of the  indexed assignment being processed.  
A t  t h i s  p o i n t ,  a new item, corresponding t o  t h e  indexed expression 
forming the  l e f t  hand s i d e  of t h e  assignment opera t ion  being 
processed,  i s  s e t  up i n  t h e  a v a i l a b l e  computations s t ack ;  t h i s  

i tem r e p r e s e n t s  t h e  load of an indexed expression formal ly  
i d e n t i c a 1  w i t h  t h e  indexed t a r g e t  expression of t h e  assignment 
being prooessed. The newly e s t a b l i s h e d  a v a i l a b l e  c a l c u l a t i o n  
i tem i n h e r i t s  t h e  value number a v a i l a b l e  o r i g i n a l l y  a t t a c h i n g  
t o  t h e  r i g h t  hand s i d e  of the assignment opera t ion  being pro-  
cessed. When, i n  the  subsequent funct ioning  of t h e  opt imiser ,  an 
indexed load of a l o g i c a l l y  i d e n t i c a 1  indexed expression i s  
encounbered, i t  1s p o s s i b l e  t o  r e fe rence  a known value d i r e c t l y ,  
no indexing opera t ion  being requi red  . The a v a i l a b l e  computation 
s t a c k  i tem es t ab l i shed  i n  connection wi th  an indexed assignment 
opera t ion  a l s o  i n h e r i t s  a cons tan t  b i t  from t h e  q u a n t i t y  forming 
t h e  r i g h t  hand s i d e  o f  t he  assignment opera t ion;  'we note  i n  t h i s  

connection t h a t  indexed load opera t ions ,  a3 d i s t i n c t  from norma1 
b ina ry  opera t ions ,  a r e  taken to. have known constant vallies i f  and 
o n l y  i f  tile cons tant  b t t  i n  a matching a v a i l a b l e  computations 
s t a c k  e n t r y  1s on. 

After  updating t h e  a v a i l a b l e  ca l .cu la t ions  hash t a b l e  t o  
re.l"erence t h e  a v a i l a h l e  c a l c u l a t i o n  i tem added i n  the  manner 
ind iea ted ,  t h e  opt lmiser  loops back t o  t r e a t  t h e  next code i tem 
i n  t u r n .  

Indexed load ope ra t ions  a r e  t r e a t e d  by a process  which re- 
sembles t he  treatment of ord inary  b ina ry  operciaons r a t h e r  c lose ly ,  
excep t  t h a t ,  a s  remarked above, an indexed load opera t ion  1s 
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taken t o  havc a constant value n o t  wlien both i t s  inputs  have 
c o n s t a n t  va lues ,  but r a t h e r  when tkere is a matching a v a i l a h l e  
computations e n t r y  showing the a t t r i b i i t e  "constant"  i n  the 
appropr ia te  onn-bi t  f ie1.d. 

When e v e r y  cade I t m n  occiirring in a basic block t o  be op- 

t i rn l sed  h a s  been processed, t h e  Cas i c  block optimiser r e t u r n s  
!;o t h e  main rol.rtine from which  it has been called; even tua i ly  
i t  wtll be c a l k d  iga in  t o  process another  b a s i c  block of code. 

The pmcedi.~rcs descr ibed i n  Tab le  1 may be s o p h i s t i c a t e d  
to o h t x t n  a somev~kat Improvcd opt imisa t ion  Icvel.. Note t o  
1- , < . ~ l r i  l -. w3.th 'iht i f ,  as a s t anda rd  matter, t h r  compiler p ro -  

d u x i n ~  the 1nt:xmediate -1angua;l;s cade to be optlmised always 
arranges tiie as~g:~m<:nts o r  commutat-!.ve ope ra t ions  l i k e  rnul ti- 
p l i c a t i o r ~  and addttion i n  sume s t anda rd  ordel., t h e  mathematical 

I d m t l t y  betvecn the two terins of A * D .i. D * A ,  as well  as  oti?er 

C-1-milar i d e n t i t i c : ~ ,  will be detec ted .  ThFs will a l low the  

c l i m i n a t i o r i  oP  i n s t . w c t i o n s  whose redundancy might otherwise 
n o t  be seen.  A similar, more soph i s t i ca t ed  procedure would 
cxamirio c h a i n n  of a r i thmet i c  opera t lons  o f  t'ne f'orrn P. * €3 * C, 

and r eassoc in te  m u l t i p l l c e t i o n s  and add i t ions  i n  some standard 
o r d e r  . TI1i.s wo~~1.d l e a d  t o  t h e  de tec  t i o n  o r  add i t iona l  e l i m i n a b 1 . e  
i n s t r u c t i o n s .  

S i m i l a r  reniarks may be made concerning. the more soph i s t i ca t ed  
opt imisa t ions  required i n  t h e  presence o f  program flow; we now 
t u r n  o u r  a t t e n t i o n  t o  this more i n t e r e s t i n g  c l a s s  of opt imi-  
m t i o n  algori thms.  



3 .  @timizat ion by t h e  Linear  Nested Region Scheme. 

The b a s i c  block opt imizer  descr ibed i n  t h e  preceding s e c t i o n  

can be extended s t r a i g h t f  orwardly and without overwhelming 

d i f f i c u l t y  t o  take  program flow i n t o  account.  The l i n e a r  nes t ed  

region opt imizat ion scheme t o  be descr ibed  i n  t h e  p resen t  s e c t i o n  

i s  such an extension.  We may de r ive  t h e  necessary modif ica t ions  

of our  p r i o r  a lgor i thm by t h e  fo l lowing cons ide ra t ions .  I n  
optimizing a b a s i c  block, we t ake  advantage of t h e  s e r i a l  

s t r u c t u r e  of t h e  code which i t  conta ins  t o  deduce two 

fundamental f a c t s :  

i. Every c a l c u l a t i o n p r e c e d i n g a n  i n s t r u c t i o n  I of t h e  
block w i l l  n e c e s s a r i l y  have been performed before  t h e  i n s t r u c t i o n  

I i s  encountered; 

ii. The c u r r e n t  value of any v a r i a b l e  t o  which a  value i s  

assigned wi th in  t h e  block i s  uniquely def ined a s  t h e  value 

e s t ab l i shed  by t h e  l a s t  preceding assignment. 

A s  i t s  name i n d i c a t e s ,  t h e  l i n e a r  nes ted  region opt imizer  
t r e a t s  code t o  be optimized on t h e  b a s i s  of t h e  p a r t i c u l a r  l i n e a r  
order  i n  which i t  i s  presented (though, a s  we s h a l l  see,  
a lgori thms f o r  the  u s e f u l  rearrangement of code o rde r  before  

opt imiza t ion  a r e  a v a i l a b l e ) .  I n  t h e  context  of t h i s  l i n e a r  code 

order ,  t h e  genera1 l i n e a r  nes t ed  region a lgor i thm makes s t r a i g h t -  
forward allowance f o r  t h e  p a r t i a l  f a i l u r e ,  occasioned by t h e  

occurrence of forward and backward branches wi th in  the  code, 

of t h e  above b a s i c  p r i n c i p l e s  i) and ii). In regard t o  ii) 

note  t h a t  i n  t h e  flow conf igura t ion  shown i n  Figure 1, and on 

t h e  assumption t h a t  no assignment t o  t h e  v a r i a b l e  b  and occurr ing  

i n  t h s  block B precedes t h e  use  of t h i s  v a r i a b l e  i n  B 3 3' 
such assignments a r e  made i n  predecessors  of b ~ t h  of t h e  
B- and B2, t h e  value which b has i n  i t s  ind ica ted  use i s  1 
i n d e f i n i t e  a t  compile tims. I 

Figure 

but  t h a t  

blocks 

1. Use of a v a r i a b l e  b  a f t e r  convergence of code flow. 
- - - _ _ I _  ---- - 



The l i n e a r  nes ted  region algorithm, l i k e  t h e  basic block optimizer  
descr ibed praviously,  w i l l  opera te  by a s s ign ing  value numbers t o  

each va r i ab le  and expression occurr ing  wi th in  a code. Values 

i n d e f i n i t e  a t  conpi le  t i m r  must be assigned value numbers never  
used before. Accordingly, t h e  a c t i o n  of t h e  algori thm on 
encountering t h e  te rminat ing  l a b e l  of e i t h e r  a forward o r  a 
backward branch i s  a s  follows: 

1) Backward branch: Assign a new value number t o  every 
P ---- -v- 

v a r i a b l e  s e t  i n  a block of code which precedes t h e  l a b e l  i n  
ques t ion  a long t h e  given branch. (See Figure 

Figura 2. --- Elementary case  of backward branch procedure. 
-------P I__* 

On e n t e r i n g  block B a new value number must be - 1- - - p  

es tab l i shed  ---- f o r  every v a r i a b l e  t o  which an assigrunent -- 
i s  made i n  blocks B, C, o r  D. 
--p--- -- 

2 )  Forward branch: Assign a new value number t o  every v a r i a b l e  
s e t  i n  a block of code preceding the l a b e l  i n  quest ion and fol lowing 

i 

t he  block from which t h e  forward branch o r i g l n a t e s .  ( ~ e e  Fig.3.) 

Figure 3. Elementary forward branch procedure. 
On e n t e r i n g  block C, a  new value number must be es tab-  -- 
l i shed  f o r  every v a r i a b l e  t o  yhich an assignment i s  made 
i n  block B. 



Rules 1) and 2) above ensure t h a t ,  when t he  optimizer begins 

t o  process a block i n  which t he  p a r t i c u l a r  preceding assignment 

which has s e t  the  value of a va r iab le  cannot be determined a t  

compile time, the  va r iab le  i s  assigned a value nwnber never used 

before.  This prevents any expression contained within the  block 
and involving t h i s  va r i a b l e  ' from being elimina ted  as  redundant 

r e l a t i v e  t o  a formally i d e n t i c a l  expression occurring i n  a 

preceding block. 

Assert ion i )  above w i l l  a l s o  f a i 1  i n  the  presence of 

program flow. Note, t o  i l l u s t r a t e  t h i s  point ,  t h s t  block C of 

Figure 3 can be entered without any of t he  i n s t ruc t i ons  i n  

block B having been executed. The l i n e a r  nested region optirnizer, 
l i k e  the bas ic  block optimizer on which i t  i s  modeled, maintains 

a t a b l e  of operat ions previously performed, whose values a r e  

ava i l a b l e  (ava ------p. i l a b l e  computations s tack)  . The remark above makes 

it p l a i n  t h a t  on encountering the  terminat ing l a b e l  of a forward 

branch,every ca lcu la t ion  occurring i n  a code block which l i e s  
between t he  o r ig in  and the  terininus of t he  forward branch must 

be removed from t h i s  t ab le .  We may a s s e r t  more genera l ly  t h a t ,  

unless  we take e x p l i c i t  account of i d e n t i c a l  ca lcu la t ions  
occurring i n  severa l  d i f f e r e n t  pos i t ions  within a code, only 

those ca lcu la t ions  which l i e  i n  a p d o m i n a t i n g  -- --- block A of a 

given code block B a r e  ava i l ab le  f o r  t he  el iminat ion of ca lcula-  
t i ons  redmdant  within B. Here, we define a code block A t o  bz 

a predominator of B i f  and only i f  it i s  a log ica1  consequence 

of the  flow s t r u c t u r e  of the  program i n  which these code blocks 

occur t h a t  the  i n s t ruc t i ons  i n  block A must be executed before 
contro1 en te r s  block B. The soph is t i ca ted  optimizers t o  be 
described i n  t he  l a t e r  sec t ions  of t he  present  chapter  w i l l ,  

i n  f a c t ,  de tec t  t he  occurrence of i d e n t i c a l  ca lcu la t ions  
occurring a t  severa l  d i f f e r e n t  pos i t ions  within a code, and use 
t h i s  inforination t o  e l iminate  redundancies; thv simpler l i n e a r  
scheme t o  be described i n  t he  present  sec t ion  w i l l  only el iminate 

a ca lcu la t ion  a as  redundant i f  a s i n g l e  l o g i c a l l y  i d e n t i c a l  
ca lcu la t ion  occurs p r i o r  t o  a e i t h e r  i n  the  same block a s  a o r  



i n  a block predominating the  block conta in ing  a ,  
For example, t h e  l i n e a r  schzme descr ibed i n  the present  

s e c t i o n  w i l l  no t  e l imina te  thv t h i r d  occurrence of a * b a s  

redundant i n  t h e  fol lowing example: 

nested region optimizer.  
e----- - - -- -- 

The l i n e a r  iiested region opt imizer  t o  which t h e  present  s e c t i o n  
i s  devoted does i n  f a c t  no t  even incorpora te  a p r e c i s e  c r i t e r i o n  

f o r  predominance, b a t  uses a simple approximate predominance 

not ion  derived from th2 a c t u a l  s e q u e n t i a l  order  i n  which blocks 
occur wi th in  a code a s  presented.  The approximate predominance 

not ion  would a c t u a l l y  be p r e c i s e  i f  an assumption i m p l i c i t  i n  

t h e  l i n e a r  nested region opt imizat ion sch,vme, namely t h a t  a 

block B fol lowing a block A i n  s e r i a 1  order  i s  always reachable  

d i r e z t l y  from A via e i t h e r  a cond i t iona l  t r a n s f e r  o r  norma1 
cont ro1  flow, were s a t i s f i e d .  Were t h i s  t h e  case,  we could 

c a l c u l a t e  the  predominators of every block B simply by maintain- 

i n g  a "predominator s t ack"  of code blocks and causing it t o  vary 
appropr i a t e ly  a s  we process t h e  s e t  of c a l l  code blocks i n  
s e r i a 1  order .  On completing the  opt imizat ion of a block A and 

beginning t h a t  of i t s  immediate s e r i a 1  successor  B, we would then  

have t o  add A t o  the  predominator s tack ,  but  t o  remove from t h i s  

predominator s t a c k  every block which i s  bypassed by a forward 

branzh te rminat ing  a t  a poin t  from which the  block B may be 

reached without passing through any block preceding B. 



Note Ghat, a s  i t s  name suggests ,  t h e  predominator s t a c k  
would then  behave l i k e  a  push-down s t ack ,  i n  t h a t  blocks would 

always be added a t  t h e  top  of t h e  stack; and i n  t h a t ,  when 
blocks a r e  removed, t h e  blocks removed would always form a 
contiguous i n t e r v a l  of blocks a t  t h e  very t o p  of t h e  s t ack .  
The algori thms t o  be descr ibed  i n  t h e  p resen t  s e c t i o n  a c t u a l l y  
work n o t  with a  s t a c k  of code blocks,  bu t  wi th  a  s t a c k  of 
a v a i l a b l e  c a l c u l a t i o n s .  When t h e  opt imizer  processes  a new 
c a l c u l a t i o n ,  t h i s  c a l c u l a t i o n  i s  added t o  t h e  top  of an a v a i l a b l e  

c a l c u l a t i o n s  s t ack .  When t h e  opt imizer  e n t e r s  a  new block B 

of code, i t  must remove from th i s  s t a c k  of a v a i l a b l e  c a l c u l a t i o n s  
every c a l c u l a t i o n  which i s  bypassed by a  forward branch terminat-  
i n g  a t  a  po in t  from which t h e  e n t r y  l a b e l  of t h e  block B may be 
reached without pass ing  through any block preceding th i s  l a b e l .  
Note, f o r  example, t h a t  i n  Figure 5 every i n s t r u c t i o n  l y i n g  
i n  t h e  ind ica ted  range a must be removed from t h e  a v a i l a b l e  
computations s t a c k  when t h e  opt imizer  encounters t h e  l a b e l  L, 

s i n c e  t h e  code i n  t h i s  range can be bypassed v ia  t h e  forward 

branch B and t h e  two i n t e r l o c k i n g  backward branches shown i n  
tha t f i g u r e  . I 

forwa 
branc 

Figure 5. Code bypassed by a  foxbard --- branch via an i n t e r l o c k i n g  
--p - 

s e t  of backward branches. -- ---__CI_ 

Note a l s o  t h a t  f o r  t h i s  t o  be poss ib le ,  t h e  opt imizer  must be 
suppl ied with information "looking aheadt' i n  t h e  code, a s ,  
f o r  ?xample, t h e  f a c t  t h a t  t h e  l a b e l  L i n  Figure 5 i s  t h e  t a r g e t  
of a  backward branch (occurr ing  f u r t h e r  on i n  t h e  code) which 
i n t e r l o c k s  a  second backward branch whose scope conta ins  t h e  
t a r g e t  l a b e l  of t h e  ind ica ted  forward branch B. I n  t h e  p resen t  
s e c t i o n ,  we s h a l l  desc r ibe  d e t a i l e d  procedures by which informa- 
t i o n  of t h i s  s o r t  can be c o l l e c t e d .  



Later  i n  the  present  sec t ion  we s h a l l  a l s o  describe "code 

s t ra ightening"  algorithms, which, by reordering the  blocks 
cons t i t u t i ng  a code, br ing  t he  code i n t o  an order  i n  which 

the  s e r i a 1  approximation t o  predominance used by the  l ' n e a r  
lj. 

iirsted region optimizer i s  not  too  badly inaccurate.- 

- I f  the  code t o  be optirnized has been "straightened" by 

the  use of the  code re-ordering algoritkuns described l a t e r  
i n  the  present sec t ion ,  t h s  approximate predominance not ion 

used within the  l i m a r  nested region optimizer w i l l  d i f f e r  
f rum t r a e  predominance only ra t he r  s l i g h t l y  i n  p r a c t i c a l  

terma. For 

which is i n  an order  

i n  code hav 

+ 
acceptable 

ing 

the 

the fallow ing flow 

code-straightener  t o  be 

described, t h r  f a c t  t h a t  B i s  not  a predominator of block C 

w i l l  cause the  optimizer t o  miss the  f a c t  t h a t  B i s  a 
predominator of block D. 



The general  l i n e a r  nested region optimizer t o  be described 

not  only performs t he  redundant expression el iminat ion and 

constant  propagation optimizations f a m i l i a r  from the  preceding 

sec t ion ,  but  a l s o  attempts t o  move loop-independent operat ions 

out of loops which contain them. The method used t o  determine 

the  p o s s i b i l i t y  of code motion may be described as  follows. 

F i r s t  of a l 1  note t h a t ,  l i k e  t he  bas ic  block optimizer, t he  

l i n e a r  nested region optimizer inakes use of a  value number 

counter t o  generate  a  sequence of unique value nwnbers. On 

encountering a  l a b e l  which terrninates a  backward branch (and 
thus begins a loop),  the  current  value of th i scoun te r  i s  

recorded; then, a s  indica ted  above, we ass ign  new values t o  

a l 1  va r iab les  s e t  within t he  loop j u s t  entered. As operat ions 
a r e  subsequently encountered wi th in  t he  loop, the value numbers 

of the  arguments of these  operat ions a r e  examined. Any operat ion 

both of whose arguments have value numbers which l i e  below the  

minimum value number associa ted  with va r iab les  s e t  wi th in  the  
loop necessa r i ly  has loop-independent arguments, and may be moved 
out of t he  loop. This genera l  

s k l l  caveat.  Consider a  loop 

brench, as  shown i n  Figure 6, 

Figure 6.  

If the  

Loop -- 

asse r t ion ,  however, must bear  a  

which contains an embedded forward 

+ 
conta in in^ embedded f orward branch . 

execution frequencies  applying t o  the  various blocks 

i n  the  sec t ion  of code shown i n  Figure 6 a r e  n ~ t  known - a p r i o r i ,  

i t  rnay be t h a t  the  frequency with which t he  i n s t ruc t i ons  i n  

block C w i l l  be executed i s  smaller  than the  execution frequency 



of the  i n s t r u c t i o n s  i n  block C. If t h i s  is thc case,  motion 

of an i n s t r u c t i o n  from block C i n t o  block A i s  undesirable .  

Moreover, i n  t h e  s i t u a t i o n  s h w n  i n  Figure 6, t h e  motion of 

c e r t a i n  types of i n s t r u c t i o n s  from block C t o  block A may be 

l o g l c a l l y  impossible,  i n  t h a t  suzh motion may g ive  r i s e  t o  

e f f e c t s  which t h e  prograrnmur meant t o  r u l e  out .  Suppose, f o r  
exarnple, t h a t  a  f loa t ing -po in t  m u l t i p l i c a t i o n  n + b occurs i n  

block C of Figure 6.  Such a n u l t i p l i c a t i o n  can, on many 

machines, generate  a  f l o a  t ing-poin t  overflow i n t e r r u p t i o n ;  

the  i n t e n t  of t h e  cond i t iona l  forward branch shown i n  Figure 6  

may be t o  avoid m u l t i p l i c a t i o n  i n  c e r t a i n  cases  which would 

generate  i n t e r r u p t s .  Thus i t  i s  p a s s i b l e  t h a t  movving a *  b  

from block C t o  block A might cause an undesired i n t e r r u p t  

t o  occur, thereby f r u s t r a t i n g  the  prograrnrnerl s  i n t e n t  and 

v i o l a t i n g  the  b a s i c  requirernent t h a t  an optimized a l g o r i t h x  

express an algori thm l o g i c a l l y  equivalent  t o  t h e  algori thm 

a s  o r i g i n a l l y  given. Such a  mishap i s  c a l l e d  a v i o l a t i o n  of 
t h e  -- s a f e t y  ----p c o n s t r a i n t s  applying t o  t h e  optirnization process .  

Note a l s o  t h a t  a  p r e d i c t i v e  t e s t  of t h e  kind contemplated above 

may occur i n  highly d isguised  form. Thus s a f e t y ,  L e . ,  the  

requirexnent t h a t  an opt imizer  transforrn a program i n t o  a  second 
program which generates  no more i n t e r r u p t s ,  s e t s  no more 

i n d i c a t o r  b i t s ,  e t c . ,  than t h e  o r i g i n a 1  fo rb ids  us t o  move 

c e r t a i n  c l a s s e s  of cond i t iona l ly  executed i n s t r u c t i o n s  out of 
a  loop. Note, however, t h a t  t h e  optimized program i s  allowed 

t o  genera te  -- fewer i n t e r r u p t s ,  e t c . ,  than thv o r i g i n a l  program. 

The s i t u a t i o n  becomes s t i l l  more d i f f i c u l t  i n  the  case 

of a  loop entered by a  forward branch a s  shown i n  Figure 7. 



Figure 7. Loop entered by a forward branch. -- 

A loop-independent i n s t ruc t i on  can only be moved out of a loop 

i f  a copy of it i s  placed a t  every entrance t o  t he  loop. To 

move a loop-independent i n s t ruc t i on  out of the  block D o r  E, 

we woald have t o  c r ea t e  add i t iona l  copies of t he  i n s t ruc t i on  

and place them appropriately,  thus lengthening our code and 
complica t i n g  i t  with add i t i ona l  t r ans f e r c .  While such procedures . . 

a re  worth considering in connection with more complex optimizers 

than the  l i n e a r  nested region algorithm t o  which the  present  
sec t ion  is devoted, we s h a l l ,  i n  t he  present  sec t ion ,  not  
attempt t o  face  t he  problems t h a t  a r i s e  i n  connection with the  

use of such procedures. (1n f a c t ,  no e n t i r e l y  s a t i s f a c t o r y  

procedure f o r  handling code motion out of mult i -entry loops of 
t h i s  kind i s  known.) The r e l a t i v e l y  simple algorithm t o  be 

described i n  the  present  sec t ion  w i l l  never attempt t o  move 
code out of loops entered by a forward branch, unless  these 

i n s t ruc t i ons  follow the  terminat ing l a b e l  of the  forward branch, 
and unless  the  ins t ruc t ions  can be moved t o  a point  preceding 

t he  o r ig in  of the  forward branch. 

Somr of tkie fo rce  of t h i s  r e s t r i c t i o n  can be seen i n  Figure 8~ 
below . 



Figure 8 ~ .  Code motion out  of loops en tered  5~ forward branchzs. 
-----p--- - - - - - - _ I  

A s  has been ind ica ted  above, we s h a l l  not  a t tempt  t o  move any 

i n s t r u r t i o n  a t  t h e  p o s i t i o n  marked f3 out  of loop B. An i n s t r u c -  

t i o n  which occurs a t  t he  p o s i t i o n  marked a can be moved out of 

t h e  loop B, but  only i f  i t  can be inoved a t  l e a s t  a s  f a r  a s  t h e  

forward branch A ,  i . e . ,  p a s t  t h e  whole span of i n s t r u c t i o n s  

bypassed by t h i s  forward branch. I n  t h i s  case,  i t  i s  p l a i n l y  

necessary t h a t  i n s t r u c t i o n  a move out  of loop C a l so .  
Figure 8~ below shows a sornewhat more complex s i t u a t i o n  i n  

which m1ch the  same observat ion can be made. 

Figure 8 ~ .  A secohd and t h i r d  case of loops entered by - --p- 

f orward branches . 
I n  e i t h e r  of t h e  two cases  shown i n  Figure 8~ i t  may be 
poss ib le  t o  nove the  i n s t r u c t i o n  a out of loop D by p lac ing  

i t  irnrnediately previous t o  the  forward branch C; i t  may a l s o  

be poss ib le  t o  move a out of the  l a r g e r  loop B by p lac ing  it 
imrnediately previous t o  the  forward branch A. Note, i n  t h i s  
connection, t h a t  poin ts  imrnediately preceding forward branches, 



as  we l l  a s  points  immediately preceding loops, may be des t ina-  
t i ons  a t  which noved code i s  placed. 

A circumstance connected with t h e  motion of code out of loops 
makes i t  advantageous to use a modified i n t e m e d i a t e  code repre- 
s en t a t i on  based r a the r  d i r e c t l y  on optimizer-assigned value 
numbers. Consider, f o r  exampl 

Figure gA below. 

e, t he  simple loop shown i n  
I 

------- 
I 

Figure 9 A .  Expression renaming during - motion of code out of 

Since the  expression b + C occurring i n  Figure gA i s  loop- 
independent, the  optimizer would move i t  out of the  loop shown 
i n  t h a t  f igure ,  leading t o  t he  f i r s t  s i t u a t i o n  shown i n  
Figure gB. 

( f i r s t  s t e p )  (second s t e p )  

I Figure gB. - Ekpression - renaminu - , - C Z , .  during motion of code - - -  out of 

The pu t te rn  of value numbers which would be encountered i n  
Figure gB would then reveal  t h a t  thu sum a +d i s  loop-indepundent, 
so  t h a t  t h i s  sum can be moved out of the  loop. I n  doing so, 



however, a + d  i s  a c t u a l l y  moved p a s t  a forma1 r e d e f i n i t i o n  

(a  = t1 i n  Figure 9 ~ )  of t h e  v a r i a b l e  a; so  that the moved 
expression t o  be placed a t  the  head of t h e  loap  i c  proper ly  

t1 + d r a t h e r  than  a + d a  Note tkiat i f  t h i s  modif i c a t i o n  i s  
no t  made, t h e  r e s u l t i n g  code i s  i n  e r r o r .  The necessary 

modif icat ion becomes obvious i f ,  a s  a s tandard mat te r ,  we 

i d e n t i f y  s p e c i f i c  operat ionc by t h e  value numbers, r a t h e r  

than t h e  prograrnmer-assigned v a r i a b l e  names, of t h e i r  operands . 
The assoc ia  t i o n  between value nwnbers and named v a r i a b l e s  
changes with each assignment s ta tement  occurr ing i n  a code; 

neve r th r l e s s ,  i n  f i n a 1  code generat ion,  we must know the  source 

i n  which a given value,  i d e n t i f i e d  by i t s  value number, i s  t o  

be found. This information can be made a v a i l a b l e  by a s s o c i a t -  

ing,  with each value number, both i t s  o r i g i n a l  source (def ined 

j u s t  below) and a l i s t  of a l 1  loca t ions  momentarily known t o  

conta in  t h e  value.  By t h e  o r i g i n a l  source of a given value 

number N, we mean e i t h e r  t h e  f i r s t  opera t ion  whose r a s u l t  has 

value number X, o r  i f  t h e r e  i s  none such, t h e  named va r i ab le ,  

used as  an opvrand i n  some o t h e r  operat ion,  f i r s t  i d e n t i f i e d  

a s  having N a s  i t s  value.  
The fol lowing example w i l l  i l l u s t r a t e  the  genera1 po in t s  

made j u s t  above. Csnsider t h e  simple code sequence 

The following t ab le  shows t h e  assignment oP va:Lue numbers t o  
va r i ab les  and t o  expressions during the  opt imizat ion of t h i s  

code sequence, and a l s o  r ep resen t s  t h e  modified code produced 

during t h i s  samr opt imizat ion.  Note t h a t  t h e  d e t e c t i o n  of 

redimdancies reduces t h e  s i z e  of t h e  modified code r e l a t i v e  

t o  t h a t  of t h e  o r i g i n a l  code. 



Assigned Value Numbers 
O ed I n t e r -  

X+a Mm%Le Code 
-7- 

x i g i n a l  code / 
y = y *  C 

i 
a = y  

y = x + y  
b = x  

d = b * ~  
a = x + a  

b = b + d  

Figure 10A. P a t t e r n  of - V 

in te rmedia te  code produced by l i n e a r  nes ted  reg ion  - 

optimizer  i n  a s p e c i a l  case.  

value nwnber a s s i m e n t s  and modified 

Figure 10B below rep resen t s  t h e  information concerning t h e  

Value nurnber sources,  i I 
and 

Code 

Vl*V2 (=v3) 
Y = v3 
a = V 3  

n+V3 (=v4) 
y = v4 
b = V1 

d = V 3  

a = v4 
b = V& 

I I Code 

Figure 10B. Available  sources  f o r  values  and f i n a l  code produced 
by l i n e a r  nes ted  region otpimizer  i n  a s p e c i a l  case.  - 

o r i g i n a 1  source of a value,  a s  w e l l  a s  t h e  l i s t  of l o c a t i o n s  

momentarily known t o  conta in  t h e  corresponding value,  a s  t h i s  
information would be maintained by t h e  opt imizer  dur ing  i t s  



pro2essing of t h e  code sequence shown above. F i n a l  code 

gene ra t i o n  would i n  a c t u a l  p r a c t i c e  incorpora te  a r e g i s t e r -  

a l loca  t i o n  algori thm and consequently be somewha t machine- 

dependent. This f i n a 1  code genera t ion  process  would, i n  t h e  

manner indica ted  above, scan through the  modified code, 

maintaining a l i s t  of a l 1  r e g i s t e r s  and l o c a t i o n s  momentarily 

conta ining a given va lu r  . Whenever a pa r t i c u l a r  value was 

required,  it would be obtained i n  whatever manner was e a s i e s t ,  

L e . ,  p re fe rab ly  frorn a r e g i s t e r ,  otherwise from a r o r e  loca t ion .  

I n  any case i n  which a value raqui red  a t  a subsequent s t a g e  of 

code genr ra t ion  was found no t  t o  be a v a i l a b l e  i n  any r e g i s t e r  
o r  core  loca t ion ,  t h e  code genera tor  would a l l o c a t e  a ce11 f o r  

the s to rage  of t h z  value,  i n t e r p o l a t e  a s t o r e  i r i to  th i s  ce11 
immediately a f t e r  t h e  opera t ion  i n  terms of whic:h t h z  value 

i s  o r i g i n a l l y  ca lcu la t ed ,  and f e t c h  t h e  value,  when necessary,  

from t h i s  c e l l .  

Note again t h a t  our opt imizer  begins with an i n i t i a l  code 
t e x t  represent ing  an unoptimized i n s t r u c t i o n  sequence and 

transforins t h i s  i n t o  an optimized modified code t e x t  i n  which 

i n s t r u r t i o n  operands a r e  gene ra l ly  descr ibed by t h e i r  value 
nurnbers. The d e t s i l s  of t h i s  process w i l l  be s e t  f o r t h  i n  what 

f  0110-NS. Code -generat ion,  given a p a r . t i c i ~ l a r  computer, w i l l  
t a k e  the  nodi f ied  t e x t  t o  a form mdch c l o s e r  t o  a c t u a l  machine 

code. 
The o v e r a l l  strutture of our l i n e a r  nested region opt imizer  

i s  a s  follows. A f i r s t  forward pass o v e r . t h e  code t o  be 

optimized c o l l e c t s  inforination concerning t r a n s f e r s ,  l a b e l s ,  

a s  we l l  a s  assignment inforination, a l 1  of which i s  required 

during a following forward pass.  This opt imizer  "prepass" 

i s  descr ibed a lgor i thmica l ly  i n  Table I11 below. During a 

second pass,  sumrnarized i n  Table I and descr ibed i n  Table I1 
below, t h e  bulk of optimiza t i o n ,  inc luding  cons-tant propaga t i o n ,  

e l imina t ion  of redundant ca lcu la  t i o n s ,  and motion 3f code out 

of loops i s  performed. Addit ional  processing,  descr ibed l a t e r  



i n  t h e  present  sec t ion ,  can be added i f  opt imiza t ion  by 
reduct ion  i n  s t r e n g t h  i s  t o  be c a r r i e d  out .  

The p r i n c i p a l  data  s t r u c t u r e s  used by t h e  opt imizer  a r e  

a s  fol lows.  The compiled code, he ld  i n  i t s  i n i t i a l  in te rmedia te  

form, c o n s t i t u t e s  the  code t e x t .  The optimized compiled code 

i n  modified form e o n s t i t u t e s  t h e  modified code t e x t .  Variables  

and t h e i r  r e l evan t  a t t r i b u t e s  a r e  represented by e n t r i e s  inaa 

s tandard  symbol t a b l e .  A l i s t  of those c a l c u l a t i o n s  a l r eady  - 
performed, and whose values a r e  a v a i l a b l e  f o r  the  e l imina t ion  

of redundant opera t ions ,  i s  contained i n  an a v a i l a b l e  computations -- 
s t a c k .  For e f f i c i e n c y ,  e n t r i e s  i n  t h i s  s t a c k  a r e  loca ted  through -- 
an a u x i l i a r y  hash t a b l e .  Values of cons tants ,  a s  required by 

the  constant-propagation process wi th in  t h e  optimizer,  a r e  he ld  

i n  a cons tan ts  t a b l e .  A s t o r e s  a r ray ,  c o n s i s t i n g  of an ordered - 
sequence of e n t r i e s ,  t he  n- th  of which re ferenzes  t h e  p a r t i c u l a r  
v a r i a b l e  which i s  th-  t a r g e t  of the  n - th  s t o r e ,  i s  a l s o  used. 

The opt imizer  uses  a  s p e c i a l  data  strutture, c a l l e d  a  loop and 

branzh s t a c k  t o  record information roncerning the  p a t t e r n  of 

forward and backward branches i n  the  l o c a l  s e c t i o n  of code 
c u r r e n t l y  being optimized. A branch i tem l i s t ,  c o n s i s t i n g  of - 
an ordered s e t  of r s f e rences  t o  the  success ive  branch items 

occurr ing i n  t h e  code t e x t ,  se rves  f o r  t h e  rap id  l o c a t i o n  of 

a l 1  branches and l a b e l s  wi th in  t h e  t e x t .  
Table I below descr ibes ,  i n  broad o u t l i n e ,  t he  s t r u i t u r e  

of the  main pass of t h e  l i n e a r  nes ted  region opt imizer .  The 

reader  should note  t h e  way i n  which t h i s  a l g o r i t k n  incorpora tes  
the  main goals  and c o n s t r a i n t s  descr ibed e a r l i e r  i n  t h e  present  
sec t ion .  



Table I. - Main pass of the  l i n e a r  nes ted  -- region A o l t imize r .  - -  
---p- 

Repea t : 

Computa t i o n :  

I n i t i a l i z e  data  s t r u c t u r e s  and po in te r s  . 
Advanze t o  next code t e x t  item, and t e s t  

f o r  terminat ion.  

Determine opera t ion  type, which may b r  

compi~tat ion,  simple assignment, indexed 

assignmont, indexed load, subrout ine c a l l ,  

funz t ion  c a l l ,  forward branch, l a b e l ,  o r  

backward branch. Transfer  accordingly t o  

a p s r o p r i a t e  subprocess . 
Elimina t e redundant computa t i o n s  us ing  

a v a i l a b l e  conputations s t ack .  

Detect compile-time cons tants  and perform 

corrssponding ca lcu la  t i o n s  . 
I f  c a l c u l a t i o n  i s  independent of a 

conta in ing  loop, move i t  out of loop and 

out of l a r g e s t  poss ib le  s u r r ~ x q d i n g  loop. 

Post new e n t r i e s  i n  a v a i l a b l e  computations 

s t a c k  a s  appropria t e .  

GD back t o  r zpea t .  

Simple assignment : Enter value nwnber of right-hand expression 
of assignment i n  desc r ip to r  of " t a r g e t "  

v a r i a b l e  occurr ing on l e f t  hand s i d e  
of assignment. 

Go back t o  r epea t .  
Indexed assignment: Post a v a i l a b l e  c a l c u l a t i o n  item represent ing  

indexed load cor respmding t o  indexed 

assigninent being processed. 
Give new value numbur t o  t a r g e t  a r r a y  

of assignment. 

Go back t o  Repeat. 



Indexed load:  

Function c a l l :  

Eliminate redundant indexing opera t ions  

us ing  a v a i l a b l e  computations s t ack .  

Post new e n t r i e s  i n  a v a i l a b l e  computations 
s tack  a s  appropr i a t e .  

If index quan t i ty  i s  independent of a 

conta in ing  loop, and no a r r a y  e n t r y  i s  

s e t  w i th in  t h e  loop, move t h e  c u r r e n t  

indexed load out of i n n e r  loop and 

out of l a r g e s t  poss ib le  surrounding loap .  

Go back t o  Repeat. 
Subroutine c a l l :  Assign a new value number t o  every v a r i a b l e  

whose value may be changed by t h e  subrout ine .  

Go back t o  Repeat. 

Assign a new value number t o  every v a r i a b l e  
whose value may be changed by the subrout ine .  

Assign a value number t o  represent  t h e  value 
of t h e  funz t ion .  

Ga bazk t o  Repeat. 
Forwa r d  branch: Post forward branch m branch and loop s t a c k  

t o  i n d i c a t e  t h a t  t h e  code which fol lows 

l i e s  under a branch. 
Go  back to Repeat. 
R?move from the  a v a i l a b l e  compi~ta t i o n s  stsizk 

a l 1  items which represent  computations 

perforined under a forward branzh from which 
the  cu r ren t  l a b e l  may be reached by a s e r i e s  

of backward branches; 

Using thu s t o r e s  a r ray ,  give a nzw value numbur 

t o  every va r i ab le  whose value i s  s e t  wi th in  
a forward branzh from which the  c u r r m t  l a b e l  

may be reached by a s e r i e s  of backward b r a n z h ~ s ;  

R3move a l 1  forward branches te rminat ing  a t  
t h e  c.grrent l a b e l  from t h e  loop and branch 

s t ack .  



. Pos t a new l o ~ p  and branch s t a c k  i tem f o r  

each backward loop te rminat ing  a t  t h r  

cu r ren t  l a b e l ,  t o  i n d i c a t e  t h a t  code 

which fol lows l i e s  i n  a loop. 

Give a new value nwnber t o  every va r i ab le  
which i s  t h e  t a r g e t  of an a s s i g n n ~ n t  e i t h r r  

l y i n g  wi th in  t h e  loap  o r  occurr ing a t  a 
po in t  from xhich a p lace  wi th in  t h e  loop 
can be reached without pass ing  through 

the  f i r a t  i n s t r u c t i o n  i n  the  loop.  

Go back t o  Rep3at. 

Buckward branzh: Redefine t h e  s t a r t i n g  poin t  of each loop 
represented i n  t h e  loap  and branch s t a e k  

which i n t e r l o c k s  with t h e  backward branzh 

B being processed; cause each suzh loop 

t o  show t h e  s t a r t  of B a s  i t s  own s t a r t .  

Remove t h s  loop B from t h e  loop and branch 

s t ack .  

Ga Sack t o  Repeat. 

[End of Algorithm] 

A c l ~ s e r  d e s c r i p t i o n  of the  e n t r i e s  i n  t h e  var lous data  

s t r u c t u r e s  which i t  uses w i l l  a i d  i n  more d e t a i l e d  understanding 
of t h e  l i n e a r  nes ted  region optimizer.  Figure 11 shows t h e  

symbol t a b l e  i tem reprecent ing  a v a r i a b l e  name. 

(vainum) ( c o n s t )  

-t------- -- 
F u  l .  A!.!.,, S m 5 0 1  -,---p t a b l e  item. - 

( ~ a r e n t h e s i z e d  names de f ine  modes of f i e l d  
re ference  i n  Tables 11, 111, and I V .  ) 

In add i t ion  t o  t h e  usua l  name-reference and a t t r i b u t e  d e s c r i p t i o n  

f i e l d s ,  we append a value number f i e l d  g iv ing  the  number of t he  - --,-p- 

value assigned t o  t h e  var i ab le  a t  any given phase of t h e  optimiza- 



t i o n  process ,  and a one-bit  cons tan t  f i e l d ,  s e t  t o  1 i f  t h e  

value momentarily ass igned t o  a v a r i a b l e  i s  known t o  be a cons tant .  

Note t h a t  t h e  value number f i e l d  a t t a c h e d - t o  a v a r i a b l e  o r  t o  
an i tem i n  t h e  code t e x t  w i l l  be zero  i f  no value number has y e t  
been assigned t o  t h e  given v a r i a b l e  o r  computation. 

Note a l s o  t h a t ,  a s  a ma t t e r  of convenience i n  t h e  a lgor i thmic  
d e s c r i p t i o n s  t o  f ollow, we assume the  "symbol t a b l e "  a s  ord inar -  
i l y  conceived t o  be incorporated i n t o  t h e  code t e x t .  This allows 
us t o  assume t h a t  each opera t ion  i tem i n  t h e  code t e x t  conta ins  

argument p o i n t e r s  which a r e  of s tandard form, i r r e s p e c t i v e  of 
whether t h e  argumentls  opera t ions  a r e  v a r i a b l e  names o r  t h e  
r e s u l t s  of e a r l i e r  opera t ions .  On t h e  o t h e r  hand, t h e  d e t a i l e d  
algori thms descr ibed i n  what fol lows do not  expect t o  encounter 

symbol t a b l e  i tems among t h e  i tems they scan. It niay be assumed 
t h e r e f o r e  t h a t  t h e  compiler prepar ing  the  code t e x t  segregates  a l 1  
symbol t a b l e  i tems i n  an i n i t i a l  s e c t i o n  of code t e x t ;  a l t e r n a t e l y ,  
t r i v i a l  modif i c a t i o n s  may be incorporated i n t o  t h e  algori thms 
which follow, t o  allow them t o  bypass symbol t a b l e  iterns. 

Figure 12  shows t h e  form of t h e  o r i g i n a 1  code t e x t  items 
a s soc ia t ed  with var ious non-transf e r  opera t ions  . 
norrnal 
bina ry  
opera t i o n :  

s imple 
a ssignment 
opera t ion:  

indexed 
assignmvnt 
opera t i o n :  

func t ion  and 
subrout ine  
c a l l s  : 
Figure 

(op)  ( i n  1) ( i n  2 )  (valnum) ( c o n s t . )  

( i n  2 )  

( i n  2 )  

arget index a r r a y  * 
quan t i ty  

-.- -p-- 

(va lnum) 
I - -  -_ 

~ P ~ ~ B m ~ - ~ Z g ~ i s t  I value no. 

12. Non-transfer i tem e n t r i e s  i n  code t e x t .  -- - - - - . _ I _ - . -  

( ~ a r e n t h e s i z e d  names de f ine  modes of f i e l d  
reference i n  Tables 11, 111, and IV.) 



These e n t r i e s  have a  r e l a t i v e l y  s tandard f orin. Items represent -  

ing  norma1 binary opera t ions  have an opera t ion  code f i e l d  and 

two input  argument f i e l d s  (il and i 2 )  which re ference  e i t h e r  a  

v a r i a b l e  en t ry  i n  t h r  symbol t a b l e  o r  another  c a l c u l a t i o n  i tem 

i n  the  code t e x t .  An a d d i t i o n a l  f i e l d  conta in ing  t h e  value 

nunibzr of Ì  t h e  r e s u l t  of an operat ion i s  present  i n  t b e  e n t r y  

r ep resen t ing  a  b inary  operat ion.  This f i e l d  i s  f i l l e d  i n  dur ing  

opt imizat ion.  Binary opera t ion  e n t r i e s  a l s o  conta in  an a d d i t i o n a l  

one-bit  f i e l d  C .  This C o r  _p-__ cons tant  f i e l d  i s  s e t  t o  1 i f  t h e  

r e s u l t  of an operat ion i s  known t o  be a  compile time cons tant .  
The remaining code t e x t  items des ignat ing  non- t ransfer  

opera t i o n s  have s i m i l a r  but  appropr i a t e ly  modif i ed  f orins. 

The t e x t  i tem represent ing  an indexed assignment opera t ion  

contains ,  besides  i t s  operat ion rode f i e l d ,  three f i e l d s  which 

re spec t ive ly  des ignate  t h r  t a r g e t  v a r i a b l e  of t h e  assignmrnt 

opwa't ion,  the  va r i ab le  o r  t h e  computation i t ~ m  providing t h e  

value t o  be s to red ,  and t h e  v a r i a b l e  o r  the  computation i tem 

providing t h e  index governing t h e  s t o r e .  No value nuaber f i e l d  

i s  provided i n  assignment e n t r i e s ,  s i n c e  ou r  a lgori thms a s s o c i a t e  

a  value number with the  t a r g e t  v a r i a b l e  of an assignment r a t h e r  

than with the  s t o r e  operat ion i t s e l f .  
Figure 13 shows t h e  form of t h e  modified code t e x t  items 

corresponding t o  t h e  above o r i g i n a 1  code t e x t  items. 

( O P )  ( v a i  l) (va1 2 )  ( n e x t i t )  
norma1 
b ina ry  value 1 value 2 operation' .  

s  imple --- I t ~ d  
a s s  ignment t a  rg  e  t ---pX--r'.eFGml 
operat ion:  1 var i ab le  ---- value no. -- 

indexed Ltarg) ( i x v a l  
assignment r i F r - - . - t % g e t ' l  value index no. F%,tTGl value no. 
operationz aT2J!- -- ---- 

funct ion  and 
subrout ine F ~ ~ T ; - - F ~ T & G T ~ - ~ ~ ~ ~  value no. next  i tem 
c a l l s :  
Figure 13. Non-transfer --p-- items i n  modified code t e x t .  

F g r e n t h o s i z e d  names def i n e  modes of f r e l d  ref  erence 
i n  Tables 11, 111, and IV.)  



Each of these  i tems - is  furn ished  with a  next  i tem p o i n t e r  

f i e l d ,  no t  p resen t  i n  t h e  o r i g i n a l  code t e x t ;  s i n c e  our  

a lgor i thm must occas ional ly  i n s e r t  items i n  t h e  modified code 

t e x t ,  we inc lude  t h e s e  f i e l d s  i n  order  t o  be a b l e  t o  t r e a t  t h e  

modified code t e x t  a s  a  l i s t .  

We allow one a d d i t i o n a l  type of pseudo-operation e n t r y  t o  

appear i n  t h e  modified code t e x t ,  f o r  use  i n  cases  i n  which a  

previous ly  unused value number i s  assigned t o  a  v a r i a b l e  ( a s ,  

f o r  example, on en te r ing  a  loop, cf. t h e  d e t a i l e d  algori thms 

below) . Such a  "pseudo-assignment" opera t i o n  w i l l  have t h r  

same genera1 format a s  an a c t u a l  (s imple)  assignment opera t ion  

i n  t h e  rnodified code t e x t ,  bu t  w i l l  have a  d i s t i n g u i s h i n g  

opera t ion  code value.  Items of t h i s  kind a r e  needed i n  o rde r  

t h a t  i t  be poss ib le  t o  r econs t ruc t  a l 1  d e t a i l s  of the  changing 

assoc ia  t i o n s  between value nwnbers and prograrnmer v a r i a b l e  names . 
Three types of t r a n s f e r  items can occur i n  t h e  code t e x t ;  

forward branch items, backward branch items, and l a b e l  i tems. 
The f i r s t  pass of t h e  opt imizer  numbers these  items i n  order  of 
t h e i r  occurrence, thus  a s s ign ing  t o  each a  branch i tem number 

by which it can be referenced.  Branch item numbers a r e  used 

by our  algoritkims a t  
p o s i t i o n  of p a i r s  of 

branch items conta in  

code t e x t )  next  i tem --- 
r e f e r e n z e ~  t h e  l a b e l  

var ious times t o  determine t h e  r e l a t i v e  
branch i tems. Both forward and backward 

t a r p t ,  condi t ion,  and ( i n  t h e  modified 

f i e l d s .  The t a r g e t  f i e l d  of a  branch item 
item which i s  t h e  t a r g e t  of t h e  t r a n s f e r  

represented by t h e  branch item; the  condi t ion  f i e l d  re ferences  
t h e  v a r i a b l e  o r  computation c o n t r o l l i n g  a cond i t iona l  t r a n s f e r ;  

themodified code t e x t ,  t h i s  f i e l d  conta ins  a  value number. 

I f  a t r a n s f e r  i s  unzondi t ional ,  t h e  condi t ion  f i e l d  i s  l e f t  

blank. The next  i tem -- f i e l d  of a  t r a n s f e r  i tem ( i n  t h e  modified 

code t e x t )  l i k e  t h a t  of a  non- t r ans fe r  item, po in t s  t o  t h e  next 

e n t r y  i n  t h e  code t e x t  and s t m c t u r e s  t h e  code t e x t  a s  a  l i s t  

i n  which i n s e r t i o n s  and d e l e t i o n s  may conveniently be made. 



( d l a b e l )  (cond) (itnum) ( s  tornwn) ( n e x t i t  ) 
f orw a d r-l-T----~-----,~ --I---l 
branch: op t a r g e t  ondi t ion  i tem no. s t o r e  no. next  i tem 

---- 

backward 
branvh; 
1 s t  p a r t  

backward 
branzh; 
2nd p a r t  

l a b e l ,  
1 s t  pa r t :  

,( ta  rge tno  1 -.-- - 
I t a r g e t  no  

L 

( l a s t r e a c h )  

,*I nuhber ___(reached( reached 1-ixg branchi 

stornum_) (itnurn) f i r s t b r a n c h  
op labnsme s t o r e  no itern - no. -,$Est branch -j 

--p --- --- 

l a b e l ,  next  i tem 
-- 

~ i @ ; u r &  14. _ _ - _ _  Transfer  items i n  o r i g i n a l  and modified code t e x t .  -- -----p 

( ~ a r e n t h e s i z e d  names def ine  modes of f i e l d  re ference  

i n  Tables 11, 111, and IV; note  t h a t  the  "next item" 
f i e l d  i s  present  only i n  the  rnodified code t e x t ,  and 

t h a t  t h e  "condi t ion" f i e l d  conta ins  an operat ion 

p o i n t e r  i n  the  o r i g i n a l  code t e x t ,  but  a value number 

i n  t h e  mndified code t e x t . )  

A forward branch i tem conta ins  a s t o r e  number f i e l d  i n  which 
--p- -e--- 

i s  recorded the  s e r i a l  number of t h e  f i r s t  assignment l y i n g  

wi th in  the  scope of t h e  forward branch. A backward branch i tem 

contains  a (roughly s i m i l a r )  -- l a s t  s t o r e  nwnber -- f i e l d .  However, 
t h r  procedure f o r  determining the  value t o  be entexed i n t o  t h i s  
f i e l d  i s  more complex than t h a t  emplojred i n  connec-tion with 

forward branches; the  value t o  be entered i n  t h i s  f ' ie ld  i s  

def ined a s  the  s e r i a 1  number of t h e  l a s t  s t o r e  operat ion from 

which a poin t  within t h e  scope of t h e  backward branch i n  

ques t ion  may be reazhed via a s e r i e s  of backward branches 

( s e e  Figure 15) .  



Figure 15. I n t e r l o c k i n g  -.- ------.W backward branches - and t h e i r  e f f e c t  on 

t h e  l a s t  s t o r e  f i e l d  of a backward branch code item. ..----- v--- 

scope of backward branch "~"4 

q 

l o c a t i o n  of t h e  l a s t  i n s t r u c -  

t i o n  from which a l a b e l  i n  

t h e  scope of backward branch 

"A" may be reached along a 

s e r i e s  of backward branches. 

A backward branch i tem conta ins  a nwnber of a d d i t i o n a l  f i e l d s ,  

I : ,  4 2 

and a l 1  i n  a l 1  conta ins  a l a r g e r  number of f i e l d s  than e i t h e r  

a forward branch o r  a non- t ransfer  i tem i n  t h e  code t e x t ;  

f o r  t h i s  reason, each backward branch i tem i s  broken up i n t o  

two p a r t s .  The f i r s t  of these  two p a r t s  conta ins  the  f i e l d s  
a l ready descr ibed .  The second p a r t  of t h e  two-section i tem 

rep resen t ing  a backward branch contains  f o u r  f i e l d s  . The 

f i r s t  of thece  gives  t h e  branch i tem number of t h e  l a b e l  which 

i s  t h e  t a r g e t  of t h e  backward branch. Thr second gives  t h e  
number of preceding backward branches having t h e  same t a r g e t  

l a b e l  a s  t h e  backward branch represented by the  i tem i n  ques t ion .  

The t h i r d  and f o u r t h  f i e l d s  a r e  r e spec t ive ly  p a i n t e r s  t o  the  
beginning and end of a l i s t  of l a b e l s ,  c a l l e d  t h e  "backtarget  
l i s t " ,  a s soc ia t ed  with each backward branch dur ing  the  data-  

c o l l e c t i n g  f i r s t  pass t h a t  precedes t h e  main pass of our opt imizer .  

( ~ f .  Table I V  below f o r  a d e t a i l e d  account of t h i s  i n i t i a l i z a t i o n  
pass . )  Bothaf these  f i e l d s  a r z  po in te r s  t o  items i n  an a u x i l i a r y  
t r a n s f e r  and l a b e l  l i s t  a rea .  In general ,  thv i tems on t h i s  

l a t t e r  l i s t  have t h e  form shown i n  Figure 16.  

Figure 16.  ___ Data _._ f i e l d s  _._.__-_____- of a u x i l i a r y  t rans ' fe r  l i s t  item. - 
( ~ a m e s  i n  pa renthoses  g ive  f i e l d  ref erence 
modec used i n  Tables 11, 111, and IV.) 



The f i r s t  two f i e l d s  i n  Figure 16 conta in  t h e  chaining 

inforination necessary t o  s t r -uc ture  a c i r c u l a r l y  chained l i s t  of 

t r a n s f e r  items; t h e  second f i e l d  re ferences  a p a r t i c u l a r  l a b e l  

o r  loop item, i . e . ,  a  p a r t i c u l a r  code t e x t  e n t r y  r ep resen t ing  

a l a b e l  o r  a  backward branrh.  ( ~ h e  pwpose  of l i o t i n g  backward 

branches i s  explainzd i n  the  n-xt paragraphs. ) 
Since the  f i e l d s  which mst be a s soc ia t ed  wi th  a  l a b e l  i tem 

L i n  t h e  code t e x t  a r e  numerous, such an i tem i s  a l s o  represented 

i n  two 3 a r t s .  The f i r s t  p a r t  conta ins  an operat ion code f i e l d  
des ignat ing  thz  i tem a s  a  l a b e l  and conte ins  a p o i n t e r  t o  thz  

symbol t a b l e  entrjr wherein a  s p e c i f i c a t i o n  of t h e  l a b e l n a m e  

and of i t s  a t t r i b u t e s  i s  t o  be found. The next  f i e l d  g ives  thu 

s e r i a l  nwnber of the  f i r s t  assignment opera t ion  fol lowing L. 

A foi l r th  f i e l d  g ives  t h e  branch i tem nuxtber of L. The f i f t h  

and l a s t  f i e l d  i n  t h e  f i r s t  of t h e  two code t e x t  e n t r i e s  

represent ing  a given l a b e l  gives  t h e  branch i tem number of th3 

f i r s t  forward branch ter ininat ing a t  a po in t  from which L may be 

reached by a  s e r i e s  of backward branches ( c f .  Figure 5 above 

and t h e  paragraphs of d iscuss ion  as soc ia t ed  wi th  t h a t  f i g u r e ) ;  
i f  no such branch e x i s t s ,  t h i s  f i e l d  i s  l e f t  blank. The second 

0.f t h e  two e n t r i e s  r e p r a s n t i n g  a given l a b e l  conta ins  two 

p o i n t e r s  t o  a s e t  of a u x i l i a r y  t r a n s f e r  l i s t  e n t r i e s .  Assoziated 

with each l a b e l  by means of these  t r a n s f e r  l i s t  e n t r i e s  i s  a  

l i s t  of a l 1  these  backward branches temninating a t  t h e  given 

l a b e l .  The necessary l i s t  e n t r i e s  a r e  maintained i n  t h e  a u x i l i a r y  
t r a n s f e r  and l a b e l  l i s t  area descr ibed above, and have t h e  form 
shown i n  Figure 16. The f i r s t  f i e l d  i n  the  second p a r t  of a 

l a b e l  en t ry  re ferenzes  t h e  f i r s t  i tem on t h i s  l i s t ;  the  second 

f i e l d  references t h e  l a s t  i tem on t h i s  l i s t .  The next  f i e l d  
i n  t h e  second p a r t  of a l a b e l  en t ry  re ferences  t h c  number 
of t h e  l a s t  assignment operat ion i n  t h e  code t e x t  from which 

the  l a b e l  may be reached by a  succession of backward branches; 

c f .  Figure 15 and t h e  explanat ions above d i r e c t l y  r e l a t e d  t o  

t h i s  f igu re .  



Figure 17 shows t h e  form of a  t y p i c a l  i tem i n  t h e  

a v a i l a b l e  computations s t ack .  

wi th  same hash 

Figure 17. -. Item in  a v a i l a b l e  computations s t ack .  -- 
( ~ a m e s  i n  pa ren thzses  i n  mode of r e fe rences  

t o  corresponding f i e l d s  i n  Tables 11, 111, I V . )  

The f i r s t  t h r e e  f i e l d s  conta in  an opera t ion  rode and t h e  

value numbers of t h e  two inpu t s  t o  t h i s  opera t ion .  The next  

f i e l d  g ives  t h e  value number of t h e  r e s u l t  of t h e  operat ion.  

An a d d i t i o n a l  one-bi t  cons tan t  f i e l d  i s  used only f o r  indexed 
-p- 

load opera t ions ,  and i s  s e t  t o  1 i f  t h i s  opera t ion  i s  known 

t o  y i e l d  a  compile-time cons tant  ( c f .  t h e  r e l evan t  s e c t i o n  

of t h e  algori thm of Table 11). To determine whether o r  n 3 t  

a  given ordinary computation is redundant, th3 opt imizer  

a lgori thm searches t h e  a v a i l a b l e  computa t i o n s  s t a c k  f o r  an 

i tem wi th  a  given opera t ion  code and p a i r  of value nunbers 
a s  inpixts; i f  an i tem with the  des i r ed  c h a r a c t e r i s t i c s  i s  

found, t h e  value nwnber of t h e  opera t ion  r e s u l t  i s  a t  once 

ava i l ab le .  To f a c i l i t a t e  t h e  necessary search,  and, a t  t h e  
same time, t o  allow the  removal of items which i s  necessary 

on encountering a  l a b e l  te rminat ing  a forward branzh, a  combined 

hash-table-s tack technique i s  appropr ia te .  This tecAhnique i s  

a s  fol lows.  With t h e  a v a i l a b l e  csmputations s t ack ,  which, 
l i k e  a l 1  s t acks ,  i s  provided wi th  a top  po in te r ,  we a s s o c i a t e  

a  hash- tab le  of a  s u i t a b l e  s i z e .  This hash-table  i s  en tered  

us ing  a hash zomputed from t h e  f i r s t  t h r e e  f i e l d s  ( sea rch  key) 

of t h e  i tem shown i n  Figure 17. The hash t a b l e  e n t r y  found 
conta ins  thv inciex, wi th in  t h e  a v a i l a b l e  computations s t ack ,  

of t h e  f i r s t  i tem with the  given hash. Each i tem i n  t h e  
a v a i l a b l e  computations s t a c k  s t a c k  then  p a i n t s  t o  t h e  next  i tem 
with t h e  same hash. The a v a i l a b l e  compl~tat ion search  rou t ine  

chains  along these  po in te r s  u n t i 1  e i t h e r  a  zero p o i n t e r  i s  



encountered o r  u n t i 1  t he  s t ack  top po in te r  index value i s  

exceeded. Whenever the  ove ra l l  optimizer algorithun encounters 

a l a b e l  item terminating a forward branch, it remuves, from 

the  ava i l ab le  computations s tack,  a c e r t a i n  contiguous s e t  of 

computation items, extending i n  every case fPom the  top of 

the  s t ack  t o  some point  within the  s tack .  ( ~ f .  t h r  discussion 

of predominator blocks i n  t he  e a r l i e r  paragraphs of the  present  
sect ion.  ) Giving the  ava i l ab le  cornputations s t ack  the  data 

strutture described above allows us t o  remove these  items simply 

by reducing the  s tack  top po in te r  t o  whatever value i s  appropri-  

a t e .  I f  a hash t ab l e  item subsequently i s  found t o  point  t o  

an entry i n  t he  ava i l ab le  computations s t ack  not having t he  

cor rec t  hash, t h i s  always indica tes  t h a t  no e n t r i e s  i n  t he  

avai lable  computation s tack  have the  cor rec t  hash, s o  t h a t  

the  hash t ab l e  item i n  question i s  t o  be regarded as  being 

blank' and may be r a s e t  t o  a new value. 

Figure 18 shows the  form of e n t r i e s  i n  t he  loop and branch 

sback which t he  optimizer algorithm uses t o  keep Lrack of the 

l o c a l  conf igura t ion  of forward and backward branches with 

which it i s  momentarily concerned. 

f orward branch item: 
- - L I -  

backward branch item: 
_ , _ _ - - _ C  - -- 

(stornum) ( i ive  
~ f i r s t a v ]  
f i-rs t 
ava i l ab le  
computa - 
t i o n  
item 
- 1 1 1  

s t o r e  t a r g e t  l i v e  
nynberl l a b e l  ,l bit 

7 

Figure 18. - Entr ies  i n  .- loop and branch stack.  

( ~ a m e s  i n  parantheses give f i e l d  reference terms 
used i n  Tables 11, 111 and' I V .  ) 

(qualnum) ( f  i r s t e n t )  

qual i f  i c a t i o n  

code 
item 

e a r l i e s t  enter ing  
f orward branch 



The f i r s t  f i e l d ,  l b ,  i s  a  one-bi t  f i e l d  which f l a g s  t h e  

i tem as  being e i t h e r  a  forward o r  a  backward branch item. 

Three a d d i t i o n a l  f i e l d s  a r e  reserved in both forward and 

backward branch i tems, corresponding t o  t h e  f a c t  t h a t  e i t h e r  

loop-heads o r  backward branches can be d e s t i n a t i o n  p a i n t s  

f o r  moved code. The f i rs t  of t h e s e  records t h e  l a s t  value 

which t h e  value number counter  has a t t a i n e d  before  e n t r y  

i n t o  t h e  cond i t iona l  scope def ined by a  forward branch o r  

t h e  loop represented by a  given backward branch item, a s  

t h e  case may be; t h e  second of these  f i e l d s  records t h e  f i r s t  

value of t h e  value number counter  a s soc ia t ed  wi th  c a l c u l a t i o n s  

l y i n g  wi th in  t h e  loop o r  cond i t iona l  scope. Whvn, on e n t r y  

i n t o  a  given loop o r  cond i t iona l  scope, the  opt imizer  e s t a b l i s h e s  

a new e n t r y  on t h e  loop and branch s t ack ,  t h e  value number 

counter  i s  incremented by some s tandard  value ( f o r  example, 100),  

and these  two f i e l d s  of t h e  new loop and branch s t a c k  i tem a r e  

f i l l e d  i n .  This procedure reserves  a  range of value numbers 
f o r  assignment t o  computations subsequently moved out of loops,  

and makes it easy t o  t e s t  i n s t r u c t i o n s  f o r  loop independence. 

The l a s t  of t h e  s e t  of f o u r  f i e l d s  cornrnon t o  loop and branch 
s t a c k  e n t r i e s  records the  pos i t ion ,  i n  t h e  modified code t e x t ,  
of t h e  l a s t  code i tem irnmediately preceding the  beginning of a  

forward branch o r  loop. This def ines  t h e  p a s i t i o n  a t  which 
code items being moved out of loops may be i n s e r t e d .  A s  

explained i n  more d e t a i l  below, t h e  l o c a t i o n  shown i n  t h i s  f i e l d  

of a  loop e n t r y  E must be ad jus ted  whenever a  loop begun before  

E happens t o  terminate  before  E i s  terminated (case  of i n t e r -  
locking  backward branchrs ) . 

A forward branch i tem records t h e  nurriber of t h e  f i r s t  

a v a i l a b l e  compata t i o n  s t a c k  i t v m  r e fe renc ing  a  computation 

fol lowing the  forward branch. The value i n s e r t e d  i n  t h i s  f i e l d  
when t h e  forward branch i tem i s  e s t ab l i shed  i s  simply the  
momentary value of the  a v a i l a b l e  computation s t a c k  top p o i n t e r  

a t  t h e  mornent when t h e  occurrence of a  forward branch zode i tem 



causes a  new 1002 and branch s t a c k  e n t r y  t o  be made. A forward 

branch i tem a l s o  records t h e  branch i tem number of t h e  forward 

branih and t h e  number of t h e  f i r s t  s t o r e  opera t ion  fol lowing 

t h e  forward branzh. A forward branch i tem conta ins  a  l - b i t  

l i v e  b i t  f i e l d ,  s e t  t o  1 i n i t i a l l y ,  and r e s e t  t o  zero when t h e  -- -- --- 
t a r g e t  l a b e l  of a  forward branch i s  enzountered. On encounter- 

ing  a l a b e l  dur ing  our opt imizat ion scan, we w i l l  ( c f .  Table I1 

below and t h e  d iscuss ion  as soc ia t ed  wi th  t h i s  tabl-e) remove a l 1  

but  t h e  f i r s t  forward branch i tem terminat ing  a t  t;he given l a b e l  

from the  loop and branch s tack .  This one branch i tem may, however, 

be flagged a s  terminated and kept,  t o  allow t h e  motion of code 

t o  the  poin t  j u s t  preceding the  corresponding branch, when 

appropr ia te .  F ina l ly ,  a  forward branch i tem conta ins  a l - b i t  

need f i e l d ,  s e t  t o  1 i f  i t  i s  ever  
p- 

branch i s  t h e  f i r s t  f orward branch 

i s  s e t ,  i t  prevents  removal of t h e  

loop and brarkh s tack ,  which would 

discovered t h a t  the  f orward 
en te r ing  a  loop; i f  t h i s  b i t  

forward branch i tem from t h e  

normally t s k e  p iace  when t h e  
opt imizer  eniountered the  t a  r g e t  l a b e l  of t h e  corrbesponding 

f orward branch. 

Backward branch items a r e  en tered  Jn to  t h e  loop and branch 

s t ack  whenever a l a b e l  i tem te rminat ing  one o r  more backward 

branrhes i s  en-ountered i n  t h e  code t e x t .  A s  many sepa ra te  
loop and branch s t a c k  e n t r i e s  a r e  made a s  t h e r e  a r e  backward 

branchzs te rminat ing  a t  t he  given l a b e l .  Information allowing 

t h e  determination of t h i s  number i s  a v a i l a b l e  i n  t h e  code t e x t  

i tem represent ing  t h r  l a b e l  i n  quest ion;  cf.. Figure 14. In 
add i t ion  t o  the  f i e l d s  a l ready descr ibed,  a  backward branch 

item i n  t h e  loop and branch s t a c k  a l s o  records the  branch i tem 
number of t h e  l a b e l  genera t ing  it, and t h e  branch i tem nwnber 
of t h e  e a r l i e s t  forward branzh en te r ing  t h e  given loop. 

Table I1 d e s c r i b r s  i n  d e t a i l  most of t h e  procedure employed 

by t h e  p r i n c i p a l  (second) pass of t h e  l i n e a r  nested region 
optimizer.  This a l g o r i t h n  makes use of e i g h t  subrout ines:  

maymove which i s  c a l l e d  during t h e  p ro ress ing  of a  computation 



i tem t o  determine whether o r  not  t he  item can be moved out of 
one o r  more loops; f ind ,  which i s  a simple search rout ine  f o r  
loca t ing  items i n  the  ava i l ab le  computations s tack;  f indc,  a 

r e l a t ed  search rout ine  which re tu rns  the  constant  b i t  of an 
i tem which i t  has found; hashin which i n s e r t s  a new en t ry  --9 

i n t o  the  ava i l ab le  computations s tack;  newval, which ass igns  
a value nwnber t o  a va r iab le  lacking one; newvalno, which assigns 
a new value t o  a l 1  va r iab les  addressed by s t o r e s  i n  a given 
range of code; ca lcula te ,  which app l ies  a spec i f i ed  operat ion 

t o  a p a i r  of constant  inputs  t o  achieve t he  ca lcu la t ion  of a 
compile-time constant;  -- f indconst ,  which searches the  constants  
t a b l e  t o  see i f  a given constant  has already been entered i n t o  
t h i s  t ab l e .  A de t a i l ed  algorithm f o r  maymove, t he  only n o n t r i v i a l  
subroutine among these  e igh t ,  i s  given i n  Table 111. 

Note a l s o  t h a t  
a )  - newval --- ass igns  a reserved value number and increments the  
reserved value nixnb2r counter ~ e v a l  a s  long as  reserved value - 
numbers a r e  s t i l l  avai lable ;  otherwise newval ass igns  a standard 
value number and increments the  standard counter curval .  ( ~ f .  

t he  shor t  sec t ion  of Table I1 below following the  l a b e l  newconst.) 

b )  Both newval and newvalno i n s e r t  one pseudo-assignment operat ion 
i n t o  the  modified code t e x t  f o r  each var iab le  t o  which they ass ign  
a new value number. A s  a l ready explained, t he  information 
contained i n  these pseudo-operations i s  needed i f  one i s  t o  be 

ab le  t o  reconst ruct  t h s  correspondence betw een value numbers 
and programmer names using only information contained i n  th2 

modified code t ex t .  
The a lgo r i t kn  of Table I1 begins with a few i n i t i a l i z a t i o n s .  

In  p a r t i c u l a r ,  a pointer ,  c a l l ed  now -3 which always ind ica tes  
the  code t e x t  i tem of current  concern t o  the  optimizer, i s  s e t  
t o  point  t o  t he  f i r s t  i n s t ruc t i on  i n  t h e  code t ex t ;  by convention, 
t h i s  i n s t m c t i o n  is a dummy no-opera t i o n  immediately preceding 
a l 1  executable code t e x t  items. Both a main value number counter 
curval  and a reserved value counter p reva l  a r e  i n i t i a l i z e d ;  the  - 



l a t t e r  t o  1, t h e  foriner t o  1000. The -- curva1 counter  i s  used 

t o  a s s ign  value nurnbrrs i n  t h e  norma1 case;  t h e  p reva l  coWter  

i s  used t o  a s s ign  value nvmbers e i t h e r  t o  new cons tants  

ca lcu la t ed  a t  compile tima, o r  t o  v a r i a b l e s  enco~mterad  before  

any value nu-ober has been assigned t o  them; such values  a r e  

t h e r e f o r e  indeprndent of a l 1  l o ~ p s .  Our procedura thus reserves  a  

range of value numbers s i g n i f y i n g  values  which may be ca lcu la t ed  

outs ide  of a l 1  loops; i f  t he  program being optirnized i s  s o  

l a r g e  t h a t  a l 1  value numbrrs i n  t h i s  range a r e  used, ne switch 

t o  use of P- curva1 r a t h e r  than  ~ r e v a l .  A f t e r  i n i t i a l i z a t i o n  a  

main loop s t a r t i n g  a t  t h e  l a b e l  next i tem i s  entered;  t h i s  loop 

begins with a  te rminat ion  t e s t ;  i n  t h e  n o n - t e m i n a t i o n  case,  

t he  algori thm advances t h e  now p o i n t e r  t o  re ference  t h e  next  

fol lowing item of code t e x t ,  d e t e r m h e s  t h e  operut ion code 

contained i n  t h e  opera t ion  rode f i e l d  of t h e  i tem t o  be 

proressed,  and t r a n s f e r s ,  us ing  a  ca lcu la t ed  go-%o statement ,  
t o  whatever subprocess i s  appropr i a t e  f o r  t reatment  of an 

operat ion of each of severa1  poss ib le  types.  The necessary 

t r a n s f e r  i s  governed by the  values  he ld  i n  an a r r a y  kind(op)  

which as s igns  an opera t ion  type t o  every opera t ion  code which 

can occur i n  t h e  code t e x t .  

The f i r s t  a d d i t i o n a l  opt imiza t ion  t o  follow redundant 

expression r lminat ion  and cons tant  d e t e c t i o n  i s  code motion. 
A s u b r m t i n e  maymove i s  employed t o  determine whether t h e  

opera t ion  c u r r a n t l y  under examination nay be moved out  of one 

o r  more loops.  This subrout ine,  described. i n  more d e t a i l  i n  

Table 111, compares t h e  maximum of t h e  value numbers of t h e  

two input  arguments of the  c u r r e n t  c a l c u l a t i o n  with appropr ia te  

value number f i e l d s  i n  re levant  backward branch items momentarily 

contained i n  t h e  loop and branch s t ack .  Maymove r e t u r n s  buth 3n 
i n d i c a t i o n  of t h e  p lace  i n  t h e  modified code t e x t  t o  which a 

movable i n s t r u c t i o n  i s  t o  be moved and t h e  value number t o  be 

assigned t o  a  moved i n s t r u c t i o n .  Whenever an i n s t r u c t i o n  i s  

moved, t h e  loop and branch s t a c k  e n t r y  r ep resen t ing  t h e  



l a r g e s t  loop out of which it i s  poss ib le  t o  move t he  given 

i n s t ruc t i on  i s  updated t o  r e f l e c t  t he  f a c t  t h a t  one add i t iona l  
I 

operat ion has been moved out of t he  loop. 
I n  those r a r e  cases i n  which so  many operat ions have been 

moved out of a loop o r  t o  the  head of a  forward branch a s  t o  

make i t  impossible t o  ass ign d i s t i n c t  value nwnbers i n  t he  

reserved range associa ted  with t h e  loop o r  forward branch t o  

every moved operation, we ass ign  unreserved value numbers and 

increment t he  value nwnber qounter. I n  such unusual cases 

our algorithm may f a i 1  t o  de tec t  t h e  movabili ty of l og i ca l l y  movable 
i n s t ruc t i ons  subsequently encountered . 

Indexed load operations a r e  handled i n  much t he  same way 

as  ordinary computations, except i n  regard t o  the  treatment 

of compile-time constants .  The treatment of these  operat ions,  
a s  well  a s  the  treatment of indexed s t o r e  operat ions,  i s  
described i n  d e t a i l  i n  Table 11. 

Subroutine c a l l  items i n  t h e  code t e x t  a r e  handled by 

ass igning new value numbers t o  every argument of t he  subroutine 
(if add i t iona l  information concerning the  subroutine were 

avai lable ,  i t  would be s u f f i c i e n t  t o  ass ign new values only 

t o  those subroutine a rpmen t s  which t he  subroutine might change) , 
a s  well  a s  t o  every ffcornrnonff va r iab le  o r  a r ray  which can p o ~ s i b l y  
be modified before re tu rn  from the  subroutine occurs. 

Whenever a new value nwnber i$ assigned t o  a  va r iab le  o r  a r ray  

name, a  pseudo-assignment operation i s  added t o  the  modified code 
t e x t ,  making it poss ib le  t o  reconstn ic t  the  corresp~ndence  between 

value numbers and grogrammer names. Function c a l l  items occurring 

i n  the  code t e x t  a r e  handled like subroutine c a l l  items,except tha t  the 

name of a  funct ion must be t r e a t e d  a s  an add i t iona l  argument 
of the  funct ion.  Note t ha t ,  i f  the  optimizer i s  informed t h a t  

no c a l l  t o  some c e r t a i n  funct ion  F can have "side e f f ec t s " ,  i .e . ,  
t h a t  no such c a l l  causes re-usable inforrnation t o  be s to red  

anywhere but i n  t he  ce11 containing t he  returned funct ion  value, 
a  c a l l  t o  F rnay be t r ea t ed  sirnply a s  a multi-argument operationS. 



I n  t h i s  case, redundant c a l l s  t o  t h e  func t ion  can be el iminated,  

and f u n i t i o n  c e l l s  occurr ing wi th in  loops can be moved, under 
r e s t r i c t i o n s  which a r e  ev ident  gene ra l i za t ions  of those  
applying t o  ordinary bina ry  opera t ions  . This opt imizat ion 
may be q u i t e  valuable;  t h e  algorithms which follow, however, 
do not  inzlude it. 

The remaining p a r t s  of t h e  algori thm shown i n  Table I1 
desc r ibe  t h e  processes  necessary for t h e  t reatment  of forward 
branches, backward branches, and l a b e l  i tems occ-urring i n  t h e  

code t e x t .  On t h e  occurrence of a  forward branch item, t h e  
a l g o r i t h  s e t s  up a  new e n t r y  a t  t h e  top  of t h e  loop and branch 
s tack ,  pos t ing  i t s  d e s t i n a t i o n  l a b e l  f i e l d ,  i t s  branch i tem 
number, t h e  s e r i a 1  number of t h e  l a s t  preceding s t o r e  operat ion,  

t h e  number of t h e  f i r s t  i tem i n  t h e  a v a i l a b l e  cornputations s t a c k  
which l i e s  wi th in  t h e  forward branch, t h e  l a s t  code i tem 
prebeding t h e  forward branch, and t h e  c u r r e n t  s t a t e  of t h e  value 
number counter.  A range of some 100 value numbers i s  skipped, 

thereby raserv ing  these  value numbers f o r  such code i tems a s  
may subsequently be moved t o  t h e  head of t h e  branch, and t h e  

l i m i t  of t h i s  skipped range of value numbers i s  posted.  A 

s l i g h t l y  changed copy of t h e  branch item, i n  which t h e  condi t ion  

governing a cond i t iona l  branch i s  represented by a  value number, 
i s  a l s o  added t o  t h e  modified code t e x t .  

Forward branches a r e  temiinated and loops i n i t i a t e d  by t h e  
occurrence of a  l a b e l  i tem L i n  t h e  code t e x t .  T.he procedure 
necessary f o r  t r e a t i n g  such items i s  shown i n  Ta'ble 11, 
fol lowing the  poin t  marked -- l a b e l  i n  the  a l g o r i t h n  of t h a t  t a b l e .  
Al1 forward b r a n c h e ~  terrninating a t  L a r e  handled before  any 

loops beginning a t  L a r s  considered.  The forward branch termi- 
n a t i n g  procedure i s  a s  fol lows.  The f i r s t  forward branch i tem 
represent ing  a  forward Q r a n s f e r  which terminates  a t  a  poin t  
from which L may b e t  reached by a  s e r i e s  of backward branches 
i s  determined; the  s e c t i o n  of code l y i n g  between t h i s  forward 
t r a n s f e r  i tem and t h e  te rminat ing  l a b e l  def ines  a maximal 
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goby kind (op) (computstion, 

l a b e l ,  simpassign, 

indxassign,  indxload, c a l l ,  

func t ion ,  branch, loop, labe 

i f  (valnuni(code(i1) ) .eq. O )  

c a l l  newval ( i1) ;  

i f  (valnuni(code ( i2)1eq .  O )  

c a l i  n-wvai( i2) ;  

v1 = va lnun(code( i1 ) ) ;  
v2 = valnum(code(i2)) ;  

i f ( c o n s t ( c o d e ( i l ) ) . a n d .  

const  ( c o d e ( i 2 ) ) )  go t o  fo ld ;  
o ldva l  = f ind(op ,v l ,v2) ;  

i f  (o ldval .  eq. 0 )  go t o  no tava i l ;  

e l s e  const  (code(now)) = no; 

valnwn(code(now)) = oldval ;  
go t o  nextitem; 

no tava i l ;  

x a n s f e r  t o  subprocess appropr i a t e  

f o r  t r e a t m n t  of opera t i o n s  of 

var ious kinds; 

~ e g i n n i n g  of process  f o r  t r e a t i n g  

norma1 binary operat ions;  

Xeterinine two input  argwnent 

code items; 

if t h e  f i r s t  input  argument of 
t h e  cu r ren t  oppra t i o n  ha s not  

y e t  been assigned a value number, 

c a l l  a  subrout ine  t o  a s s i @  it a 

value number h i t h e r t o  unused; 
:arry out  corresponding procedure 

f o r  second input  argument of 

c u r r e n t  operat ion;  
letermine t h e  value number of 

input  a rguments ; 
if both input  arguments a r e  cons tan ts ,  

compile time c a l c u l a t i o n s  can be donu; 
;ry t o  f i n d  a v a i l a b l e  p r i o r  value 

nunber with i d e n t i c a 1  opera t ion  

and inputs ;  

neturned value of O means no such 

c a l c u l a t i o n  ava i l ab le ;  
3lse mark non-constant; 

ind a s s ign  value nwnber found; 
~ o o p  back t o  process  next  code item, 

p lac ing  no i tem i n  modifiedcodetext; 

.n nonredundant case,  an opera t i o n  

w i l l  be performed and a  cor res-  

ponding nuw e n t r y  must be made 

in t h e  a v a i l a b l e  items s tack;  



c a l l  h a s h i n ( a p t r )  ; 

const(code(now)) = no; 

c a l l  maymove (max ( v l ,  v2) ,yesno, 

p lace ,  valnumber) 

i f (yesno.eq.yes)go t o  move; 

e l s e  valnum(code (now ) )=curvai; 

va lnum(ava i l ( ap t r )  ) = curva l ;  

c u r v a l  = curva l  + 1; 
us ing  information from 

appropria t e  f i e l d s  of 

a v a i l ( a p t r ) ,  add operat ion 
i tem t o  end of modified 

code t e x t ;  

go t o  nexti tem; 

nove : 
valnua(code (now ))=valnuxber;  

us ing  inforrnation f r o n  appropri  

a t e  f i e l d s  of a v a i l ( a p t r ) ,  s e t  
up nod i f i ed  code t e x t  i tem i n  

place suppl ied by maymove -- 
subrout ine;  

go t o  nexti tem; 

3et opera t ion  f i e l d ,  

f i r s t  and second input  value 

f i e l d s  f o r  newly performed calcu-  

l a  t i o n ;  

~ p d a  t e  a v a i l a b l e  ca lcu la  t i o n s  

hash tab le  t o  re ference  new item; 

nark computation a s  non-constant; 

s a l 1  major subrout ine  t o  determine 

if c a l c u l a t i o n  i s  movable and new 
l o c a t i o n  and value number of 

ca lcu la  t i o n ;  
i f  movable, go t o  code motion sequence; 

e l s e  e n t e r  value nunber i n t o  

code i tem f i e l d ;  

a s s i g n  same numerr t o  i tem i n  

a v a i l a b l e  values a r ray ;  

increment value number counter;  

loop back t o  process  nzxt  code iteni; 

e n t e r  subrout ine-suppl ied value 

number i n t o  code i tem f i e l d  
a s s ign  same number t o  i tem i n  

a v a i l a b l e  values  a r ray ;  

loop back t o  process next  code item; 



c l  = cons tva l (v1) ;  
c2 - cons tva l (v2) ;  

C = c a l c u l a t e  (op, c l ,  c2) ;  

constop: 
const  (code(now)) = yes; 
valnum(code(now)) = v; 

go t o  nexti tem; 

nvw cons t : 
i f (preva l .ge .1000)  go t o  a l t ;  

v  = preval ;  
p reva l  = preva l  -t- 1; 

c o n s t p t r  = c o n s t p t r  + 1; 

a l t :  
v  = curval ;  

beginning of sequence t o  handle  

compile-time cons tant  ca lcu la  t i o n s ;  

f i n d  cons tant  values  f o r  both 
input  argumnnts; 

apply s p e c i f i e d  opera t ion  t o  
a  rgument va l u e s  ; 

at tempt  t o  f i n d  c a l c u l a t e d  value 
i n  cons tants  t a b l e ;  

i f  no t  a v a i l a b l e ,  t r a n s f e r  t o  
"new cons t a n t  " sequence; 

f l a g  c u r r e n t  code i tem a s  constant ;  
e n t e r  value nwnber r e f  erencing 

cons tant  i n  c u r r e n t  code item; 
loop back t o  process  next  code item; 

use a l t e r n a t e  procedure i f  

reserved range of value numbers 

i s  exhausted; 
a s s ign  new value numbzr f o r  new 

cons tant  incrementi reserved 
value number counter;  

a s s ign  value' nwnber and ca lcu la t ed  
cons tant  value t o  new constant  

value t a b l e  entryg 
increment top  p o i n t e r  of constant  
value t a b l e ;  

loop back t o  f i n i s h  t reatment  
of cu r ren t  item; 

i f  reserved range of value numbers 
i s  exhausted, use  ordinary r a t h e r  
than reserved value number; 



curva l  = curva l  + 1; 

simpassign: 

v a r i a b l e  = i n l ( i t e m ) ;  

quan t i ty  = i n 2 ( i t e m ) ;  

if(valnurn(c~de(~uantity)).eq,~) 

c a l l  newval ( q u a n t i t y )  ; 

valnum(code(variab1e)) = 

valnum(code ( q u a n t i t y )  ) ; 
const  (code ( v a r i a b l e )  ) = 

const  (code (quan t i ty  ) ); 
us ing  valnwn(code(var iabJ .e) ) ,  

s e t  up a  modified code t e x t  i tem 
represent ing  a simple assignment 

operat ion,  and add i t  t o  the  end 

of thv modified code t e x t ;  

go t o  nextitem; 

indxassign: 

v a r i a b l e  ,= i n l ( i t e m ) ;  

index = i n 2 ( i t e m ) ;  

quan t i ty  = i n3 ( i t em) ;  

if(valnum(code(quantity).eq.~) 

c a l l  newval(quant$ty) ; 

increment ord inary  value number 

counter,; . 

beginning of sequence f o r  

t reatment  of simple assignment 

operat ion;  
determine v a r i a b l e  t o  which 

assignment i s  made; 

determine quan t i ty  being assigned 

to var i ab le ;  
i f  t h e  right-hand s i d e  of the  

assignment opera t ion  has  no t  y e t  

been given a  value number, c a l l  

a  subrout ine  t o  a s s i g n  i t  a  value 

number h i g h e r t o  unused; 

a s s ign  value number of quan t i ty  
a s  value number of va r i ab le ;  

va r i ab le  a l s o  i n h e r i t s  cons tan t  

b i t  from quant i ty ;  

loop back t o  process  next  code item; 

determine indexed v a r i a b l e  t o  which 
assignment i s  made; 

determine index expression; 

determine quan t i ty  being assigned 

t o  va r i ab le ;  
i f  t h e  right-hand s i d e  of t h e  ass ign-  

ment operat ion has not  y e t  bven given 

a  value nwnber, c a l l  a  subrout ine 
t o  g ive  it a value nwnber h i t h e r t o  
unused; 



valnwn(code ( v a r i a b l e )  )=  curval ;  

us ing  the  a r r a y  nams v a r i a b l e  -- 
and the  new value nurnber -- curvsl, 
s e t  up a  modified code t e x t  

item reprecent ing  a pseudo- 

assignment of ---- curva1 t o  v a r i a b l e  

and add i t  t o  the  end of t h e  
modified code t e x t ;  

cu rva l  = curva l  -t- 1; 

opn(avail(aptr))=indexed f e tch;  

va11 ( a v a i l  ( a p t r )  )=  var i ab le ;  
v a l 2 ( a v a i l ( a p t r )  ) = index; 

va lnum(avai l (ap t r )  ) = 

valnum(code ( q u a n t i t y ) )  ; 
i s c o n s t  ( a v a i l ( a p t r ) )  = 

const  (codr ( q u a n t i t y )  ); 
c a l l  h a s h i n ( a p t r ) ;  

us ing  in f  orina t i o n  f rom 

appropr ia te  f i e l d s  of 

a v a i l ( a p t r ) ,  add indexed 
s t o r e  operat ion item t 0  

2nd of modified code t e x t ;  
go t o  nextitem; 

il = i n l ( i t e m ) ;  i2= in2( i t em)  
if(valnum(code(il).eq.~) 

c a l l  newval( i1) ;  

nd  do t h e  sama f o r  the  index 

quan t i ty  apprar ing i n  t h e  

assignmsnt statement;  

iss ign new value number t o  va r i ab le ;  

ncrement value number counter;  

.ons t ruc t  new a v a i l a b l e  value i tem 

represent  i n g  indexed expression 

by s e t t i n g  opera t ion  f i e l d ,  

f i r s t  and second input  value f i e l d s ;  
iss ign value number of quan t i ty  a s  
value number of indexed expression; 

mdexed expression a l s o  i n h e r i t s  
cons tan t  b i t  from quant i ty ;  

ipda t e  a v a i l a b l e  cal.culations hash- 
t a b l e  t o  re ference  new item; 

Loop back t o  process next  code item; 

jequence f o r  handling indexed load 

operat ion;  
letermine v a r i a b l e  and index of load; 
i f  t h e  f i r s t  input  nrgumrnt of t h e  

indexed load opera t ion  has not 

y e t  been assigned i9 value number, 

c a l l  a  subrout ine t o  a s s ign  i t  a  
value nwnber h i t h e r t o  unused; 



i f  (valnum(code (12)). eq. O )  

c a l l  newval( i2) ;  

v1 = valnum(code (il) ); 
v2 = valnum(code(i2));  
e l s e  o ldva l  = find(op,vl,v2); 

i s c o n s t  = f indc  (op,vl ,v2);  

const  (code(now)) = i sconct ;  

valnum(code(now)) oldval ;  

go t o  nextitem; 

c a l l :  
examine a l 1  thy arguments of 

c a r r y  out  corresponding procedure for 

second ' input  argwnent ( index)  of 

1 ~ a d  operat ion;  

determine t h e  value 

numbers of v a r i a b l e  and index; 

e l s e  t r y  t o  f i n d  a v a i l a b l e  p r i o r  

value number with i d e n t i c a 1  

opera t i o n  and inputs ;  
re turned value of O means no such 

ca lcu la  t i o n  ava i l ab le ;  

3etermine cons tant  a t t r i b u t e  from 

b i t  of a v a i l a b l e  i tem e n t r y  found; 

s e t  cons tan t  a t t r i b u t e  appropr i a t e ly ;  

5ssig.n value number found; 

loop back t o  process  next  code item; 

equence t o  handle subrout ine c a l l s ;  

t h e  subrout ine c a l l ;  I 
i f  an argument i s  a aomplex I 

expression r a t h e r  than a simple I 
v a r i a b l e  o r  an indexed var iable ,  I 
go on t o  examine t h e  next  argu- 
ment ; 

i f  t h e  a r g m e n t  j under examinate _I 
i s  an indexed quant i ty ,  go t o  

indxa rg; 
e l s e  execute valnum(code( j)) I ssign new value number t o  

= curval ;  I subrout ine  argurnent; 

curva1 = curva1 + 1; knirement value number counter;  
add pseudo-store i n t p  argument 

t o  end of modified co4e t e x t ;  

go on t o  examine the  next  I 



when a l 1  arguments heve been 

examined, a s s i g n  a  new value 

number t o  every a d d i t i o n a l  

indexed o r  unindexed va r i ab le  

whose value t h e  subrout ine 

may a f f e c t  and add co r res -  

ponding pseudo-store operat ions 

t o  m3dified code t e x t ;  

go t o  nextitem; 

indxa r g  : 
s e t  j l  = var i ab le  occurr ing i n  

the  indexed quan t i ty  
valnum(code(j1))  = curval ;  

curva l  = curva l  + 1; 

add pseudo-store i n t o  argument 
to 2nd of modified code t e x t ;  

add copy of code t 2 x t  i tem t o  

2nd of modified code t e x t ;  

go on t o  examine next  subrout ine 
a rgummt ; 

funct ion:  

valnum(code(now)) = curva l ;  

curva1 = curva l  + 1; 
c ~ n s t ( c o d e ( n o w ) )  = no; 

go t o  c a l l i  

branch : 
i f  branzh i s  uncondi-tional, 
put v1 = O and go tomcbranch; 

c l s e  il = cond(code(now)); 

i f  valnum(code (il). eq. O )  

c a l l  newval (il) ; 

v1 = valnurn(code (il) ); 

oop back t o  process next  code 

s s i g n  new value number t o  
subro-utine a rgument.; 

ncrement value number counter;  

item; 

s s ign  new value number t o  

cur rent  code .item; 
ncrement value nwnber counter;  

l a g  func t ion  operati-on a s  nonconstant; 
o  back t o  t r s a t  argwnents by 

norma1 subrout ine c a l l  procedure; 

equence f o r  t r e a  t i n g  f oriiard branch 

opera t ion ;  

f t he  branch i s  condi t iona l ,  

check t o  see  tha-t t he  condi t ion 
argurnent has been assigned a  value 

number; i f  not ,  assi-gn i t;  

etermine value nunber of condi t ion;  



uncbranch: 
us ing  information i n  f i e l d s  of 

code (now), toge the r  wi th  value 

v l ,  s e t  up forward branch i tem 
and add it t o  end of modified 

code t e x t ;  
type ( l u p s t a k ( 1 b p t r ) )  = branch; 

t l a b e l ( l u p s t a k ( 1 b p t r )  ) = 

d l a b e l  (code (now)) ; 
i t n u m ( l u p s t k ( l b p t r ) ) =  

itnum(code(now)) 
s t o r n u m ( l u p s t a k ( l b p t ~ ) )  = 

stornum(code(now)) 

f i r s t a v ( l u p s t a k ( 1 b p t r )  ) = apt r :  

l e t  l o c  be t h e  l o c a t i o n  of t h e  .- 
l a s t  modified code t s x t  i tem 
preceding the  cu r ren t  branch; 

lstcoditm(lupstak(lbptr))= l o r ;  

cu rva l  = curva l  + 100; 

lstskpdva1(lupstak(lbptr) )=curvai; 

l b p t r  = l b p t r  + 1; 
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3hter  a new i tem a t  t h e  top  of 

the  loop and branch s tack ,  
f l agg ing  i t  a s  a (forward) branch; 

~ o s t  t h e  d e s t i n e t i o n  l a b e l  of the  

branch, i t s  branch i tem number, and 

t h e  number of the  l a s t  preceding 
s t o r e  operat ion;  

n s t  the  number of t h e  f i r s t  i tem 

i n  t h e  a v a i l a b l e  values  a r r a y  

which l i e s  wi th in  t h e  forward branch; 

m t  t h e  l a s t  i n s t r u c t i o n  irnmediately 

preceding the  forward branch and t h e  
c u r r e n t  s t a t e  of t h e  value number 
counter;  

kip 100 value numbers t o  use f o r  

poss ib le  c a l c u l a t i o n s  move t o  
point  preceding branch i n  l a t e r  
processing 

x t  l a s t  skipped value number i n  
Forward loop and branch s t a c k  item; 

~c rement  top  p o i n t e r  f o r  loop 

branch s tack;  



go t o  nrxt i tem; 

i f  backward branch i s  

uncondi t ional ,  put  v1 = O and 
go t o  uncloop; 

e l s e  il = cond(code(now)); 

if valnum(code(i l ) .eq.0)  
c a l l  newval( i1) ;  

unc100p; 
us ing  information i n  f i e l d s  of 

code(novd), t oge the r  with value 

v l ,  s e t  up backward branch i t v m  
and add i t  t o  end of modified 
code t e x t ;  

i t m o  .= targetno(code(now));  

qualnum = qualno(code(now)); 

f i n d  t h e  e n t r y  on lups tak  whose 
i tem nusber i s  i t A m o  and  whose 

q u a l i f i c a t i o n  number i s  qu-ilnm; 

l e t  p lace  = l o c a t i o n  of t h i s  

en t ry  on lupstak;  

l s t c o d e  = lstcoditm(lupstak(place)); 

I s tuzd = lstuzdval(lupstak(place))~ 

lstkpd=lstskpdva1(lupstak(place)) 1 

note t h a t  t h e  branch i s  no t  y e t  

known t o  e n t e r  any loop, and 

t h a t  i t s  te rminat ing  l a b e l  has 

no t  y e t  been encountered; 

Loop back t o  process  n r x t  code item; 

sequenie f o r  t r e a t i n g  100p 

(backward brancQ operat ion;  

if t h e  backward branch i s  cond i t iona l ,  

check t o  see  i f  t h e  condi t ion  

argument has been assigned a  value 
number; i f  no t ,  a s s ign  it; 
letermine value nunber of condi t ion;  

Letermine t h e  branch i tem number 

and t h e  q u a l i f i c a t i o n  number of 

t h e  lups tak  . i t em termina t ed  by 
t h i s  backward branch; 

etermine t h e  l a s t  (code i tem 
preceding t h e  loop being termina ted ,  

a s  we l l  a s  the  l a s t  used value 

number- and the  l a s t  skipped value 

number a t t a c h i n g  t o  t h i s  loop; 



lbpstr = lbptr 1; 

for al1 j from place+l to lbptr, 

do al1 instructions ti11 lupitem; 

if (type(lupstak(j)) .eq.loop) 
go t.0 isloop; 

else lupstak( j-l) = lupstak(j) 

go to lupitem; 

isloop 

lupstak( j-l) = lupstak( j); 

lstcoditm(lupstak( j-l))=lstr,ode; 

lstuzdval(lupstak(j-1))~lstued; 

lstskpdval(lupstak( j-1))=18tskpd; 

if ((firstin.ne.~).and. 

(firstent(j-l),ne.0)) then 

firstent (lupstak( j-l) ) 
= min(firstent(lupstak(j-l)), 

firstin); 
else ii(firstln.ne,~) . 

firstent(lupstak(j-l))=firstin; 

lupitem: 

c ont inue ; 
go to nextitem; 

ietermine the branch item number 

of the v f irs t branch entering the 

loop being teminated or any 

loop interlocked with it; 

iecrement top pointerof loop stack; 

~ranch items on the branch and 

loop stack are merely moved to 

fi11 empty slot; 

ìequence for treating loop item 

on loop and branch stack; 
"locate item; 

iedef ine al1 loop items higher on 

the branch and loop stack than 

the loop item being temninated to 
have the same code-motion contro1 

information as the loop item 

being terrninated; 

ledefine the first entering branzh 

for each loop item higher on the 
branch and loop stack than the 
loop item being temninated to be 

the ea rliest branch entering 
either the former or the latter loop; 

rhen al1 relevant loop and branch 
stack items have been prozessed, 
transfer back to treat thz next 

item in the code text; 



itmno = f i r s  tbranch(code (now ) ) 

if (itmno.eq. 0)  go t o  nobranch; 

f i n d  branch en t ry  on lups tak  
whose branch i tem nuniber i s  itmc 
let place  = l o c a t i o n  of t h i s  

en t ry  on lups tak ;  
a p t r  = firstav(lupstak(place))~ 

lows tor - s to r i~urn( lups tak(p lace)  ); 

hystor=stornum(code (now ) ); 

remove - 0;  

ieginning &' sequence f o r  t rea tment 

of l a b e l  i tem appenring i n  rode; 
f i r s t  a l 1  operat ions r e l a t e d  t o  
f orward branzhes te rminat ing  a t  
t h i s  l a b e l  must be c a r r i e d  ou t ) ;  

Letennine branch nwnber of f i r s t  
forward branch which terminates  
a t  a po in t  f r o a  which t h e  cu r ren t  
l a b e l  may be reached by a s e r i e s  

of backward branches ; 
.f no such branch e x i s t s ,  s k i p  
f i r s  t pa rt of procedure 

*ese t  t h e  t o p  p o i n t e r  f o r  t h u  

a v a i l a b l e  values s t a c k  t o  tbe  
value assoc ia ted  with t h e  longes t  
branch item terminat ing  a t  a 
p a i n t  from which t h e  cu r ren t  l a b e l  
may be reached by a s e r i e s  of 
backward branches; 
letermine t h e  nwnber of t h e  f i r s t  
s t o r e  i tem wi th in  ' th is  same branzh; 

letermine t h e  nwnber of t h e  l a s t  
s t o r e  opera t ion  preceding t h e  

cu r ren t  l a b e l ;  
:ali. subrout ine t o  a s s i g n  new 
value number t o  every v a r i a b l e  
referenced by s t o r e  i n  f orward 
branch,' 
~ n i t i a l i z e  number o:P branch items 
t o  be removed; 



l a b l  = labname (code (now ) ) ; 
f o r  a l 1  j from p$ace t o  l b p t r - l  

do a l 1  i n s t r u c t i ~ n s  t o  britem; 
i f  (k ind( lups tak (  j ) )  .eq.loop) 

go t o  s h i f t ;  

if(tlabel(lupstak(j)).eq.labl) 

go t o  examine; 

f i r s t a v ( l u p s t a k (  j ) )  = a p t r ;  

shif t: 
l u p s t a k (  j-remove) = l u p s t a k (  j): 

go t o  britem; 

examine : 
i f  ( n e e d ( l u p s t a k ( j ) )  .eq.0) 

go t o  suppress;  

go t o  britem; 

suppress 
remove = remove + 1; 

britem: continue; 
l b p t r  = l b p t r  - remove; 

note  nsme of cu r ren t  l a b e l ;  

Iloop items on loop and branch 
I s t a c k  a r e  merely t o  be moved; 

l o t h e r  than f i r s t  branch items 
I t e rminat ing  a t  c u r r e n t  l a b e l  a r e  

t o  be examined f o r  suppression; 
r e s e t  f i r s t  included computation 

I re ference  of a l 1  r e l evan t  forward 
branch Items on loop and branch 
s t a c k  t o  re ference  c u r r e n t  p o s i t i o n  
of a v a i l a b l e  computation top  po in te r ;  

loop i tems and unsuppressed branch 
items a r e  moved t o  new loca t ion ;  

and cont inue i t e r a t i o n ;  

i f  forward branch i tem does not  

d e f i n e  a poss ib le  t a r g e t  f o r  code 
motion, suppress it; 

otherwise merely f l a g  it a s  a 
terminated forward branrh item; 

go on t o  process  next  i tem on loop 
and branch s tack;  

removed i tem counter  i s  incremented 
by 1 f o r  each suppressed branch item; 



l a s t l o o p  = l as t lup(code(now)) ;  

i f ( l a s t l o o p . e q . 0 )  go t o  nexti tem; 

lowstor  - stornum(code(no~ni)); 

t h i s p t  = l a s t l o o p ;  

repea t : 

i n s e r t  no-op code i tem a t  end of 

modified code t e x t ,  and l e t  l o c  
be i t s  loca t ion ;  

t h i s  = c o d e p t r ( l i s t ( t h i s p t ) ) ;  

curva l  = curva l  -+ 100; 

f t h e r e  i s  no such loop, t r a n s f e r  

back t o  process  nex,t code item; 

etermine number of f i r s t  s t o r e  opér8- 

t i o n  irnmedia t e l y  f ollowing l a b e l ;  

n i t i a l i z e  p o i n t e r  t o  i tem i n  

l o o p - l i s t  belonging t o  given l a b r l ;  

e t  up p o i n t e r  t o  f i . r s t  i tem i n  

l o o p - l i s t  belonging t o  given l a b e l ;  

. n i t i a l i z e  loop number count; 

iead of i t e r a t i v e  loop f o r  t reatment  

of successive loops r e f  erencing 

given l a b e l ;  

0 

9 

ietermine t r a n s f e r  i tem i n  code 

stream corresponding t o  l o o p - l i s t  
en t ry  c u r r e n t l y  be:ing processed; 

m i l d  up new loop i tem a t  top of 

loop and branch s tack ,  f l agg ing  
it a s  being of type loop, and 
no t ing  the  l a s t  i n s t r u c t i o n  

irnmediately preceding the  loop 

and t h e  cu r ren t  s t a t e  of the  

beginning of sequence f o r  s e t t i n g  

up loop items represent ing  loops 

beginning a t cu r ren t  l a b e l ;  

determine p o i n t e r  t o  l a s t  loop 

( r eve r se  branch) i tem termina t i n g  

, i n  t h e  p resen t  l a b e l ;  

i 

d 

i 
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i 
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value number counter;  

sk ip  100 value numbers t o  use f o r  

poss ib le  ca lcu la  t i o n s  moved out 
of loop i n  l a t e r  processing; 



I 

firstent(lupstak(1bptr)) = 

f i r s t e n t  ( c o d e ( t h i s ) ) ;  

i f  ( f i r s t e n t  (code(th3.s)) . e q . ~ )  

go t o  pos te r ;  

e l s e  f i n d  t h e  en t ry  on t h e  loop 
and branch s t a c k  whose branch 

i tem nuxtber i s  

f i r s t e n t  ( c a d e ( t h i s ) ) ;  

l e t  j be t h e  l o c a t i o n  of t h i s  

i tem on t h e  loop and branch 

s tack;  
s e t  n e e d ( l u p s t a k ( j ) )  = 1; 

pos ter :  

i t num( lups tak (1bp t r ) )  = itmno; 

hystor=stornum(code ( t h i s  ) ) ; 

c a l l  newvalno(lowstor,hystor) 

pos t l a s t  skipped va lue  number 

i n -  new ioop item; 
post  branch i tem number of f i r s t  
branch e n t e r i n g  loop, t ak ing  

value f rom corresponding f i e l d  

i n  loop-terminat ing backward 

branch; 
check f o r  loop entered by 

f orwa rd branch; 

f l a g  iorward branch i tem a s  

d e f i n i n g  poss ib le  code motion 

des t ina  t ion ;  

post  branch i tem nwnber of l a b e l  

and loopcourt  of d i s t i n g u i s h i n g  

modif ie r  in new l u p s t a k  item; 

e n t e r  loopcount a s d i s  t i ngu i sh ing  
modif ier  i n t o  loop-closing 
backward branch code item; 

determine l a s t  s t o r e  opera t ion  from 
which d i r e c t  r e t u r n  t o  a p a i n t  

wi th in  loop being processed i s  
pos s i b l e  

c a l l  subrout ine t o  a s s ign  new 
value number t o  every v a r i a b l e  

t o  which assignment i s  made 

wi th in  extended loop; 



lupcoimt = lupcount + 1; 
i f  ( t h i s p t  . e q . f i r s t p t )  

go t o  next i tem 

t h i s p t = p r e v ( l i s t  ( t h i s p t  ) ) ; 
go t o  repea t ;  

increment qualifica t i o n  counter;  

check f o r  completion of processing,  
a l 1  loops t o  given l a b e l ;  on 
completion t r a n s f e r  back to-  

take  up next fol lowing code item; 
e l s e  pass  t o  preceding l o o p - l i s t  
e n t r y  and go t o  process  t h i s  

en t ry ;  

2nd of main process of l i n e a r  

nes ted  ~ e g i o n  optimizer;  
50 on t o  any a d d i t i o n a l  s t e p s  

of code t r a n s f  orma t i o n  and/or 

genera t i o n  

forward branch no t  te rminat ing  a t  t h e  l a b e l  being processed o r  
which i s  t h e  f i r s t  forward branch e n t e r i n g  some loop .is moved t o  
preserve the  packed condi t ion  of t h e  loop and branch s tack ,  and, 
a t  t h e  same time, t h e  f i e l d  i n  such an i tem referenc ing  t h e  f i r s t  
cornputation i n  the  a v a t l a b l e  computations s t a c k  included wi th in  
the  forward branch i s  r e s e t  t o  t h e  value t h a t  t h i s  f i e l d  has i n  
t h e  longes t  branch te rminat ing  a t  t he  l a b e l  c u r r e n t l y  being 
processed. The necess i ty  f o r  such changes may be seen by 
consul t lng  Figure 19.  



b ranch 
A 

branch 
B 

when branch A i s  f i r s t  represented i n  the  

loop and branch stack,  i t  w i l l  show an l- in teger  I as  the  s e r i a 1  number of the  f i r s t  

computation avai lable  within i t s  scope 

when branch B i s  f i r s t  represented i n  the  
1' 

loop an@ branch s t ack , i t  w i l l  show an in teger  
J > I a$ the  s e r i a 1  number of the f i r s t  

computatjon avai lable  within i t s  scope 

4 when branch A i s  terminated, a l 1  computations 
i n  i t s  scope a re  removed from avai lable  compu- 
t a t i ons  l i s t  . The f i r s t  avai lable  computation 
following the  terminating l a b e l  w i l l  then be 
assigned the s e r i a 1  number I. Branch B must 
be adjusted t o  reference t h i s  s e r i a l  number 

when branch B i s  terminated, a l 1  computations 
with, s e r i a 1  numbers exceeding I are  removed 
from the avai lable  conputations stack. 

Figure 19. Processing of in te r loc ing  f orward branches . 
_1 

In  the case i n  which a loop and branch stack item representing 
a forward branch i s  not suppressed on encountering i t s  terminating 
labe l ,  the  l i v e  b i t  i n  the  s tack item i s  dropped t o  indicate  t h a t  
the  l abe l  has bzen encountered. 

Once a l 1  the forward branches terminating a t  a given l a b e l  
have been processed, a s e t  of new backward branch items, one 
such item corresponding t o  each backward branch termina t i n g  a t 
the given labe l ,  i s  introduced a t .  the top of the  loop and branch 
stack.  Using a counter i n i t i p l i z e d  t o  one, each of these items 
i s  assigned a dist inguishing "qualFfication number". An 

auxi l i a ry  no-operation i s  introduced i n t o  the  code s t r i n g  f o r  
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which r e t u r n  along the  corresponding backward branch t o  t h e  head 

of t h e  loop being s e t  up i s  p s s i b l ~ a n d a  subrOtitine kca i ia3  t o  g ive  

a new value number t o  each v a r i a b l e  and a r r a y  t o  which an  

assignment i s  made wi th in  t h i s  extended loop . This 

procedure a s su res  proper  t reatment  of in te r lockingloops  ( i , e , ,  

i n t e r l o c k i n g  beckward branches, cf  . Figure 15). When every 

backward branch te rminat ing  a t  a given l a b e l  has been processed 

by t h e  s t e p s  d e s c r i b d ,  t h e  t reatment  of t h e  l a b e l  i t s e l f  i s  
complete and t h e  algori thm advances t o  t r e a t  t h e  next  success ive  

code t e x t  i tem, 
We come f i n a l l y  t o  cons ider  t h e  a lgor i thmic  procedure employed 

by t h e  l i n e a r  nes ted  region ana lyzer  on encountering a backward 
bran-h. Each such backward branch terminates  a loop. By 

consu l t ing  t h e  appropr i a t e  f i e l d s  i n  t h e  code t e x t  item t o  be 

processed,  the  branch i tem nwnber and t h e  q u a l i f i c a t i o n  number 

of t h e  loop s t a c k  i tem terrninated by t h e  given backward branch 

a r e  determined. Using these  two d e s c r i p t  ors ,  a unique e n t r y  

on t h e  loop and branch s t a c k  with these  same d e s c r i p t o r s  i s  
found. The l o c a t i o n  L of t h i s  e n t r y  on t h e  loop s t a c k  is noted; 
i n  t h e  subsequent s t e p s  of processing,  a l 1  t h e  items on t h e  loop 

and branch s t a c k  which l i e  above t h i s  l o c a t i o n  w i l l  be processed.  

Since items a r e  added t o  t h e  top  of t h e  loop and branch .q s t a c k  

i n  t h e  order  i n  which corresponding l a b e l  and forward branch items 
a r e  encountered i n  t h e  code t e x t ,  every loop and branch s t a c k  

i tem l y i n g  above a backward branch i tem B being terminated 

represents  e i t h e r  
a )  a forward branch whose o r i g i n  fol lows t h e  t a r g e t  l a b e l  of B 

and whose tenninus fol lows t h e  o r i g i n  of B ( c f .  Fig. 2 0 ) ,  o r  

b )  a backward branch de f in ing  a loop in te r locked  with B, L e . ,  
a backward branch whose terminus follows t h a t  of B and whose 
o r i g i n  fol lows t h a t  of B, 
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Jt backwa rd branch 

te rminat ing  A 
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20. Correspondence between p o s i t i o n  of items on loop and 
branch s t a c k  and p o s i t i o n  of branch i-tems i n  code. 

Stack e n t r i e s  corresponding t o  t h e  two loops and the  

one forward branch shown a r e  made i n  t h e  order  A,B, C. 

When, a t  t he  poin t  ind ica ted ,  A i s  terminated,  B and 

C l i e  above i t  on the  loop and branch s t ack .  

reader  must bear  these  r e l a t i o n s h i p s  i n  mind while 

consider ing t h e  backward branch processing sec t ions  of t h e  

opt imizat ion algorithm. 

Ext rac t ing  appropr ia te  f i e l d s  of t h e  loop s t a c k  i tem a t  
l o c a t i o n  L, we d,etermine t h e  p o s i t i o n  of the  lasl;  code t e x t  i tem 

preceding t h e  loop being terminated, a s  wel l  a s  t h e  l a s t  value 
number a t t a c h i n g  t o  code t e x t  items preceding t h e  loop, and 

t h e  l a s t  skipped value number a t t a c h i n g  t o  t h e  loop. In t h e  

same way, we determine t h e  branch i tem number of t h e  f i r s t  
branch en te r ing  t h e  loop being.terminated o r  any loop i n t e r -  

locked with it. 
A t  t h i s  poin t ,  we begin t o  process  t h e  items on t h e  loop 

and branzh s t a c k  l y i n g  above t h e  i tem t h a t  has been loca ted .  
A t  t he  end of t h i s  processing,  the  loop e n t r y  o r i g i n a l l y  a t  

l o z a t i o n  L w i l l  have been de le ted  from t h e  loop and branch 
s tack ,  and a l 1  items l y i n g  above i t  moved down one p lace  t o  
maintain thv loop and branch s t a c k  i n  a densely packed condi t ion.  
Branch items processed a r e  merely moved down one p o s i t i o n  i n  
the  loop and branch s tack .  Loop items a r e  t r e a t e d  i n  a  more 

cornplex fashion.  I n  the  processing of a  loop i tem we begin 



by moving it down one p o s i t i o n  i n  t h e  loop and branch s t ack ,  

j u s t  a s  i f  i t  were a  branch item. However, t h e  l a s t  used 

value and l a s t  skipped value f i e l d s  of each loop i tem moved 

a r e  r e s e t  t o  t h e  values  which t h e s e  f i e l d s  has i n  t h e  loop i tem 

o r i g i n a l l y  a t  l o c a t i o n  L. The f i e l d  i n  each such loop i tem 

referenc ing  the  l a s t  code t e x t  i tem immediately preceding t h e  

loop i s  s i m i l a r l y  r e s e t ,  and t h e  nomina1 " f i r s t  e n t e r i n g  branch" 

f i e l d  i n  each such loop i tem i s  def ined t o  be t h e  e a r l i e s t  

branch en te r ing  any loop in te r locked  wi th  e i t h e r  t h e  loop 
represented by the i tem j u s t  moved o r  t h e  loop represented by 

t h ?  branch and loop i tem o r i g i n a l ì y a t  l o c a t i o n  L. 

These opera t ions  e f f e c t  a  kind of r e d e f i n i t i o n  of t h e  loops 

in t e r locked  wi th  t h e  loop being terminated,  a t  l e a s t  i n s o f a r  a s  

t h r  information used by the  maymove subrout ine  t o  cont ro1  code 

motion a r e  concerned. When our  opt imizer  passes  t h e  backward 

branch te rminat ing  a  given' loop A ,  t h e  e f f e c t i v e  scope of any 

in t e r locked  loop B i s  redef ined s o  a s  t o  g ive  B, a s  i t s  s t a r t i n g  

poin t ,  t h a t  o r i g i n a l l y  belonging t o  A .  The loop and branch s t a c k  

i tem represent ing  B a l s o  i n h e r i t s  i t s  " l a s t  skipped value" f i e l d  
from A; thus ,  no code i tem occurr ing  a f t e r  t h e  te rminat ing  branch 
of A w i l l  be rnoved out  of B unless  none of i t s  input  arguments 

a r e  redef ined i n  t h e  conibined scope of A and B, a l lowing t h e  

i tem t o  be moved t o  t h e  l a s t  code p o s i t i o n  precedinp A .  

Figure 21 shows t h e  success ive  " s t r u c t u r a l  views " (determined by 

t h -  s e t  of v a r i a b l e s  which a r e  assigned new value nunbers and 

t h r  iterns p resen t  on t h e  loop and branch s t a c k  a t  any given t ime) 
which t h e  opt imizer  app l i e s  t o  an in t e r locked  p a i r  of loops i n  
the  course of process ing  t h e  s e c t i o n  of code t e x t  having t h e  

f l o w  s t r u c t u r e  shown i n  t h e  f i g u r e .  



loop 

Figure 21. Processing of in te r locked  -- loops . 
(l) Actual p a i r  of in te r locked  loops.  

( 2 )  Nominal loop a f t e r  l a b e l  pl i s ,p rocessed .  
(3)  Nominal p a i r  of loops a f t e r  l a b e l  p2 i s  processed. 

( 4 )  Nominally remaining loop a f t e r  backward branch p 3 
i s  processed. 

The e f f e c t  of t h e  procedures which we have s e t  f o r t h  i s  t o  allow 
an i n s t r u c t i o n  occurr ing a t  t h e  p o s i t i o n  a shown i n  Figure 21 t o  

be moved e i t h e r  t o  t h e  f i rs t  p o s i t i o n  immediately preceding p2 o r  

t o  the  f i r s t  p o s i t i o n  Irnmediately preceding pl, while an i n s t r u c -  
t i o n  occurr ing s t  t h e  p o s i t i o n  marked p i n  Figure 21 w i l l  only 

be moved i f  i t  can c o r r e c t l y  be moved a l 1  t h e  way t o  t h e  f i r s t  

p a s i t i o n  immediately preceding pl. Note, i n  p a r t i c u l a r ,  t h a t  
we w i l l  never move an  i n s t r u c t i o n  occurr ing a t  a  p o s i t i o n  such 

a s  f3 f r o n  the  p lace  outs ide  a  loop such a s  A t o  a p lace  -- i n s i d e  

the  loop A .  Note t h a t ,  i f  loop A i s  executed more f r equen t ly  
than loop B, such motion would be undesirable .  Motion of code 

from the  range f3 i n t o  t h e  loop A might a l s o  v i o l a t e  s a f e t y  

cons t r a in t s :  c a l c u l a t i n g  a  * b before  a  reached i t s " f i n a 1 "  

value (value on e x i t  from A )  might generate  unwanted i n t e r r u p t s .  

Figure 22 shows a s e t  of backward branihes  in te r lozked  i n  s 

more complex f a  shion. 



Figure 22. Complex .- i n t e r locked  s e t  of backward branches showing 
P -.p -- 

~ g i n t s  a t  which movable ins t l ruc t ions  may be placed.  --- -. - 

Note i n  Figure 22 t h a t  a movable i n s t r u c t i o n  o r i g i n a t i n g  i n  t h e  

range marked o1 may be moved t o  the  po in t  d l l ,  t h a t  a movable 
i n s t r u c t i o n  o r i g i n a t i n g  i n  t h e  range marked 02 may be moved 

e i t h e r  t o  t h e  d e s t i n a t i o n  d21 o r  t o  t h e  d e s t i n a t i o n  d22, t h a t  

a movable i n s t r u c t i o n  o r i g i n a t i n g  i n  t h e  range 04 may only be 

moved t o  t h e  d e s t i n a t i o n  d41, e t c .  

We observe a l s o  t h a t ,  i n  processing a backward branch, a 

s l i g h t l y  changed copy of t h e  branch itern, i n  which t h e  condi t ion  

governing a cond i t iona l  branch i s  represented by a value number, 

i s  added t o  t h ~  modified code t e x t .  
This completes our  d e s c r i p t i o n  of t h e  p r inc ipe1  opt imizer  

process descr ibed by Table 11. A f t e r  process ing  a code by use 
of t h i s  a lgor i thx ,  one goes on of course t o  any a d d i t i o n a l  
s t e p s  of code t r a n s f  ormation and/or genera t ion  which a r e  requi red .  

As a l ready noted, t h e  main subrout ine used by t h e  algori thm 

shown i n  Table I1 i s  the  subrout ine  maymove. An a lgor i thmic  
d e s c r i p t i o n  of t h i s  subrout ine i s  given i n  Table 111 below. 

The maymove algori thm processes  i tems on t h e  loop and branch 
s t a c k  beginning with the  toprnost i tem and proceeding toward t h e  

bottom of t h e  s tack .  These items represent :  ( a )  backward 

branches whose t a r g e t  l a b e l s  have a l ready been encountered, but  

which have thems e lves  n o t  been encountered; ( b )  "untermina t ed"  

f orward branches, i. e., f orwa r d  branches whose t a r g e t  l a b e l s  



have no t  y e t  been encountered; ( C )  " terminated" forward 

branches, i. e., f orward branches whose t a r g e t  l a b e l s  have 

been encountered . 
Note t h a t  i t  i s  t h e  r e s p o n s i b i l i t y  of maymove t o  f i n d  t h e  

l a r g e s t  loop, a s  def ined by items ( a ) ,  out  of which one can move 

t h e  c a l c u l a t i o n  a which i t  i s  given. A s  noted i n  t h e  d i scuss ion  of 

Figure 8 above, each i tem of type ( b )  r ep resen t s  a b a r r i e r  t o  

code not ion.  We never move a "condi t ional"  ins t iz ic t ion  a, i . e . ,  

an i n s t r u c t i o n  a bypassed by a forward branch, i n t o  t h e  

"unconditional" range preceding the  forward branch. Moreover, 

and again a s  explained i n  connection with Figure 8, we never  

move an i n s t r u c t i o n  a l y i n g  wi th in  a loop entered by a forward 

branch out of t h e  loop unless  the  i n s t r u c t i o n  fol.lows the  

te rminat ing  l a b e l  of t h e  forward branch. Even i n  t h i s  case, a 

i s  only moved i f  i t  can be moved t o  a poin t  preceding the  ozcur- 
rence of t h e  forward branch. The majmove - -- algori thm shown i n  

Table 111 conforins t o  t h i s  requirement a s  follows. The e n t r i e s  
on t h e  loop and branch s t ack  a r e  success ive ly  examined, s t a r t i n g  

a t  t h e  top  of t h e  s tack ,  t h a t  i s ,  s t a r t i n g  with t,he l a s t  occurr ing 
(innermost)  loop o r  forward branch, and working down i n t o  t h e  

s tack .  During t h i s  process,  two po in te r s  t o  loop and branch 
s t a c k  loca t ions ,  and one branzh i tem number, a r e  cons tant ly  
maintained. The f i r s t  of these  i s  a p o i n t e r  j de f in ing  the  s t a c k  

l o c a t i o n  ~ u r r e n t l y  under examination, and hence de f in ing  a po in t  

t o  which a could be moved i f  not  f o r  t h e  s p e c i a l  r e s t r i c t i o n s  

applying t o  loope entered by forward branches. Two remaining 
f i e l d s ,  c a l l e d  --a va l id  and mustmove i n  t h e  algori thm of Table 111, --- 
play an equal ly  important r o l e .  The f i r s t  of these  i s  a p o i n t e r  

de f in ing  the  e a r l i e s t  code l o c a t i o n  t o  which Wrnove i s ,  a t  any -- 
given moment, su re  t h a t  a can be moved, even tak ing  a l 1  r e s t r i c -  

t i o n s  c o x e r n i n g  loops entered by forward branches i n t o  account; 

t hz  second i s  a branch i tem number de f in ing  the  l a s t  code p o s i t i o n  
a t  which a can be placed i f  i t  i s  t o  be moved beyond t h e  poin t  

cu r ren t ly  spzc i f i ed  by the  -- v a l i d  - - p o i n t e r  and i n  a manner 
cons i s t en t  with a l 1  forward branches encountered by maymove up t o  - 



a given m3ment i n  i t s  opera t i o n .  Consider, f o r  example, t h e  

a c t i o n  of maymove when c a l l e d  t o  process  t h e  i n s t r u c t i o n  a 

shown i n  t h e  fol lowing f i g u r e ,  23. 

Figure 

When maymove i s  c a l l e d  t o  process  a, i t  f i r s t  a t tempts  t o  move 

i t  out of t h e  loop B. I f ,  ignor ing  t h e  e n t e r i n g  forward branch 

A - 
4 
4 3 

' a 

A ,  i t  f i n d s  t h i s  motion t o  be poss ib le ,  t h e  j p u i n t e r  i s  advanced 

B b  - 
C - 

t o  re ference  the  loop C, and a  re ference  t o  t h e  en te r ing  forward 

branch A ( a c t u a l l y ,  t he  branch i tem nwnber of A )  i s  en tered  i n t o  

mustmove. If rnaymove then  f i n d s  t h a t  a cannot be moved out  of 
-. - -- 
t h e  loop C, it w i l l  a l s o  be t h e  case t h a t  no f u l l y  va l ida ted  move 

v .  

has been entered i n t o  va l id .  I f ,  on t h e  o t h e r  hand, a can move 

out  of t h e  loop C, i t  a l s o  fol lows t h a t  a can be moved back 

Moving an i n s t r u c t i o n  out  of a  loop entered by e 
p--- -- 
f orward branch. 

p a s t  t h e  forward branch A .  On d iscover ing  t h i s  f a c t ,  maymove 

w i l l  make a  f i r s t  non-zero en t ry  i n t o  -2 v a l i d  and, then  go on t o  

t r y  t o  f i n d  s t i l l  l a r g e r  loops out  of which u can be moved. Even 
i f  motion out of l a r g e r  loops t u r n s  out t o  be  impossible, v a l i d  
w i l l  s t i l l  conta in  a  re ference  t o  t h e  f i r s t  code l o c a t i o n  

preceding the  forward branch A ,  s o  t h a t  t h e  e a r l i e s t  code 
p o s i t i o n  t o  which a can be moved w i l l  s t i l l  have been success fu l ly  

recorded. 

The d e t a i l e d  strutture of t h e  algori thm kmf Table I11 i s  a s  
follows. The algori thm f i r s t  checks t h a t  t h e  loop and branch 
s t a c k  is not  empty. In t h e  cont rary  case,  code motion i s  

impossible and a  negat ive  r e t u r n  from maymove i s  made immediately. - 



If t h e  loop and branch s t a c k  i s  no t  empty, t h e  -- v a l i d  and 

mustmove po in te r s  whose significante i s  explained above a r e  

both i n i t i a l i z e d  t o  zero.  The algori thm then success ive ly  

examines a l 1  items on t h e  loop and branch s t a c k  s t a r t i n g  a t  

t h e  top of t h e  s t a c k .  An i tem i s  se l ec ted ,  i t s  type (forward 

o r  backward) deterrnined, and t r a n s f e r  t o  the  sepa ra te  processes  
appropr ia te  i n  these  two cases  i s  made. Each "l-ive" forward 

branch item, t h a t  i s ,  forward branch whose termina1 l a b e l  has 

no t  y e t  been encountered, c o n s t i t u t e s  a  block t o  code motion. 

Occurrence on t h e  loop and branih s t ack  of an i tem represent ing  

such a forward branch causes t h e  a'lgorithm t o  t r a n o f e r  t o  

i t s  pre- re turn  procedure. Items represent ing  "1;ermina ted"  

forward branches a r e  only examined i f  t h e  mustrnove p o i n t e r  i s  
non-zero, L e . ,  only i f  a  backward loop entered by a  forward 

branch has previously been encountered, and a  corresponding 

r e s t r i c t i o n  on t h e  placement of a noted.  While t h i s  i s  t h e  
case,  t h e  i tem nuaber of each terminated-f orward-branch en t ry  
on the  loop and branch s t a c k  i s  examined, if t h i s  i tem 

number i s  seen t o  represent  a branch i tem l y i n g  previous t o  

t h e  i tem defined by the  mustnove f i e l d ,  and i f  a check of value 
numbers s h o ~ s  t h a t  no argummt of t h e  code i tem t o  be moved i s  
defined wi th in  t h e  scope of the  forward branch, t h e  l o c a t i o n  

of t h e  forward branch i tem i n  ques t ion  i s  recorded i n  t h e  

va l id  po in te r ,  t he  mustmove p o i n t e r  i s  r e s e t  t o  zero, i n d i c a t i n g  
p-- ---p 

t h a t  no u n s a t i s f i e d  en te r ing  forward branch r o n s t r a i n t  c u r r e n t l y  

remains, and t h e  algori thm goes on t o  process a d d i t i o n a l  loop 

and branch s t ack  items, rapresent ing  l a r g e r  loops out of which 

i t  m y  be poss ib le  t o  move a .  



Table 111. Algorithm f o r  t h e  maymove subrout ine 

Subrout ine maymove(maxinva1,yesno,place,valnumber) -- 

if ( 1 b p t r . e q . l )  go t o  not ;  
mustmove = 0; 

v a l i d  = 0; 

f o r  a l 1  j = 1 t o  l b p t r - l ,  

do a l 1  i n s t r u c t i o n s  ti11 

endloop; 
e n t r y  = l oops tack(1bp t r - j ) ;  

i f  ( type  ( e n t r y )  . eq. loop)  
go t o  backward; 

i f ( l i v e ( e n t r y ) . e q . y e s )  

go to blocked; 
i f  (mustmove. eq. 0)  go t o  endloop; 

i f  ( (maxinval.ge.. 

l & k p d v a l  (entry)) go t o  blocked; 

if(itnum(entry).gt.mustmove) 

go t o  endloop; 

e l s e  v a l i d  = j; 

mustmove = 0; 
go t o  endloop; 

blozked: 

i f ( v a l i d . n e . 0 )  go t o  move; 

code motion no t  r e l evan t  i f  no t  

wi th in  loop; i n i t i a l i z e  l a t e s t  po in t  
a t  which code i tem can be placed; 

i n i t i a l i z e  v a l i d  code motion 
d e s t i n a t i o n ;  

look success ive ly  a t  a l 1  items i n  

t h e  loop and branch s t ack ,  

s t a r t i n g  e t  t he  top of t h e  s tack;  

s e p a r a t e  forward and backward 

qranch rases ;  

an untermina ted  f orward branch 

c o n s t i t u t e  a  block t o  code mot-ion; 

i f  no e n t e r i n g  forward branch i s  

c u r r e n t l y  posted,  ignore 

termina t ed f orwa rd branch i t  ems 

i f  an input  argwnent of t h e  ca lcu la -  

t i o n  t o  be moved is defined wi th in  

a  forward branch, motion p a s t  t h e  

branch is impossible; 
i f  terminateci forward branch fol lows 
l a t e s t  po in t  a t  which code i tem 

can be placed, i t  may be ignored; 
z l s e  pos t  s t a r t  of forward branch a s  
e a r l i e s t  poss ib le  code d e s t i n a t i o n ;  

i rop  e n t e r i n g  forward branch f l a g ;  
50 on t o  process a d d i t i o n a l  loop 
and branch s t a c k  items; 

dhen motion of code t o  e a r l i e r  

po in t  i s  impossible; 

if v a l i d  code d e s t i n a t i o n  has been 
found, go t o  s e t  up code motion; 



not  : 
yesno = no; r e tu rn ;  

i f  ( f i r s t e n t  ( e n t r y )  .eq.0) 

go t o  notentered;  
e l s e  nustmove = 

min (mustmove, f  i r s  t e n t  ( e n t r y )  ) 

go t o  endloop; 

notentered t 
v a l i d  = j; 

mustmove = 0 ;  

endloop: continue; 
va l id  = l b p t r ;  

move f 

entry=lupstack( lbptr-va1id- t -1) ;  

valnwnber=lstuzdva1(entry) +l;  

i f  (va1number.ge. 
l s t skpdva l  ( en t ry ) , )  go t o  over; 

l s t u z d v a l  ( lups tak (1bp t r -va l id+ l  

= valnunber; 

iegative r e t u r n  f rom subrout ine;  

mozedure f o r  backward branch item; 

.f an input  argument of t h e  ca lcu la -  

t i o n  t o  be moved i s  defined wi th in  
a loop, motion out of t h e  loop i s  

impossible 

50 to sepa ra te  procedure f o r  loop 

no t  entered by forward branch; 

: l se  i f  code i s  t o  be v a l i d l y  moved, 

it must move t o  po in t  preceding 

a l 1  en te r ing  f  orward branches 
q-oceed t o  next loop and branch 

s t a c k  item; 

?est backward branch a s  de f in ing  
e a r l i e s t  poss ib le  code d e s t i n a t i o n ;  

Irop en te r ing  f orward branch f l a g ;  

Pal lout  case: s e t  v a r i a b l e  j t o  
r e f  erence loopstack bottorn i n  

subs equent proceclure; 
procedure t o  s e t  up rode motion 

desc r ip to r s :  

post lups tack  en t ry  f o r  p ~ i n t  

t o  which motion Ls indica ted ;  
letermine value nutnber assigned 

t o  aoved ca lcu la t ion ;  
check f o r  c o n f l i c t  with value 
numbzrs assigned fol lowing 

d e s t i n a t i o n  poin t  of motion; 

e l s e  update record of l a s t  value 

number used a t  d e s t i n a t i o n  poin t  
of motion; 



i n s e r t :  

10ia  t i o n  = l s t c o d i t m ( e n t r y ) ;  

i n s e r t  blank code i tem 

irnmediately fol lowing code 

t e x t  p o s i t i o n  def ined by 

loca t i o n '  

l e t  p lace  = p o s i t i o n  of t h i s  

blank code t e x t  item; 
lstcoditm(lupstak(1bptr-j+1)) 

= place;  

yesno = yes; re turn ;  

over: 

valnumber = curva l ;  

cu rva l  = curva l  + 1; 

go t o  i n s e r t ;  

beginning of procedure t o  i n s e r t  

code i tem a t  moved pos i t ion ;  

f i n d  l o c a t i o n  of l a s t  modified 

code t e x t  i tem preceding des t ina -  

t i o n  po in t  of motion; 

update record of p o s i t i o n  of l a s t  

code i tem a t  d e s t i n a t i o n  poin t  

of motion; 

p o s i t i v e  r e t u r n  f  rom subrout ine;  

s p e c i a l  procedure i n  value 

nwnber overflow case;  
use norma1 value number counter  

and increment it; 
loop back t o  use p r i o r  code 

i n s e r t i o n  procedure; 

[end of a lgor i thm]  

Backward branch i tems occurr ing on t h e  loop and branch s t a c k  

a r e  t r e a t e d  a s  follows. If t h e  code i tem a is found t o  be 
redefined wi th in  t h e  loop descr ibed by a  given backward branch 
i tem on the  loop and branch s t ack ,  the  algori thm t r a n s f e r s  a t  

once t o  i t s  pre- re turn  procedure. I n  t h e  cont rary  case,  t he  

" f i r s t  e n t e r i n g  branch" f i e l d  of the  backward branch i tem i s  
examined, and t r a n s f e r  i s  made t o  one of two s l i g h t l y  d i f f e r e n t  
subprocessps, depending on whether o r  no t  t h i s  f i e l d  i s  zero, 

i . e . ,  on whether o r  not  the  loop i n  quest ion i s  entered by a  

forward branch. I f  t he  loop i s  entered by a forward branch, 



t he  mustmsve f i e l d  i s  r e s e t  t o  t h e  minimum of i t s  former value 

and t h e  branch i tem number of t h e  f l r s t  forward branch e n t e r i n g  

the  cu r ren t  loop; t h i s  r e f l e c t s  t h e  f a c t  t h a t  i f  t h e  code i tem 

a i s  t o  be v a l i d l y  moved, i t  must be moved t o  a  po in t  preceding 

a l 1  forward branches en te r ing  loops out of which it i s  moved. 

Once t h e  mustmove value has been redefined the  algori thm loops 
back t o  process t h e  next  l03p and branch s t a c k  i tem i n  t u r n .  

I f ,  on the  o t h e r  hand, t h e  loop item being processed has n o t  been 
entered by a  forward branch, a  re ference  t o  t h i s  loop i tem i s  

entered i n t o  the  v a l i d  po in te r ,  i n d i c a t i n g  t h a t  t h e  - maymove 
algori thm i s  now c e r t a i n  t h a t  t h e  i n s t r u c t i o n  a oan be moved 

i n  t h e  code a t  l e a s t  a s  f a r  a s  the  l a b e l  de f in ing  t h i s  loop, 

and the  --p mustmove f i e l d  i s  r e s e t  t o  zero, i n d c i a t i n g  t h a t  no 

c u r r e n t l y  unsa t isf  i e à  en te r ing  f orna rd branch cons t r a i n t s  remain. 
I n  t h i s  case a l s o  maymove loops back t o  process the  next  loop 

and branzh s t a c k  i tem i n  tu rn .  

The termina1 procedure employed by maymove -- i s  a s  f o l l o s ~ s  . 
If  t h e  v a l i d  f i e l d  i c  founil on terminat ion t o  be s e t  t o  zero, 
a negat ive r e t u r n  i s  made. In t h e  cont rary  case,  t h e  loop and 

branch s t a c k  en t ry  referenced by t h e  v a l i d  p o i n t e r  i s  found, t h e  

value number t o  b r  assigned to a a t  i t s  new lo ia ' t i on  i s  determined 

from the  l a s t  used value f i e l d  of t h i s  loup and branch s t a c k  ent ry ,  
and the  l a s t  used value f i e l d  updated t o  r e f l e c t  t h s  f a c t  t h a t  

one a d d i t i o n a l  i n s t r u c t i o n  has been moved. A blank code i tem 
i s  i n s e r t e d  imrnadiately a f t e r  the l a s t  code i tem preceding the  

branch item represented bg the  loop and branch s t a c k  entry, and 

t h e  subrout ine maymove p makes a p o s i t i v e  r e tu rn .  A few d e t a i l s  
of the  a c t i o n  of the  maymove subrout ine omitted i n  the  a b ~ v e  -- 
summary desc r ip t ion  w i l l  ba found i n  t h e  d e t a i l e d  algori thm shown 
i n  Table 111. 

Table I V  below descr ibes  the  f i r s t  pass of the  l i n e a r  nested 

region optimizer.  It i s  the  r e s p o n s i b i l i t y  of t h i s  pass t o  f i l l  

i n  those f i e l d s  of code t e x t  t r a n s f e r  items ( c f .  Figure 12 above) 

which r e f e r  t o  aspec ts  of the  code deterrnined by items l y i n g  



ahead of a given item, and hence which cannot e a s i l y  be s e t  up 

by t h e  compiler i t s e l f .  Such inforrnation i s ,  of course,  requi red  

i n  the  algori thms of Tables I1 and 111. The procedure descr ibed 

i n  Table I V  uses a cu r ren t  item po in te r ,  c a l l e d  now, a s  w e l l  a s  

two counters  c a l l e d  a c t r  and -3 b c t r  which r e s p e c t i v e l y  count 

assignments and branch i tems. A t  t h e  beginning of t h e  algori thm, 

these  counters  a r e  i n i t i a l i z e d ,  and t h e  cu r ren t  i tem p o i n t e r  i s  

s e t  t o  poin t  t o  the  f i r s t  i tem of t h e  code t e x t .  Then t h e  

algori thm e n t e r s  a main p ro ies s ing  loop, which inspec t s  every 

code i tem i n  tu rn ,  bypasses code i tems rep resen t inp  ordinary 

computations, and, us ing  an indexed t r a n s f e r  determined by an 

a u x i l i a r y  a r r a y  c a l l e d  kinda, proceeds t o  sepa ra te  sub-proiesses  
f o r  t h e  t reatment  of assignnient, subrout lne i c a l l ,  and branch i tems.  

To process  an assignment item, one merely adds, t o  an a r r a y  

reserved f o r  t h i s  purpose, and a t  t h e  l o c a t i o n  referenced by 

an assignment counter,  a re ference  t o  t h e  t a r g e t  v a r i a b l e  of 

t h e  assignment. The assignment counter  i s  then incremented, and 
the  algori thm loops back t o  process the  next  code i tem i n  tu rn .  

I n  t h i s  way, one b u i l d s  up t h e  complete l i s t  of assignment oprra-  
t i o n s  required by the  algori thm i n  Table 11. Subroutine and 
func t ion  c a l l s  a r e  handled i n  much t h e  same way a s  assignments. 

Every argument of such a c a l l ,  i f  i t  i s  a simple o r  indexed 

v a r i a b l e  r a t h e r  than a complex expression and may t h e r e f o r e  be 
an output argument of t h e  subrout ine,  i s  added t o  t h e  assignment 

l i s t ,  and t h e  assignment counter  correspondingly incremented. 

A l l  "common" v a r i a b l e s  a c c e s s i b l e  t o  and hence modifiable by 
the  subrout ine must a l s o  bz added t o  t h e  assfgnment E s t .  
Once t h i s  i s  done, t h e  algori thm loops back t o  process t h e  

next  code i tem i n  t u r n .  
The t reatment  of branch items, and e s p e c i a l l y  backward 

branches, i s  considerably more complex. The b r m c h  i tem 
processing sub-sect ion of t h e  f i r s t  forward pass must a t t a i n  

severa1  goals .  Each branch i tem must be assigned a branch item 

number. With each l a b e l ,  we must a s s o c i a t e  a l i s t  of a l 1  backward 



branches te rminat ing  a t  t he  given l a b e l ;  t h i s  l i s t  i s  required 

by the  algori thm of Table 11. Moreover, we must f l a g  each 

backward branch on t h i s  l i s t  with i t s  s e r i a 1  p o s i t i o n  on t h e  

l i s t .  With each l a b e l ,  we must a l s o  a s s o c i a t e  the  branch i tem 

number of t h e  e a r l i e s t  forward branch, preceding t h e  given l a b e l ,  
which terminates  e i t h e r  a t  t h e  given l a b e l  o r  i n  the  scope o f a  

l inked s e t  of backward branches terminat ing a t  t he  l a b e l  ( c f .  
Figure 24). Our f i n a 1  goal  i s  t o  a s soc ia t e ,  with each backward 
branch, t h e  number of the  l a s t  assignment operat ion from which 
a l a b e l  wi th in  the  scope of t h e  backward branch can be reached 

without passing through any code preceding the  t a r g e t  l a b e l  of 

the  backward branch; t h i s  information i s  a l s o  required by the  

algori thm of Table 11. We a t t a i n  our aims a s  fol lows.  With 

ea ih  l a b e l  we a s s o c i a t e  a s t o r e  number, s i m i l a r  t o  t h a t  t o  be 

assoc ia ted  with backward branches, and c a l l e d  l a s t o r e  i n  Table 
-p- 

namely, the  number of t h e  l a s t  assignment operat;ion from which 

the  l a b e l  i n  quection can be reached without passing through 

any of t h e  code preceding it .  I n  order  t o  do t h i s ,  we must 

a s soc ia t e ,  with each backward branch, a l i s t  of a l 1  the  l a b e l s  

which can be reached via the  branch and via l i n k i n g  backward 

branrhes,  i n  eaih case without passing through code preceding 

such a l a b e l .  This l i s t  i s  c u l e d  t h e  ------ backtarge t  - l i s t  of t h e  

given backward branch, and may be b u i l t  up i t e r a t i v e l y  f o r  any 
g.iven backward branch f3 by adding, t o  the  d i r e c t  t a r g e t  of the  

barkward branch, t h r  backtarget  l i s t s  of a l 1  l i n k i n g  backward 

branrhas l y i n g  within the  scope of 8 .  ( ~ f .  Figure 24.)  

Figure 24.. Linked ba&ward bran-his and b a c k t a r ~ t  l i s t s  . 
. - - . - - .  . - 1 _  -e--.- - . - . -  --<-.-- 

Labels L I ,  L2, and L3 a l 1  bclong t o  the  backtarget  l i s t  
of branzh p; any assignment operat ion preceding P i s  
r e l evan t  f o r  a l 1  these  l a b e l s  . 



If a l a b e l  L occurs on t h e  backtarge t  list of a given backward 

branrh p, we s e t  --p l a s t o r e  f i e l d  of t h e  code i tem rep resen t ing  
L t o  re ference  the  l a s t  s t o r e  included i n  t h e  scope of p. Carrying 

t h i s  opera t i o n  out s e q u e n t i a l l y  through t h e  whole code insu res  

t h a t  each l a b e l  L w i l l  u l t i m a t e l y  re ference  t h e  l a s t  assignment 

operat ion,  i n  order ,  from which L can be reached without pass ing  

through any code preceding L. Once t h i s  i s  dons, we reprocess  

a l 1  backward branches, e n t e r i n g  i n t o  t h e  stoniuni f i e l d  of each 

backward branch t h e  maximum of t h e  l a s t o r e  f i e l d  taken over a l 1  
l a b e l s  l y i n g  i n  t h e  scope of t h e  backward branch. 

The a lgor i thmic  d e t a i l s  of branch i tem processing dur ing  

t h e  f i r s t  pass  of t h e  l i m a r  nes ted  region opt imizer  a r e  a s  

fol lows.  The --- stornum f i e l d  of t h e  c u r r e n t  code i tem i s  s e t  t o  

t h e  p resen t  value of t h e  assignment counter;  thus each branch i tem 

i n i t i a l l y  re ferences  t h r  f i r s t  assignment opera t ion  preceding it. 
A s  explained, t h i s  f i e l d  w i l l ,  i n  t h e  case of backward branch 

i tems, u l t i m a t e l y  be changed. The c u r r e n t  value of t h e  branch 
i tem counter  i s  en tered  i n t o  t h e  appropr i a t e  f i e l d  of t h e  cu r ren t  

code item, and i s  a l s o  saved. A re ference  t o  t h e  cu r ren t  code i tem 

i s  placed on a comprehensive l i s t  of branch items; t h i s  l i s t  i s  

used during some subsequent processing phases t o  provide rapid 
re ferenze  t o  branrh i tems. The branch i tem counter  i s  then  

incremented, concluding the  few a lgor i thmic  s t e p s  common t o  the  

processing of a l 1  branch i tems. A t  t h i s  po in t ,  indexed t r a n s f e r  
i s  made, us ing  an a u x i l i a r y  data  a r r a y  -m' kindb t o  sepa ra te  procedures 

appropr ia te  f o r  the t reatment  of t h e  t h r e e  d i f f e r e n t  kinds of 

branch i tems. Label items requ i re  no f u r t h e r  processing a t  t h i s  

poin t ,  s i n i e  a l 1  a d d i t i o n a l  processing of l a b e l  items i s  
assoc ia  ted  with backward branches which address them. Forwa rd 

branih items a r e  processed i n  a r a t h e r  simple way. The t a r g e t  
l a b e l  of a forward branch i s  determined, and, i f  no e a r l i e r  
forward branch has the  same t a r g e t  l a b e l ,  t h e  given branch i s  t h e  

e a r l i e s t  branzh te rminat ing  a t  i t s  t a r g e t  l a b e l .  I n  t h i s  case,  

a re ference  t o  the  forward branch i s  posted i n  t h e  t a r g e t  l a b e l  of 

the  branch. I n  e i t h e r  case,  t h e  algori thm loops back t o  process the  

next  code item i n  t u r n .  
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Table I V .  - Algorithm --.- - -. -- f o r  f i r s t  pass of l i n e a r  nested region 
. - - _ _ I _ _ _ -  

o t imize r .  P p-..- 

now = dummy lead ing  no-op i n  

cade t e x t ;  

a c t r  = 1; 

b c t r  = 1; 

nextitem: 

now = next i t (now);  

i f  (now . eq. 0)  go t o  loopf ill; 
item=code(now) ;op-op(item); 

goby kinda (op)  (ordinary,  

assignrnent, branch, c a l l )  

ordina ry  : 
go t o  nextitem; 

assignment : 
a s t a c k ( a r t r )  = inl (now);  

a c t r  = a z t r  + 1; 

go t o  nextitem; 

c a l l :  

examine a l 1  the  arguments of 

the subroutinv c a l l ;  

i f  an argujnent i s  a  complex 
expression r a t h e r  than a  

simple o r  indexed va r i ab le  
go on t o  exaliine the  next  
a rgument ; 

I n i t i a l i z e  cur rent  i tem po in te r ;  

I n i t i a l i z e  assignment counter  

and branch i tem eounter;  

sdvance t o  next  code item; 
zheck f o r  completi.on of f i r s t  mase; 

ietermine operat ion code of 
i tem t o  be processed; 

take appropr ia te  t r a n s f e r  t o  

processes f o r  t reatment  of 

a ~ s i g n m ~ z n t ,  subrout ine  ca 11, 

and branch items; 

bypass a l 1  items no t  of assignment, 

c a l l ,  o r  branch t;yps; 

add t a r g e t  v a r i a b l e  of assignment 

t o  ass ignnent  l i s t ;  

increment a  ss ignment c o w t e r ;  

loop Sa-k t o  process next  code item; 



e l s e  add a re ferenze  t o  t h e  

a rgument under examina t i o n  t o  

thu assignment s t ack ,  increment 

t h e  assignment counter ,  and go 
on t o  uxamine t h e  next  argument; 

when al1 arguments, have been 

examined, add t o  t h e  assigntnent 

s t a z k  a re ference  t o  each indexec 

o r  unindexed va r i ab le  whm5 valul 

the  subrout ine may a f f e c t ,  
incrementing t h e  assignment 

counter  a s  o f t e n  a s  necessary; 

go t o  nextitem; 

branzh: 

stornurn(cade(now)) = a c t r ;  
* 

thisnum = b c t r ;  

i tni~m(code(now))  = b c t r ;  

b r a n c h l i s t  ( b c t r )  = now; 

b c t r  - b c t r  -t- 1; 

goby kindb ( op) (f  orwa r d ,  

backward, l a b e l )  

f orward: 

d e s t  = d l a b e l ( i t e m ) ;  

i f  (firstbranch(code(dest)) .eq. 0)  

f i r s t b r a n i h ( c o d e ( d e s t )  )=thisnum; 

go t o  nexti tem; 

Loop back t o  process next  code item; 

3omrnon i n i t i a l  procedure f o r  

th ree  types of branch items; 
?est c u r r e n t  s t a t e  of assignment 

counter;  

record and pos t  cu r ren t  branch 

i tem number; 
? l a c e  re ference  t o  cu r ren t  code 

i tem on branch i tem l i s t ;  
increment branch i tem counter;  
t ransf  e r  t o  procedure appropr i a t e  

f o r  t r e a  tment of p a r t i c u l a  r 
branch i temf 

rorward branzh procedure; 

letermine t a r g e t  l a b e l  of branch; 

if no e a r l i e r  branch has same 
t a r g e t  l a b e l ,  t h i s  i s  e a r l i e s t  
t e r m i n a t i n g . a t  t a r g e t  l a b e l ;  

loop back t o  process next  

code item; 



qualnum(code(now) ) = qua l i f  + l; 

l a b e l :  

go t o  nextitem; 

backward: 

d e s t  = d l a b e l ( i t e m ) ;  

taryet=itnum(code (des  t )  ); 
targetno(code(now))  = t a r g e t ;  
o l d l a s t  = l a s t l o o p ( c o d e ( d e s t ) ) ;  

add t h i s  bazkward branch t o  the  

end of the  l i s t  of backward 

branche3 t a r g e t i n g  a t  and 

referenced by thu t a r g e t  l a b e l ;  

i f ( o l d l a s t . e q . 0 )  go t o  f i r s t l o o p ;  

qua l i f  = qualnum(code(codeptr 

( l i s t  ( o l d l a s t ) ) ) ) ;  

f i r s t l o o p :  

a l 1  a d d i t i o n a l  processing of l a b e l  

items i s  as soc ia t ed  with backward 

branches which address them; 

beginning of sequence f o r  

processing backward branch 

code items; 
5etermine t a r g e t  l a b e l  of branch; 

save and pos t  item number of 

t a r g e t  l a b e l  in. cu r ren t  code item; 

determine l a s  t preceding branch 
with same t a r g e t  l a b e l ;  

t e s t  i f  t h i s  i s  f i r s t  b a c h a r d  

branch with given t a r g e t  l a b e l ;  

e l s e  determine q u a l i f i c a t i o n  
nwnber of l a s t  preceding bazkward 

branch t o  given l a b e l ;  
present i tem has next successive 

qua l i f  i c a t i o n  number; 

and s k i p  t o  Segin processing of 

loops l inked by cu r ren t  

backward branzh; 

s p e c i a l  sequence f o r  processing 

f i r s t  bazkward branch t o  given 
l a b e l ;  

present  item has q u a l i f  i c a t i o n  
number 1; 



i n i t i a l i z e  backtarge t  l i s t  of 

code(now) t o  c o n s i s t  of 
c o d e ( d e s t )  a s  i t s  s i n g l e  meinber; 

f o r  each j from ta rge t - t l  t o  
thisnum-l, d o  a l 1  i n s t r u c t i o n s  

thru l inked;  

branzhitern = code(branih1is-t ( j )  ); 

i f  (kindb (op (branchitem) . eq. 

forward))  go t o  l inked;  
if(kindb(op(branchitem)).eq. 

baikward)) go t o  backloop; 

e l s e  i f  ( ( f i r s t  .ne. 0)and 
( f  irstbranch(branchitem)).ne.~) 

f i r s t  = m i n ( f i r s t , f i r s t b r a n c h  

(branchi tem))  
e l s e  f  irst=firstbranch(branckitrm); 
go t o  l inked;  

backlooy?: 
i f  (itnum(dlabel(branchitem) ) . ge. 

t a r g e t )  go t o  l inked;  
e l s e  add a l 1  elements of 

backtarget  l i s t  of branzhitem 
t o  backtarget  l i s t  of codr(now); 

begin processing loops l inked  

by c u r r e n t  baikward branch; 
i n i t i a l i z e  ca lcu la  t i o n  of f i r s t  

forward branch e i t h e r  t a r g e t i n g  

a t  te rminat ion  l a b e l  o r  e n t e r i n g  

scope of backward branch being 

processed; 

i t e r a t i v e  loop t o  f i n d  f i r s t  

forward braneh en te r ing  scope of 

ba zkwa rd branch being processed, 

and t o  ca r ry  t h i s  information 

and s t o r e  information back t o  

a l 1  l a b e l s  on backtarge t  l i s t ;  

examine branch i tem i n  scope of 

backward branch; 

bypass forward branch items; 

included bazkwa rd branches 

r equ i re  d i f  f e r e n t  processing; 

i n  case of included l a b e l ,  
redeterinine e a r l i e s t  f  orwa r d  

branch e n t e r i n g  scope of 
backward branzh being processed; 

l and go t o  next  i tem i n  scope; 

i f  an imbedded backward branch 

l i n k s  the backward branch being 
processed, t h e  bazktarget  l i s t  

elements of the  former must be 
be added t o  t h e  backtarget  l i s t  

of the  l a t t e r ;  



l inked:  continue; 

l a s t l a b  = l a s t r ea rh (code(now)) ;  

l ab loc  = f i r s t r e a c h ( c o d e  (now ) ); 

l a b e l s :  

l a s t o r e  ( cude( l abe1) )  = a c t r ;  

f i r s t b  = f i r s t b r e n i h ( c o d e ( l a b e 1 )  ) 
i f  ( f i r s t b . e q .  0 )  go t o  naear ly;  

e l s e  i f  ( f i r s t  .ne. O )  

f  i r s t b r a n c h  (code ( l a b e l )  ) = 

m i n ( f i r s t , f i r s t b ) ;  

go t o  checkloop; 

noea r l y  : 

if(first.lt.itnum(code(labe1)) 

f i r s  tbranch(code ( l a b e l )  ) = f i r s t  

checkloop t 

i f  ( l a b l o c .  eq. 1 a s t l a b ) g o  t o  

next i t  em; 

lab loc  = nex(lab1oc)  

gu t o  l a b e l s ;  

nd of i t e r a t i v e  processing 

of backward branch scope; 

. n i t i a l i z a t i o n  f o r  a d d i t i o n a l  

processing of l inked loops; 
pos t  f i r s t  and l a s t  elements 

of backtarget  l i s t  f o r  cu r ren t  

code item; 

~ e g i n n i n g  of loop t o  r e s e t  

and f  i r s t b r a n c h  f  i e l d s  

; 

of a l 1  l inked loops; 

a l c u l a t e  code i tem referenze  

of cu r ren t  backtarget  l i s t  item; 

u r r a n t  assignment a f f e c t s  a l 1  

loops l inked with zur rent  loop; 

.f l a b e l  i s  no t  t a r g e t  of forward 
branch, use s p a c i a l  procedure; 

. l s e  f  i r s t  enteri.ng branch number 

i s  minimum branch number t a r g e t i n g  

a t  l a b e l  o r  en te r ing  any loop 

l inked t o  l a b e l ,  

3nd s k i p  aver i n i t i a l  branch 
procedure; 

e 

i 

5: 

l a s  t o r e  

C 

C 

i 

E 

i 

l 3rocedure f o r  loop which i s  not  
forward branch t a r g e t ;  
Lf en te r ing  branch or ig ina  t e s  
before  t a r g e t  lube l ,  pos t  i t  

a s  en te r ing  forward Sranch; 

check f o r  te rmins t ing  of processing 

of a l 1  loopo l i n k i n g  cu r ren t  loop, 

i n  which zase advance t o  procees 
next code item; 

e l s e  advance t o  next l inked loop 

and continue l inked-loop process; 



loopf il1 : 

f o r  a l 1  j from 1 t o  S c t r - l ,  

do a l 1  i n s t r u c t i o n s  ti11 

l o o p s f u l l ;  

branchitem =code ( b r a n c h l i s t  ( j ) ) 1 
i f  ( (kindb(op(branchi tem))  .eq. 

forward) . o r .  (k indb(op(  
branchi tem))  . e q . l a b e l ) )  

go t 0  l o o p s f u l l ;  

e l s e  start=taryetno(branchitem); 
f i n a l  = itnwn(bran-,hitem) ; 
f i r s t i n  = 0;  

l a  s t a s i n  =s t ornum(branihitem) ; 

f o r  a l 1  k from s t a r t + l  t o  

itnum-l, do a l 1  in5 t r u c t i o n s  

t i l l  l abs ;  
imbitem := code (b ranch l i s  t ( k )  ); 
if(kindb(op(im3item)).eqm 

forward.or.kindb(op(imbitem)) 

.eq.backward) go t o  l abs ;  

l a s t a s in=max( la s t a s in ,  
l a s to re ( imbi t em)) ;  

i f  ( ( f  i r s tbranch( imbi tem)  . eq. O )  

. o r .  ( f  irstbrancki(imbitem) 

. g t . s t a r t ) )  go t o  l abs ;  
i f ( f i r s t i n . n e . 0 ) f i r s t i n  = 

m i n ( f i r s t i n , f i r s t b r a n c h  
(imbitem) ); 

e l s e  f i r s  t i n = f  irstbranch(imbitan); 

beglnning of pass over a l 1  branch 
i tems t o  s e t  l a s t o r e  and P i r s t e n t  

P- --p 

f i e l d s  of backward branch items; 

a l 1  branch items i n  code a r e  

proces sed; 

e x t r a i t  j - t h  branch item; 

forward branches and l a b e l s  a r e  

bypassed; 

4 1 1  l a b e l s  i n  scope of backward 

branch mus t be processed; i t e r a  t i v e  
loop i s  correspondingly i n i t i a l i z e d ;  

?est nuniber of a ssignment imrnedia t e l y  

fol lowing backward branch; 

i t e r a t i v e  loop t o  f i n d  a l 1  l a b e l s  

i n  scope of backward branch; 

~ o s t  imeedded branch item; 

mly  l a b e l s  a r e  t o  be processed 

wi th in  i n t e r i o r  i t e r a t i o n ;  

. as t  s t o r e  app l i cab le  t o  loop i s  
l a s t  s t o r e  app l i cab le  t o  any 

l a b e l  i n  i t s  scope; 
.gnore l a b e l s  which a r e  no t  t a r g e t s  
of f orna rd branches or lg ina  t i n g  

ou t s ide  loop; 

.f l a b e l  i s  a forward branch t a r g e t ,  
redetermine f i r s t  e n t e r i n g  forward 

branch s i t h e r  a s  unique en te r ing  

forward branch o r  en te r ing  forward 
branch with smal les t  branch i tem 

number; 



l abs :  continue; 

stornum(code ( b r a n z h l i s t  (j))) = 

l a s t a s i n , '  

f i r s t e n t  (code(branch1is t  ( j))) 

= f i r s t i n ;  

l o o p s f u l l :  continue; 

end of f i r s t  forward pas s  of 

l i n e a r  nested region optimizer;  

go on t o  na in  forward pass of 

op t imizer ;  

pos t number of l a s t  r e l evan t  

assignment opera t ion  i n  

bazkward branch code itern; 
f i r s t  e n t e r i n g  branch app l i cab le  

t o  loop 1 s  f i r s t  branch reaching 

any l a b e l  i n  i t s  scope; 

[end of a lgori thm] 

The a lgor i thmic  procedure f o r  the processing of backward 
branrh i tems bears  most of t h e  burden of lllookahead" involved 

i n  t h e  f i r s t  pass of t h e  opt imizer  and i s  thus considerably 
more complicated than t h e  procedures reqzired for t he  t reatment  

of o the r  k-inrls of branvh items. On encomte r ing  a backward branch 
code i tem 8, one f i r s t  determines t h e  t a r g e t  l a b e l  of t h e  branih,  

pos ts  the  i tem number of t h i s  l a b e l  i n  t h e  cu r ren t  code item, 

and a l s o  saves the  i tem numSer f a r  l a t e r  use.  The l a s t  preceding 

branch ~ i t h  t h e  same t a r g e t  l a b e l  L i s  deterinined, f3 is added 
to t he  end of t h e  l i s t  of backward branzhes referenced by L, 

and a t e s t  i s  made t o  detemnine whethsr o r  not  f3 i s  t h e  f i r s t  

bazkward branch with t he  t a r g e t  l a b e l  L. This allows determinat ion 
of the q u a l i f i c a t i o n  nuq3er oP t h e  cu r ren t  backward branch e i t h e r  

a s  1 o r  a s  1 + t h r  q u a l i f i c a t i o n  nunber of t h e  l a s t  preceding 

backward branch having the  t a r g e t  l a b e l  L. Thr a lgori thm now 
f inds  a l 1  loops l inked by the  backward branrh p, developing t h r  
bark targe t  list of p, and determining t h e  f i r s t ;  forward branch 
en te r ing  t h r  scope o f  p. T h r  necessary procedure has t h e  form 

3f an i t e r a t i o n ,  and i s  a s  follows. Calculat ion of t h e  f i r s t  

forward branch en te r ing  the scope of t h e  backwurd branch being 
processed i s  accomplished by a simple minimization z a r r i e d  out 



ovzr t h e  f i r s t  forward branch re fe rences  of a l 1  l a b e l s  included 

i n  t h e  scope of p. For each backward branch a belonging t o  t h e  

scope of p and having a t a r g e t  l a b e l  wi th  a smal le r  i tem number 

than t h e  t a r g e t  l a b e l  of p, a l 1  backtarge t  l i s t  elements of a 
must be added t o  t h e  backtarge t  l i s t  of p. 

Once the  backtarge t  l i s t  of f3 has bean b u i l t  up i n  t h e  manner 

indicateci, t h e  l a s t o r e  f i e l d  of every l a b e l  on t h e  b a i k t a r g e t  
--p 

l i s t  of p i s  r e s e t  t o  re ference  t h e  l a s t  assignment l y i n g  wi th in  

t h e  scopr of t h e  cu r ren t  backward 'branch. At t h e  same time, t h e  

"f i r s t  forward braiich" re ference  a t t azhed  t o  each l a b e l  on t h e  

t a r g e t  l i s t  of t h e  baikward branch 6 i s  s e t  t o  re ference  e i t h e r  

the  minimum of i t s  former value and t h e  number of t h e  f i r s t  
forward branzh e n t e r i n g  t h e  scope of p, or ,  if t h e  l a b e l  i n  

ques t ion  has not  previous ly  been recognized a s  t h e  t a r g e t  of a 

forward branvh, i s  s e t  t o  re ference  t h e  f i r s t  forward branch 

e n t e r i n g  the  scope of t h e  cu r ren t  backwa rd branch, provided 
t h a t  t h i s  forward brench precedes t h e  l a b e l  i n  quest ion.  When 

a l 1  t h e  l a b e l s  on t h e  backtarge t  l i s t  of a backward branzh have 

beeii prucessed i n  t h i s  way, processing of t h e  backward branch i s  

complete and t h e  algori thm loops back t o  process  t h e  next  code 

i tem i n  t u r n .  

Once a forward pass  over a l 1  code items has been completed, a 
terminat ion procedure a f f  e c t i n g  backward branch items only i s  

c a r r i e d  out .  A l 1  l a b e l s  l y i n g  i n  t h e  scope of each such backward 

branazin p a r e  examined, and t h e  maximum of t h e  l a s t o r e  f i e l d  f o r  - -- 
a l 1  these  l a b e l s  i s  ca lcu la t ed .  This maximum quan t i ty ,  represent ing  
thn l a s t  assignment opera t ion  i n  t h e  code from which one may reach 
a po in t  i n  t h e  scope of p without eve r  e n t e r i n g  code preceding 

the  t a r g e t  l a b e l  of p, i s  then i n s e r t e d  i n t o  t h e  stornwn f i e l d  
---a - 

assoc ia t ed  with t h e  backward branche 
When a l 1  bazkward branihes have been processed i n  t h i s  way, 

t h e  f i r s t  forward pass of t h e  l i n e a r  nes ted  region opt imizer  

ends, and t h e  opt imizat ion process flows on t o  begin t h e  main 

opt imizat ion pass descr ibed i n  Table 11. 



6 . 4  Operator Strength Reduction in the LNRA aigorithm. 

The "value number" based algorithrn described by Table I1 

of Section 3, with which we have been concerned almost 
exclusively in that section, accomplishes the elimination of 

redundant expressions, the propagation of constants, and the 

motion of code out of loops. We shall now begin to consider 

the extensions of that algorithm necessary to incorporate 

the important reduction in strength optimizatlon described 

briefly in Section 1 (cf. subheading (5) of Section 1) and 
more fully in the preceding section. Section 9 below gives 
a genera1 analysis of this type of optimization, and discusses 

the implementation of strength reduction in connection with 

more powerful optimizers than that considered in the present 

section. Here we shall discuss the reduction in strength 

optimization only in a simpler form, but in a form which is 

nevertheless sufficient to cover the commonest and most 

important cases in which this optimization is of benefit. 

This common case is that in which a product formed with an 

index quantity under contro1 of a DO iteration 1s reduced, 
thereby replacing an integer multiplication by an incrementa- 

tion operation. Figure 25 below shows the typical features 

of code associated with such a situation. 

(before) (after) 

I 't1 = dim * K 

t1 = t1 + dim 

Figure 25. Common case of reduction in strength. 

In code not generateci in so very simple a way by an iterative 

contro1 statement in a source language, more elaborate situations 

which may be treated by similar but more complex: strength 



reduction processes will occur. Figure 26 illustrates such 

a case. 

(before) 

Figure 26. 

(after) 

lt2 = dim * J 

I e * .  

K = J + 1  

t1 = t2 + dim 

I t1 + dim 

A more elaborate case of reduction in strength. 

Discussion of these more complex cases is reserved for Section 9 .  
In the present section, it is convenient for us to regard 

strength reduction as a generalization of code motion. That is, 

in the situation shown in Figure 25, we regard the essence of 

the strength reduction optimization as being the motion of the 

multiplication operation dim * K out of the loop shown in that 
figure; strength reduction is then distinguished from simple 

code motion by the fact that the expression E being moved actually 
involves variables redefined (though only in a relatively simple 

iterative fashion) within the loop out of which E is moved. The 

existence within a loop of iterative redefinitions of variables 

occurring within moved expressions makes the process of code motion 

involved in strength reduction more complicated than the simple 

code motion process which we have already examined. Reductive 
code motion requires us to modify the code left within the loop 

by the insertion of compensating increment opeations appropriately 

attached to every iterative redefinition of a variable occurring 

in an expression reduced in strength. 

We will, in accordance with constraints describamore fully 

in the preceding section, only apply the strength reduction 



p roces s  t o  i n t e g e r  e x p r e s s i o n s ,  and more s p e c i f i c a l l y  t o  

polynomials  i n  i n t e g e r  v a r i a b l e s ;  i n  o r d e r  t o  gua ran t ee  t h e  

a p p l i c a b i l i t y  of  s t r e n g t h  r e d u c t i o n  we s h a l l  t h e n  impose t h e  

c o n d i t i o n  t h a t  a l 1  v a r i a b l e s  o c c u r r i n g  i n  t h e  e x p r e s s i o n s  t o  
be reduced a r e  e i t h e r  loop-cons tan t s  o r  a r e  d e f i n e d  on ly  

i t e r a t i v e l y  w i t h i n  t h e  loop t o  which t h e  r e d u c t i o n  p roce s s  i s  

t o  be a p p l i e d .  Within t h e  con t ex t  d e l i m i t e d  by t h i s  g e n e r a i  

c o n d i t i o n ,  t h e  s imple  ca se  of  s t r e n g t h  r e d u c t i o n  shown i n  

F igu re  2 5  i s  d i s t i n g u i s h e d  from t h e  more complex ca se  shown 
i n  F igu re  2 6  by t h e  f a c t  t h a t  t h e  r e d e f i n i t i o n  a f f e c t i n g  t h e  

i t e r a t i v e l y  d e f i n e d  v a r i a b l e  K has  t h e  form K = K + RC (where 

h e r e  and i n  what f o l l ows  we deno te  a  loop c o n s t a n t  by t h e  
symbol R C ) ,  and hence r e d e f i n e s  K i n  te rms of  i t s  own former 

va lue  and no t  i n  terms of  t h e  va lue  of  any o t h e r  v a r i a b l e .  
S ince  t h i s  r e s t r i c t i o n  makes p o s s i b l e  s u b s t a n t i a l  s i m p l i f i c a t i o n  

i n  ou r  s t r e n g t h  r e d u c t i o n  a lgo r i t hms ,  we s h a l l  i n  t h e  p r e s e n t  

s e c t i o n  on ly  a t t emp t  t o  app ly  s t r e n g t h  r e d u c t i o n  t o  s i t u a t i o n s  
i n  which t h i s  c o n d i t i o n  i s  s a t i s f i e d .  That  i s ,  .we s h a l l  r e g a r d  
an  i n t e g e r  v a r i a b l e  r e d e f i n e d  w i t h i n  a  loop a s  be ing  an  i t e r a t i v e  
v a r i a b l e  w i t h i n  t h e  loop i f  and on ly  i f  a l 1  i t s  r e d e f i n i t i o n s  

have e i t h e r  t h e  form K = K + RC o r  t h e  s imp le r  form K = R C .  

The c a n d i d a t e  exp re s s ions  cons ide red  f o r  s t r e n g t h  r e d u c t i o n  

w i l l  be polynomial  exp re s s ions  i n  i n t e g e r  v a r i a b l e s  I each  of  
which i s  e i t h e r  a  loop cons t an t  o r  an i t e r a t i v e l y  d e f i n e d  v a r i a b l e .  

S t r e n g t h  r e d u c t i o n  a p p l i e s  no t  on ly  t o  polynomials  l i n e a r  i n  
i t e r a t i v e l y  r e d e f i n e d  v a r i a b l e s ,  bu t  a l s o  t o  polynomials  of  

h i g h e r  o r d e r .  Thus, f o r  example, we may reduce  t h e  computat ion 
of  t h e  f o u r t h  power of  an i t e r a t i v e l y  r e d e f i n e d  v a r i a b l e  t o  a s e t  
of a d d i t i o n s .  F igu re  27  below shows t h e  r e s u l t  of such a  r e d u c t i o n .  



(before) 

Figure 27. Strength reduction applied to a polynomial 
in an iterative variable. 

Note that the three multiplications occurring in the unreduced 

code are replaced by four additions in the reduced version; 

of course, we count only operations occurring within the loop L 

shown in Figure 27. On the other hand, if L contained more 
than a single iterative redefinition of the variable K, we 
would have to attach an addition to each such iterative 

redefinition of K, one addition being necessary for each power 

of K occurring in the expression being reduced. If the number 

of points within L at which the iterative variable K is incremented 

exceeds the ratio of multiplication time to addition time, strength 

reduction of expressions involving K will be undesirable, as an 

excessive number of additions will have to be performed for 

every multiplication which is avoided. 

Reduction in strength also applies to those comewhat more 

esoteric cases in which polynomial expressions involving more 

than one iteratively redefined variable occur. Figure 28 shows 
such a case. 



( b e f o r e )  ( a f t e r )  

KT- 
m . .  

jI = 1 + 2  

Itl = t1 + t 2  

F i g u r e  28. S t r e n g t h  r e d u c t i o n  a p p l i e d  t o  a - p o l y n o m i a l  

i n  two i t e r a t i v e  v a r i a b l e s .  

I n  t h i s  c a s e ,  one m u l t i p l i c a t i o n  h a s  been r e p l a c e d  by f o u r  
a d d i t i o n s .  The number o f  a d d i t i o n s  r e p l a c i n g  a s i n g l e  m u l t i -  

p l i c a t i o n  when a g i v e n  monomial i s  reduced i n  s t r e n g t h  may be 
e s t i m a t e d  as t h e  p roduc t  of  t h e  number of  d i s t i n c t  i t e r a t i v e  
r e d e f i n i t i o n s  a f f e c t i n g  each  of  t h e  s e p a r a t e  v a r i a b l e s  o c c u r r i n g  
i n  t h e  monomial. A s  soon as t h i s  p roduc t  exceeds  a  l i m i t  
c h a r a c t e r i s t i c  o f  t h e  p a r t i c u l a r  computer f o r  which code i s  

b e i n g  op t imized ,  s t r e n g t h  r e d u c t i o n  of  a  monom:lal becomes 
u n d e s i r a b l e  and ought  t o  be  c u t  o f f .  A s imilar  c r i t e r i o n  

a p p l y i n g  t o  g e n e r a 1  polynomials  i s  s t a t e d  below. 
Reduct ion  i n  s t r e n g t h  o f  polynomials  occurr . ing  w i t h i n  t h e  

innermost  loop  o f  a  n e s t  of  loops  w i l l  move i n s t r u c t i o n s  from 
w i t h i n  t h i s  loop  t o  a  p o i n t  w i t h i n  an  o u t e r  loop .  I f  o p t i m a l  

code i s  t o  be produced,  t h e s e  i n s t r u c t i o n s ,  once moved, ought  
t o  be s u b j e c t  t o  t h e  norma1 p r o c e s s  o f  redundant  c a ' l c u l a t i o n  

e l i m i n a t i o n ,  c o n s t a n t  p r o p a g a t i o n ,  and t o  any a d d i t i o n a l  code 
motion and/or  ou te r - loop  s t r e n g t h  r e d u c t i o n s  t h a t  a p p l y .  



Figure 29 below shows the improvement that can be attained by 

applying outer-loop optimization processes to code moved in 

the course of strength reduction. 

(initial) (first step) (final) 

t2 = 20 * J 
I 

Figure 29. Iterated strength reduction in a nes:t of loops. 

In order to apply outer-loop optimizations to code moved out 

of inner loops during a strength reduction process, we must save 

a certain minimum amount of information concerning the state of 

the optimization process immediately before the inner loop was 

entered. In the algorithms which follow, we choose to save al1 

the value numbers associated immediately preceding entrance into 

the loop with al1 variables modified within a loop. 

The overall strutture of the strength reduction process (which 
forms an extension of the basic linear nested region optimization 

process described by Table 11) is as follows. Operator strength 

reduction is applied to the code within a loop when the terminating 

branch of the loop is encountered. More precisely, on encounter- 

ing the terminating branch of a loop, we apply the strength 

reducation process to al1 code properly within the loop: Code is 

said to be properly within the loop if it lies within the loop but 

not within any sub-loop of the loop. Figure 30 below illustraues 

this concept. 



cod 

wit 

properly 

.n loop a loop 

Figure 30. Code properly within an outer loop oP a nest of loops. 

In order to prepare for strength reduction, the optimization 
algorithm of Table I1 is extended in various ways. In the 

first place, we add an extra one-bit field to each entry of 

the stores array used by the optimizer; this bit is used during 

the processing of a loop to distinguish iterative assignments, 
L e . ,  those having either of the forms I = I + RC or I = RC, 

from non-iterative assignments. As motion out of a loop of 

any loop-independent expression on the right hand side of an 

assignment statement will precede processing of the assignment 

statement itself, iterative and non-iterative assignments may 

be distinguished without difficulty. After the reduction in 

strength process has been applied to a loop, we go back and 
flag every assignment in the loop as non-iterative. Thus if 

a loop to be processed contains an inner sub-loop, none of the 
assignments lying within the sub-loop will be treated as iterative 

during processing of the outer loop. 

Once having distinguished between the iterative and the 

non-iterative assignments lying within a loop L,, we begin the 

main reduction in strength process, as follows. A pass over 

al1 the assignments in L is made to find al1 those variables 
whose only assignments within L are iterative. For each such 

variable, the total number of its iterative reassignments 

within L is recorded, and a list of al1 value riumbers assigned 
to the variable within L is collected. These value numbers, 

for which at certain points in further processing we will wish 

to substitute the value numbers assigned to the corresponding 

variables immediately before entry into L, are entered into a 



hash table called the reducible values table to facilitate 

the associative look-up processes which will subsequently 

apply to them. Each such value number references the iterative 

variable to which it belongs. The reducible values table will 

eventually contain both value numbers assigned to iterative 

variables and value numbers representing reducible quantities; 

entries of these two distinct types will be separately flagged. 

On completing the initialization steps described above, we 

begin the main part of the strength reduction process. Al1 

instructions properly belonging to the loop L are scanned, 
inbeger sums and products. (reducible operations) being treated 

in one way and other operations in another. Non-reducible 

operations are treated as follows: their arguments are examined, 

and any argument found to be reducible is flagged within the 

reducible values table as a termina1 reducible value. Integer 
sums and products are treated as non-reducible operations unless 

both of their input arguments either belong to the reducible 

values table or are loop-independent. In the reducible case, 

a nomina1 degree is ascribed to the operation (cf. Figures 28, 29 

and the discussion associated with these figures). An operation 

of excessively large degree is treated as non-reducible. The 

value numbers corresponding to the results of operations definitely 

determined to be reducible are entered into the reducible values 

table, and the operations themselves moved temporarily to an 

auxiliary block assocfated with L. 
Once the whole of the loop L has been scanned, we begin to 

process the instructions in the prefixed auxiliary code block 

associated with L, first converting al1 the instructions found 
there phich instructions direct the calculation of certain 

polynomials) to a more explicit representation of the polynomials 
which these instructions calculate. This is done iteratively by 

associating a polynomial with each instruction in the auxiliary 

block. In more detail, we associate with each product operation 

the canonically expanded form of the product of the polynomials 

associated with its separate inputs; and use a corresponding 



procedure for addition operations. A more detailed account 

of this conversion procedure is found in Table V below. 

Table V. Surnmary of linear nested region strength-,reduction process. 

((a) Steps carried out during main optimization pass, 

cf. Table I1 of Section 3. ) 

In processing assignment operations, detect those 

not having the form I = RC or I = I+RC, and flag them 

as non-iterative assignments; 

On encountering label marking head of loop, save list 

of al1 pre-loop value numbers belonging to variables 

reassigned within the loop; 

On encountering a loop-terminating backward branch, 

enter reduction in strength subroutine described below; 

On return from reduction in strength subroutine, 

flag al1 assignments within loop just processed as 

non-iterative and erase list of pre-loup value numbers; 

Then return to main optimization process of Table 11; 

( (b) Reducf ion in strength subroutine applying 

to a given loop L. ) 

Make pass over al1 assignments belonging to loop L, 
detecting each variable al1 of whose assignments are 

iterative . For every such variable , calculate the 
total number of its iterative assignments and collect 

a complete list of the iterative assignments; 

Enter each value number belonging to an iterative 

assignment into the reducible values hashtable. 

Flag each such value number as being the value 

of an iterative variable, and cause it to reference 

the varaiable to which it belongs; 

Process al1 instructions properly belonging to the 

loop L by the following steps; 



Scan:  Scan t h e  nex t  i n s t r u c t i o n ;  i f  it i s  an i n t e g e r  a d d i t i o n  

v i  = v j  + vk o r  an  i n t e g e r  m u l t i p l i c a t i o n  v i  = v j  * vk 

go t o  Sumprod; 

Non : E l s e  i f  any i n p u t  argument of  t h e  o p e r a t i o n  be lodgs  

t o  t h e  r e d u c i b l e  v a l u e s  t a b l e ,  f l a g  i t  i n  t h e  t a b l e  

as a t e rmina1  r e d u c i b l e  v a l u e .  

Then go t o  Scan;  

Sumprod: Find t h e  deg ree  of  v j  and t h e  deg ree  o f  vk,  and u se  

them t o  c a l c u l a t e  t h e  deg ree  o f  v i .  Here, t h e  deg ree  
of  a v a l u e  number be long ing  t o  an  i t e r a t i v e  v a r i a b l e  

i s  t h e  number o f  i t e r a t i v e  r e d e f i n i t i o n s  o f  t h e  

v a r i a b l e ,  and t h e  degree  of  a loop-independent  v a l u e  

number i s  O .  The degree  o f  v i  = v j  + vk i s  t h e  
sum of  t h e  degree  of  v j  and t h e  degree  o f  vk; 

t h e  deg ree  of  v i  = vj*vk i s  t h e  p roduc t  

m a x ( d e g r e e ( v j ) , l )  * m a x ( d e g r e e ( v k ) , l ) ;  

I f  t h e  deg ree  of  v i  exceeds  t h e  maximum l i m i t  maxdeg 

f o r  s t r e n g t h  r e d u c t i o n ,  t r e a t  v i  as i r r e d u c i b l e  

and go t o  Non; 

Otherwise ,  e n t e r  t h e  v a l u e  number v i  i n t o  t h e  r e d u c i b l e  

v a l u e s  h a s h t a b l e ,  f l a g  i t  as t h e  va lue  of  a r e d u c i b l e  
o p e r a t i o n ,  and a s s o c i a t e  i t s  deg ree  w i t h  i t  i n  t h e  
h a s h t a b l e  ; 

Move t h e  o p e r a t i o n  ( v i  = vj+vk  o r  v i  = vj*vk)  i n t o  
a  temporary code b lock  and go back t o  Scan; 

Continue s c a n  u n t i 1  a l 1  i n s t r u c t i o n s  p r o p e r l y  w i t h i n  

loop L have been scanned.  Then beg in  a t  Convert t o  
p roce s s  t h e  temporary code b lock .  

Convert :  P rocess  t h e  s u c c e s s i v e  i n s t r u c t i o n s  i n  t h e  temporary 

code b lock ,  a s s o c i a t i n g  w i t h  each  i n s t r u c t i o n  a  
polynomial  i n  t h e  v a r i a b l e s  i t e r a t i v e  w i t h i n  L and 



having coefficients which are loop-constants 

relative to L. Use the following rule to determine 

these polynomials: 

i. if vi is an L-constant value number, the 

polynomial p(vi) associated with it is itself, 

ii. if vi is a value number belonging to an L- 

iterative variable I, then the polynomial p (vi) 
associated with it is I, 

iii. if vi = vj * vk, then p(vi) is the canonically 

expanded form of the product polynomial p(vj)*p(vk), 

iv. if vi = vj + vk, then p(vi) is the canonically 

expanded form of the sum polynomial p(vi) +p(vk); 

If the result value number vi of the instruction being 

processed is flagged as a termina1 reducible value, 

call a subroutine expand with argument p = p(vi) to 

generate al1 initialization code associated with its 

successive differences, and record in the reduction 

quantities structure table a collection of entries 

describing these differences; 

When al1 instructions in the temporary code block 

have been processed, erase the temporary code block 

and go on to Modproc to attach al1 necessary 

supplements to redefinitions of iterative variables 

of L; 

Modproc: Make a pass over al1 the iterative redefinitions 

a: I = I + RCI and I = RCI of iterative variables I 
belonging to the loop L; 

For each redefinition a, make a pass over al1 the 

reduction quantities t; 

If a has the form I = I + RCI and s = tRCI is defined 
in the reduction quantities structure table, 

attach the compensating instruction t = t + s to a; 



If a has the form I = R C I  and s = t(RCI) is 
defined in the reduction quantities structure table, 

attach the compensating instruction t = s to a; 

When al1 the iterative redefinitions a in the loop L 
have been processed, clear the reduction quantities 

structure table calculated for the loop L, and 
return from strength-reduction loop-processing 

subroutine. 

-- end of algorithm -- 

When, during the conversion of instructions belonging to 

the auxiliary code block associated with L, an instruction 

flagged as deffning a terminal reducible value is encountered, 

a nurnber of additional procedures are carried out. In the first 

place, we associate with the polynomial P corresponding to the 
terminal reducible value a number of additional reduction 

quantities. This collection of quantities 1s intended to 

include al1 those quantities whose current values must be 

maintained in order that the values of al1 reducible quantities 

may be updated using additions only. The set of these quantities 

may be defined as follows. For each polynomial P = P(I,J, ...) 

corresponding to a terminal reducible value, we must keep on hand 

i. the current value of P. 
ii. for al1 variables I, J, etc. iterative within L, 

the value of al1 non-zero differences AI A j  ... P, 
combined in al1 relevant ways with corresponding 

loop-independent increments RCI, RCJ, etc., belonging 
to iterative redefinitions of I,J, ..., having the form 
I = I + RCI, J = J + RCJ, respectively. 

iii. the value of al1 substituted aersions P(RC1, ...) of 

the polynomial P and al1 the above differences, as 

dictated by the presence within L of iterative 

redefinitions having the form I = R C I .  



With each  r e d u c t i o n  q u a n t i t y  we a s s o c i a t e  a compiler-  

gene ra t ed  temporary v a r i a b l e  t ;  f o r  convenience of  e x p o s i t i o n  
we u se  t h e  fo l l owing  n o t a t i o n a l  conven t ion .  If P(19e  .'.) i s  

a r e d u c i b l e  polynomial  w i t h  which t h e  r e d u c t i o n  q u a n t i t y  t 
i s  a s s o c i a t e d ,  and Q i s  t h e  polynomial  such  t h a t  

P(I+RCI, ...) = P ( 1 ,  ...) + Q ( I , R c I ,  ...), we d e s i g n a t e  t h e  

r e d u c t i o n  q u a n t i t y  a s s o c i a t e d  w i t h  Q by t h e  symbol tRCI; 
i f  R i s  t n e  s u b s t i t u t e d  polynomial  P(RC1, ...) we d e s i g n a t e  

t h e  r e d u c t i o n  q u a n t i t y  a s s o c i a t e d  w i t h  R by t h e  symbol t ( R C I ) *  

Using t h e s e  n o t a t i o n a l  conven t ions ,  t h e  m o d i f i c a t i o n s  t o  t h e  
code i n s i d e  and o u t s i d e  t h e  loop L nece s sa ry  i n  o r d e r  t o  complete 

t h e  nex t  phase  of  t h e  s t r e n g t h  r e d u c t i o n  p r o c e s s  may be 
d e s c r i b e d  as fo l l ows  ( c f .  Tab le  V f o r  a d d i t i o n a l  d e t a i l s )  . 

i. I n s e r t ,  immediately b e f o r e  t h e  f i r s t  i n s t r u c t i o n  o f  
t h e  loop L, a  s e t  of i n s t r u c t i o n s  a p p r o p r i a t e  f o r  t h e  

i n i t i a l i z a t i o n  o f  every  r e d u c t i o n  q u a n t i t y .  I n  do ing  s o ,  

r e p l a c e  each L - i t e r a t i v e  v a r i a b l e  I appea r ing  i n  t h e  polynomial  

r e p r e s e n t a t i o n  of  a  r e d u c t i o n  q u a n t i t y  by t h e  v a l u e  number 
a s s o c i a t e d  w i t h  I immediately b e f o r e  e n t r y  i n t o  t h e  loop L .  

ii. A t  a p p r o p r i a t e  p o i n t s  w i t h i n  t h e  b lock  of  i n s t r u c t i o n s  

t h u s  gene ra t ed ,  i n s e r t  t h e  assignment o p e r a t i o n s  nece s sa ry  t o  
i n i t i a l i z e  t h e  compi ler  gene ra t ed  temporary v a r i a b l e s  t a s s o c i a t e d  
w i t h  t h e  v a r i o u s  r e d u c t i o n  q u a n t i t i e s .  

I n  t h e  a lgo r i t hm shown i n  Table  V ,  t h e  nece s sa ry  i n i t i a l i z a t i o n  
code i s  assumed t o  be  gene ra t ed  by a s u b r o u t i n e  expand which a l s o  

p r e p a r e s  a t a b l e ,  t h e  r e d u c t i o n  q u a n t i t i e s  strutture t a b l e ,  

i n  which a l 1  t h e  r e l a t i o n s h i p s  t + tRCI and t + t (RCI)  a r e  
r e p r e s e n t e d .  

iii. Make a p a s s  over  a l 1  t h e  i t e r a t i v e  r e d e f i n i t i o n s  
a: I = I + RCI of  i t e r a t i v e  v a r i a b l e s  I be long ing  t o  t h e  loop L .  

For each such  r e d e f i n i t i o n  a ,  make a  p a s s  over  a l 1  t h e  r e d u c t i o n  
q u a n t i t i e s  t ,  checking t o  s e e  i f  t h e  q u a n t i t y  s = tRcI i s  d e f i n e d .  
I n  t h i s  c a se  ( L e . ,  i f  P does depend on t h e  v a r i a b l e  I )  a t t a c h  

t h e  compensating i n s t r u c t i o n  t = t + s  t o  a .  Then go on t o  
p ro ce s s  t h e  nex t  i t e r a t i v e  r e d e f i n i t i o n  a i n  t h e  loop L .  

When a r e d u c t i o n  q u a n t i t y  s i s  found t o  be a c o n s t a n t ,  t h e  



initialization of s is to be omitted and direct use made 

of the known value of S .  

iv. A similar grocess appltes to iterative redefinitions 
I = RCI of the variable I. To each such iterative redefinition 

we associate supplementary redefinitions t = t(RCI-. 
When al1 iterative redefinitions occurring in the loop L have 

been processed in this fashion, the strength reduction process, 

as it applies to the loop L, is complete. It only remains to 

flag every assignment lying within L as non-iterative, and 

to proceed with the main strength reduction process shown in 

Table I1 unti1 the next loop-terminating backward branch is 

encountered, at which point one again carries out a strength 

reduction process. 

In order to dgscribe the strength reduction procedures used 

by the linear nested region optimizer in more detail we must 

first look at the principal data structures used by the reduction 

process. These data structures are as follows. A saved value 
number list records the value number assigned to al1 loop-modified 

variables immediately prior to entry into each loop. A stores 
array, identica1 with that used in linear nested region otpimiza- 

tion as described above but containing certain extra fields, gives 

information on al1 the assignment operations contained in the code 

to be optimized. A related iterative stores array lists al1 the 
elements of the stores array which reference iterative stores, 

and gives certain additional information concerning these stores. 

A reducible values table is used during the processing of a loop 
L to reference and to describe every value number attaching to 

an iterative variable or to a calculation iterative within L. 
As has already been noted, given a loop L we call every polynomial 
P whose calculation is moved out of L by the strength reduction 
process, and every auxiliary quantity needed to be able to 

calculate the value of such a polynomial using additions only, 

a reduction quantity; eachsuch quantity is assigned an identifying 

number. A polynomial P whose calculation is moved out of L is 
called a terminal reducible polynomial. A terminal reducible 

polynomials list containing the identifying number of each 



termina1 reducible polynomial belonging to a glven loop L is 
maintained. A reducible quantities structure table is used 
to relate each reduction quantity t and each iterative 

redefinition a of a variable within L to its appropriately 
substituted versions and to the increments s which must be 

added to t in order to account properly for the occurrence of a. 

In more detail, the entries in these various data structures 

have the following forms. A stores array entry has the form: 

Figure 

(tara) (indexed)(itrat) 
I 

31. Fields in a stores arrav lentrv. 

target variable 

The first field in such an entry references the target variable 

of the store. Two additional one-bit fields flag the store as 

being indexed/non-indexed and iterative/non-iterative respectively. 

in 

entry in the iterative stores array has the form shown below: 

1 

Figure 32. Fields in the iterative stores array. 

(storop) ( incrno ) (targ) (typ) - 

The first field locates an iterative store operation within the 
modified code text produced by the main part of the linear nested 

region optimizer. Two additional fields respectively define the 
value number of the increment (or loop constant) occurring in 

the store operation and the target variable of the store operation. 

A final one-bit flag field serves to distinguish assignments 
I = RC from assignments I = I + RC. 

The reducible values table has entries of two types, one 
describing iterative variables of a loop, the other describing 
reducible expressions. These have the following form: 

store operation 
ref erence 

va'lue number of 
increment or 
loop constant 

target 
variable 

as sign 
type 



( v a l n u r n ) * ( t y p e ) -  ( v a r )  - (deg)  ( nex t  ) 

F i g u r e  33. F i e l d s  i n  r e d u c i b l e  v a l u e s  t a b l e  e n t r i e s .  

v a r i a b l e  : 

- ( v a l n u m ) ( t y p e )  ( t e rm)  (deg)  ( nex t  ) 

The f i r s t  f i e l d  g i v e s  t h e  v a l u e  number o f  t h e  r e d u c i b l e  e x p r e s s i o n  
of  i t e r a t i v e  v a r i a b l e .  A one-b i t  f l a g  d e f i n e s  t h e  t y p e  ( v a r i a b l e  

e x p r e s s i o n :  

o r  e x p r e s s i o n )  o f  t h e  e n t r y .  I n  an  e n t r y  o f  v a r i a b l e  t y p e ,  a 
r e f e r e n c e  t o  t h e  r e l e v a n t  v a r i a b l e  i s  con t a ined  i n  t h e  f i e l d  

which f o l l o w s ;  a f t e r  t h i s  we f i n d  a f i e l d  c o n t a i n i n g  t h e  number 
of  i t e r a t i v e  ass ignments  t o  t h e  v a r i a b l e ,  L e . ,  t h e  deg ree  of  

t h e  v a r i a b l e .  I n  an e n t r y  of  e x p r e s s i o n  t y p e  on ly  t h e  second 
of  t h e s e  two f i e l d s  i s  used .  Such e n t r i e s ,  however, c o n t a i n  

an  a d d i t i o n a l  one-b i t  f i e l d  f l a g g i n g  them as terminal/non-terminai. 
The e n t r i e s  i n  t h e  r e d u c i b l e  v a l u e s  t a b l e  w i l l  normal ly  be 
accesseci th rough  a hash  based on t h e  v a l u e  number f i e l d  of  t h e  

e n t r y ;  an  e x t r a  f i e l d  i s  r e s e r v e d  f o r  s t r u c t u r a l  u se  i n  connec t ion  
w i t h  t h e  a s s o c i a t e d  hash s e a r c h .  

A r e d u c i b l e  v a l u e s  coun t e r  i s  used t o  g e n e r a t e  a  unique  

s e r i a l  number f o r  each r e d u c i b l e  q u a n t i t y ;  t h e  s e r i a 1  numbers 
of  t e r m i n a l  r e d u c i b l e  q u a n t i t i e s  a r e  l i s t e d  i n  ascend ing  o r d e r  

i n  t h e  t e r m i n a l  r e d u c i b l e  q u a n t i t i e s  l i s t .  The r e d u c t i o n  
q u a n t i t i e s  strutture t a b l e  u s e s  t h e s e  s e r i a l  numbers t o  r e l a t e  

each r e d u c t i o n  q u a n t i t y  t t o  a r e d u c t i o n  q u a n t i t y  s r e p r e s e n t i n g  
t h e  t - inc rements  a s s o c i a t e d  w i t h  each i t e r a t i v e  assignment 

I = I + R C I  and t h e  s u b s t i t u t e d  q u a n t i t y  a s s o c i a t e d  w i t h  each  
ass ignment  I = R C I  i n  t h e  loop L w i t h i n  which r e d u c t i o n  i n  

s t r e n g t h  i s  p roceed ing .  The e n t r i e s  i n  t h i s  t a b l e  a r e  l o c a t e d  

v i a  a  hash  based on t h e  i d e n t i f i e r  o f  t h e  v a r l a b l e  I ,  t h e  v a l u e  
number of  t h e  loop independent  increment  o r  replacement  R C I ,  

and t h e  q u a n t i t y  t .  The e n t r i e s  i n  t h i s  t a b l e  have t h e  

f o l l o w i n g  form. 

numb e r  v a r i a b l e  w i t h  same hash  , 
v a l u e  

v a l u e  
number 

re levanCdegree  

O nex t  e lement  ,t 

w i t h  same hash  

nex t  e lement  



F igu re  34. F i e l d s  i n  t h e  r e d u c t i o n  q u a n t i t i e s  strutture t a b l e .  

( v a r )  ( v a l i n c  ) ( r e d q )  , ( r e p i n c )  ( f l a  ) ( nex t  ) 

Note t h a t  t h e  f i r s t  t h r e e  f i e l d s  c o n t a i n  t h e  i n fo rma t ion  

c o n t a i n i n g  I ,  RCI, and t d e s c r i b e d  j u s t  above, whi le  t h e  f o u r t h  
f i e l d  d e f i n e s  t h e  a s s o c i a t e d  t - increment  o r  r e p h c e m e n t  q u a n t i t y  

S .  A one-b i t  f l a g  f i e l d  d i s t i n g u i s h e s  t h e  increment  from t h e  
replacement  c a s e .  A f i n a 1  f i e l d  i s  used i n  connec t ion  w i t h  hash  
a c c e s s .  

We evade a l 1  t h e  thorny  problems having t o  do w i t h  code motion 

o u t  of  loops  e n t e r e d  by forward b ranches  by n o t  app ly ing  t h e  
r e d u c a t i o n  i n  s t r e n g t h  p roce s s  t o  such l oops .  Note however t h a t ,  

a t  t h e  c o s t  of  a  c e r t a i n  compl ica t ion  of  ou r  a l g o r i t h m s ,  t h e y  can 

be extended t o  g i v e  coverage t o  t h i s  c a se  a l s o .  For  t h e  same 

r ea sons  as a r e  exp l a ined  e a r l i e r  i n  t h e  p r e s e n t  s e c t i o n  i n  
connec t ion  w i t h  code mot ion,  we w i l l  no t  a t t emp t  t o  reduce  
e x p r e s s i o n s  c a l c u l a t e d  under '  c o n d i t i o n a l  b ranches .  Note t h a t  

t h e  p resence  of  forward branches  wholly con t a ined  w i t h i n  a loop 
does n o t  p r even t  us  from r educ ing  e x p r e s s i b n s  i n  t h e  loop  as 
long  a s  t hey  a r e  c a l c u l a t e d  u n c o n d i t i o n a l l y  w i t h i n  t h e  loop .  
The i n fo rma t ion  necessa ry  t o  a d m i n i s t e r  t h o s e  c o n s t r a i n t s  on 

code motion i s  a v a i l a b l e  i n  t h e  loop and branch s t a c k  used by 
t h e  o p t i m i z e r .  

Table  V I  below g i v e s  a more d e t a i l e d  v e r s i o n  of  t h e  a lgo r i t hm 
d e s c r i b e d  i n  broad o u t l i n e  i n  Table  V. 

replacement  nex t  e lement  
o r  increment  w i t h  same 

v a l u e  number 
of  incremeqt  

variable o r  replacement  qUantity q u a n t i t y  .& 
reduction 



5 .  The Flow Strutture of a Progrsrn. In t roduc to ry  Considerat ions.  

I n  t h e  previous  secQon  we int roduced t h e  not ion  o f .  
b a s i c  block, i.e., of a program subsect ion involv lng  only  
l i n e a r  con t ro l  flow. I n  the p r e s e n t  s e c t i o n  w e  i n i t i a t e  
our  d l scuss ion  of genera1 c o n t r o l  flow and b e g i n  t o  desc r ibe  

t h e  npt imizat ion algori thms app l i cab le  i n  t h l s  much more 
complex s i t u a t f o n .  

The flow s t r u c t u r e  of a program may be represented  
convenient ly  i n  terms of a  program graph.  This graph c o n s i s t s  
o f  nodes and d i r e c t e d  edges.  Each b a s i c  block of a  program 
i s  represented .by a node of the  program graph. A b a s i c  
block will be t e m i n a t e d  e i t h e r  by the  occurence of a 
labe led  i n s t r u c t i o n  d e f i n i n g  a p o i n t  i n  t h e  program t o  which 
con t ro l  may be t r a n s f e r r e d  from elsewhere, by a subrout ine  
o r  funct ion  c a l l ,  o r  by a  s t r i n g  of condi t lona l  t r a n s f e r  
o p e r i t i o n s  which t r a n s f e r  con t ro l  from t he  cnd of a given 
blnck t o  t h e  b ~ g i n n i n g  of some o t h e r  block.  If, i n  a  given 
progrsm, c o n t r o l  may flow from t h e  te rminat ing  i n s t m c t i o n s  
of  a c e r t a i n  block B I  t o  t h e  i n i t i a l  i n s t r u c t i o n s  of some 
o t h e r  block 82,  w e  in t roduce  a d i r e c t e d  edge i n  t h e  program 
graph proceed-tng from El t o  B2. The program graph 1s then 
completely def ined by i t s  s e t  of nodes ( r ep resen t ing  b a s i c  
blocks of  t h e  program) and by t h e  s e t  of d i r e c t e d  edges 
connecting nodes ( r ep resen t ing  t r a n s f e r s  of con t ro l  f rom 
one b a s i c  block t o  another)  . Thus, f o r  example, t he  code 

loop l :  

loop2 : 

next  : 

(1) . 0 .  

x = o 
j = 100 

x = x + j * j  

j = J - l  
y = O  

y = y + x * x  
if ( y . g t  .1000) go t o  next 
go t 0  loop2 

if ( j  . g t  .o) go t 0  loopl  



has t h e  fol lowing program graph. 

4 ( cond i t iona l  t r a n s f e r  only)  

Note t h a t  t h e  f i r s t  two i n s t r u c t i o n s  of ( l )  c o n s t i t u t e  
a f i r s t  block and a r e  represented by node 1 i n  (2), t h a t  t h e  
next t h r e e  i n s t r u c t i o n s  c o n s t i t u t e  a b a s i c  block and a r e  
represented by node 2 i n  (2) ,  and t h a t  t h e  next b a s i c  

b l ~ c k ~ r e p r e s e n t e d  by t h e  node 3 of (2 ) ,  c o n s i s t s  of a s i n g l e  
i n s t m ~ c t i o n .  The two condi t iona l  t r a n s f e r s  whilch fol low t h i s  
s i n g l o  i n s t r u c t i o n  a r e  represented i n  ( 2 )  by the  two d i r e c t e d  
edges which l e a v e  node 3 .  The f ina7  condi t iona l  t r s n s f e r  
d e f t n e s  a  f o u r t h  hlock conta in ing  no a c t u a l  i n s t r u c t i o n s  

but represented i n  ( 2 )  by t be  node 4 and the  d i r e c t c d  edge 

pass ing  out  of  it. I n  (L), w e  a l s o  show i n  a d i i t l n n a l  d i r e c t e d  
e d p ,  passing '?.n l i n e '  t o  t h e  remaining code which ts not  
e x p l i c i t l j r  I nd i ca t ed  e i t h e r  in ( I )  o r  i n  ( 2 ) .  

Note t h a t  the p a p h  of  a program gives a t r u e r  r c p r e s w t a -  
t t c n  of -Lts l o s k a l  s t r l i c tu rp  than tke norma1 sequen t l a l  
f o n n  o f  t h a  same progrsm. Tsbhereas the  physl.cc71 strutture 
of  c ~ m p n t e r  memwies compels u s  t o  s r range  the  j.nstrl.rctlons 
consti . t i i t ing a program i n  some l i n e i r  order ,  t h i s  o r d q  

except w l t h i n  b a s i c  bl-ocks, merely l i n e a r i s e  

a  l o g i c a l l y  nonl inear  program graph i n  an a r b i t r a r y  way. 
( ~ n v e r t h e l e s s ,  some ot t h e  opt imi-7at l .m methods t o  be s t u d i e d  
l a t e r  will mnke algorf thmic use of  l i n e a r  code arranp?ments.  
P ? r t  o r  oilr e f f o r t  f .n t k  p r e s e n t  chnpte r  w K L 1  hc d c v c t e d  
t o  thn d e v e h p m e n t  of r a t l m n l  Zlnear iza t ions  of' genera1 
prnGram g r i p h s )  . A 1.asi.c block terminat ing in n k n l  l -xitt 

,426 - 



s t a t e m c ~ t  o r  ' endt  s ta tement  d e f i n e s  a t e ~ m i n a l  node of a 
pmgram graph.  Thc unique block conta in ing  the f i r s t  
cxecutab1.c n tatcmen t o f \ a  program def i n o s  t h e  unlque i n i t l a l  
o r  e n t r y  node of i t s  program graph; we assume t h a t  t h i s  
7-301~ ! R n o t  t k e  successor  of  any o t h e r  node t n  t!;e graph. 

If P e , <(P) 1s t h e  D P ~  c m s l s t i n g  o f  al.1 Choss 
nodes ~ r h i c h  a r e  t P e  t e m t n a l  nodes o.f d i r e c t e d  edges of th?  
program graph u.rhmc i n i t i a !  node 1s P .  A program graph ma7 

c q i i i v t ~ ? ~ n t l : ~  3c  d n s c r i h e d  hy a s e t  of nodes, and by tkie 

mul t i - v a l w d  successo r f  rnapping T : O) j G> . A track 

in a p r q y ~ m  graph  is a sequence o f  p ? l n t s  PI,P2,. . . ,Pn,  
s w h  t h a t  Pi+l P ) .  P1 i s  c a l l e d  t h e  beginninp; -- of t h e  

t r a c k ,  Pn Ls m l l e d  tbe  end of t h e  t r a c k .  I f  t h e r e  e x i s t s  
a t r a c k  whose beginning is P1 and whose enti i s  P,, then Pn 
is sa1.d to hc n s iwcesso r  n f  P1, and P1 i s  s a i d  t o  be a  
predecessor  of  P 1 ' I n  a program graph every node which i s  
a successor  of the i~ni .qi~e e n t r y  node of t h e  program graph 
i s  c a l l e d  a reachable  p o i n t .  We sha3.l. nonnally assume t h a t  
every p o i n t  of a program graph i s  reachable;  i t  i s  c l e a r  t h a t  
i n s t r u c t i o n s  b e l m g i n g  t o  unreachable nodes can never be 

executed dur ing  any  run of a  program. Such i n s t r u c t i o n s  
a r e  sl.~perf'l!xous and may a s  wel l  be omltted from t h e  
program. Subscquently i n  t h e  p r e s e n t  s e c t i o n ,  we s h a l l  have 
cons iderable  occasion t o  examine the  flow strutture of 
programs more deeply.  However, with t h i s  b a s i c  in t roduc t ion ,  
we have s u f f i c i e . n t  mater ia1  i n  hand t h a t  we may p r o f i t a b l y  
begin to s tudy t h e  two opt imiza t ions  t o  which t h e  preceding 
s e c t i o n  was devoted, i . e . ,  op t imiza t ion  by t h e  e l iminat ion  of 
redundant ope ra t ions  and opt imiza t ion  by t h e  e l iminat ion  
of dead c a l c u l a t i o n s ,  both i n  t h e  context  of genera1 program 
f'low. 

An opera t ion  A * B ( i . e .  an  opera t ion  which combines 
two i n p u t s  A and B t o  g ive  some s o r t  of r e s u l t ,  which we 
w r i t e  a s  A * B) i s  redundant i f  t h e r e  e x i s t s  no t r a c k  i n  t h e  
program graph, e i t h e r  beginning a t  t h e  program e n t r g  block, 



o r  beginning a t  any assignment of a new value t o  one of t h e  
v a r i a b l e s  A o r  B, which reaches t h e  given opera t ion  without 

pass ing  through somapreceding c a l c u l a t i o n  of t h e  r e s u l t  
A * B .  A l 1  o t h e r  opera t ions  a r e  i r redundant .  I n  making 

t h i s  d e f i n i t i o n ,  w e  in tend  t h a t  every opera t lon  A * B 
be followed wherever necessary by a  s t o r e  opera t ion ,  so t h a t  

the " l a s t  ca l cu la t ed"  value of A * B i s  always a v a i l a b l e  
if needed. We c a l l  t h e  ce11 i n  which t h i s  valile i s  s to red  
t h e  "value c e l l "  of A * B . "  Any s i n g l e  redundant opera t ion  
can be el iminated and replaced by a  load from t h e  correspond- 
ing value c e l l .  O f  course,  value c e l l s  need be e s t ab l i shed  
and s t o r e s  i n s e r t e d  only for those  ope ra t ions  a t  l e a s t  one 
redundant in s t ance  of which i s  el iminated by our  opt imiza t ion  
a lgor i thms.  Moreover, a l a r g e  number of t h e  s t o r e  ope ra t ions  
whose i n s e r t i o n  w e  here  f ind  i t  convenient t o  assume w i l l  
be e l iminated bg t he  "dead opera t ion"  opt imiza t ions  which 
w e  s h a l l  cons ider  i n  a l a t e r  s e c t i o n .  Note a l s o  t h a t ,  i f  
an opera t ion  A * R i s  de le t ed  and replaced by a  load from 
Mie corresponding value c e l l ,  i t  fol lows t h a t  a t  t h e  time 
t h a t  t h e  load rep lac ing  the  o r i g i n a l  opera t ion  A * B i s  
perf 'omed, the  value ce11 a l ready conta ins  e x a c t l y  the  
r e s u l  t which would have becn s tored  i n t o  i t ,  were t h e  r e s u l t  
A * R t o  be performed and i t s  r e s i ~ l t  s to red  a g a i n .  Hence, 
t h e  replacement of any redundant opera t ion  hy a load from 
the  corresponding value ce13 does n o t  change t h e  r e s u l t  
o b t a i n e d ,  i n  t h e  one case bg a c t u s l  c a l c u l a t i o n ,  i n  t h e  
second case hy a mere l o a d .  Hencc every redlindant opera t ion  
A * R occi i r r ing fil a program may be removed and replacefi 
by a load wi-thout t h j  s replacement a f f e c t i n g  t h e  r e s u l t ~  of 
a r g  computation. On t h e  o t h e r  hand, i r redundant  ope ra t ions  
must acti~a' l . ly be performed, s i n c e  there e x i s t s  a cìlrect 
t raclc  t o  them f m m  som po ln t  i n  the  program o t  which  t h e  
va)-iie of one oP the I n p u t s  A o r  l3 t o  the  opera t ion  A * B 
hao b e m  recalculatc3.d. Wc' may t he re fo re  assel-t  t h a t  cornmon 
sihexpression e i iminat ion  ' i n  the  l a r g e ,  " i .e., i n  t h e  
presence of program flow, c o n s i s t s  of the  el ini inat ion of 
a73 o p e ~ a t i o ~ s  redundant i n  tbc? sense j imt expl-ained . 



Given t h i s  f a c t ,  t h e  problem of' r e a l i a l n g  t h l s  opt imiza t ion  
becomes t h e  problem of: declding which ope ra t ions  i n  a complex 
program flow graph are redundant .  We aim t a  d e s c r i b e  
algori thms f o r  t h e  effect ive determinat ion of j u s t  t h i s .  

I n  o rde r  t o  develop the necessarg  algorithms, i t  i s  convenient 
f o r  u s  to I-ntroduce a  c e r t a i n  n i~mber  of  new terms. We ca3.1 
an  opera t ion  relevanf  f o r  t h e  opera t ion  A + R if it i s  e i t h e r  
m assignment t o  the  v a r i a b l e  A ,  an assignment t o  t h e  
v a r i a b l e  B, o r  a fomal.l:r i d e n t i c a 1  c a l c u l a t i o n  A * B. 

Fach ope ra t ion  A * B occiirs i n  some b a s i c  block.  If t h e  
l a s t  preceding r e l e v a n t  opera t ion  i n  t h i s  bi-ock i s  an  
assignment t o  A o r  R,  t h e  given ope ra t ion  A * R i s  irredirndant 
and must be performed. I f  t h e  l a s t  preceding r e l e v a n t  opera t ion  
i s  a cal-culat ion of A * B, then t h e  opera t ion  i s  redundant 
and should d e f i n i t e l g  be e l iminated .  The i n t e r e s t i n e ,  
case f o r  g l o h a l  op t imiza t ion  i s  t h a t  of an  opera t ion  A * B 

not preceded i n  i t s  b a s i c  block by any o t h e r  r e l e v a n t  
ope ra t ion .  This case  we t r e a t  a s  fo l lows .  

Wi th  each edge e i n  a program graph ( and wi th  each 
p a r t i c u l a r  c a l c u l a t i o n  A * B ) ,  w e  a s s o c i a t e  a  Boolean value 
x equi1 to 1 i f  an occurrence of  the c a l c u l a t i o n  A * B e' 
a s  t h e  f i r s t  i n s t r u c t i o n  i n  t h e  b l o c k - i n  which t h e  edge e 
te rminates  would be i r redundant ,  and t o  O otherwise.  We 
a l s o  in t roduce  a second Boolean q u a n t i t y  yb, equa1 t o  
1 i f  an occurrence of the  opera t ion  A * B a s  t h e  f irst  
i n s t r u c t i o n  i n  a  block b  would be i r redundant ,  and t o  zero 
o therwise .  We c a l l  xe t h e  l e a v i n e  b i t  a s soc ia t ed  with t h e  
edge e and t h e  opera t ion  A * B, and c a l l  yb t h e  e n t e r i n g  
b i t  a s soc ia t ed  wi th  the  block b and the  sarne opera t ion .  

L e t  e  be an edge, and l e t  b be the  b lack  from which e  
o r i g i n a t e s .  The r e l a t i o n s h i p  between t h e  Boolean q u a n t i t i e s  

y and xe i s  a  c h a r a c t e r i s t i c  of the  bas ic  block considered.  b 
I f  t h e  block conta ins  no i n s t r u c t i o n  r e l e v a n t  to t he  i n s t r u c -  
t i o n  A * B, then c l e a r l y  xe = yb. On t he  o t h e r  hand, i f  

t he  b a s i c  block b does conta in  some i n s t m c t i o n  r e l e v a n t  
t o  A * B, then t h e  r e l a t i o n  between xe and yb 1s a s  fol lows.  



If t h e  l a s t  r e l e v a n t , o p e r a t i o n  i n  b i s  an assignment t o  A 

o r  B, then x, = 1. I f  t h e  l a s t  relevant opera t ion  i n  b 
i s  a c a l c u l a t i o n  of A B, then x, = O .  I n  any case, we 

may w r i t e  xe=C .y + D,, where, here  as  i n  t h e  remainder of 
e b 

t h e  p resen t  sec t ion ,  we w r i t e  the  Boolean "and" a8 a symbolic 
product ,  and the  Boolean "or" a s  a symbolic swn. The Boolean 
c o e f f i c i e n t s  C, and D a r e  of course,  c h a r a c t e r i s t i c s  e 
of t h e  block b and edge e. We may w r i t e  the  preceding 
equatlon more s u c c i n c t l y  a s  x, = f,(yb), where f e  is t h e  
Eoolean funct ion  defined by f e ( ~ )  = C,.y + De. C a l i  t h i s  

Boolean t ransformation the  edge t ransfonnat ion  associated 
w i t h  the  edge e and the opera t ion  A * B. 1% fol lows 
a t  once from o u r  d e f i n i t i o n  t h s t  yb = + e . .  

X e ~  +xe, 
el, . . .  e being the  edges of the  program graph which terminate  n 
j-n the  block b; indeed an opera t ion  A * R ,  s tanding  a t  the 
beginning of  the  block h,  i s  irredundant if and only i f  t h e  
same opera t ion ,  s tanding  a t  t he  end of  -- some one of.  t h e  edges 
e n t e r i n g  block b would be i r redundant .  Note t h a t  t h e  
o p e r a t i o s  A * R, occurr ing a s  the first r e l e v a n t  opera t ion  
in i t s  block, 1s redundant i f '  and m l y  i f  yb = O .  Thi.~s,  

the probl-em of determlning the reudndancy o r  t h c  opera t ion  
A * R, when i t  i s  the f i r s t  rei-evant opera t ion  i n  i t s  b a s i c  

block,  L e . ,  i n  t h a t  case i n  which i t s  relevancy depends 
on the  g lobal  strutture of the  program graph, i s  p r e c i s e l y  
t h a t  o f  calcvlatlng the quan t i ty  yb f o r  each block b .  

E q u i v a l m t l y ,  and someurhat more c o n v e n l e n t l  y, we may 

calciil .ate t h e  q u a n t i t l e s  x, f'or 211 t h e  edges of  the  
program g r a p h .  For the q ~ i a n t i t i e s  x, we hme the  system of 

so  t h a t  our  problem 1s e s s e n t i a l l y  that of c a l c u l a t i n g  t h e  Boolean 
q u a n t i t i e s  x, by solving thls system of Boolean equat ions.  

Note t h n t  s i m l l a r  d e f i n i t i o n s  may he made and s similar 



opera t ion  is redundant lf t h e r e  e x i ~ t s  no t r a c k  i n  t h e  program 

graph, e i t h e r  frnm the  origin block ot' t h e  program o r  from 
an assignment t o  one of,the v a r i a b l e s  A, B, o r  C, which 
reachee the  g iven  opera t ion  without  pass ing  through some 
o t h e r  formallg Zdentical  opera t ion .  A l 1  o t h e r  c a l c u l a t i o n s  
of G ( A , B , C )  a r e  i r r edundan t .  For t h e  same reason a s  i n  the 
b ina ry  case,  we may, by a s s o c i a t i n g  a hTypothetical  value ce11 
with each svch opera t ion ,  d e l e t e  every redundant in s t ance  

of t h e  calcu1,ation G(A,R,C)  and r ep lace  i t  by a  load from 
t h e  corresponding value c e l l .  With each edge i n  a program 

graph, and with each such opera t ion ,  w e  may a s  i n  t h e  b ina ry  
case  a s s o c i a t e  a Boolean value xe equa1 t o  1 i f  an occurrence 
of t h e  opera t ion  G(A,R,C)  a s  t h e  f i r s t  i n s t r u c t i o n  reached 
by t he  edge would be irredu-ndant,  and t o  zero otherwise;  
and a l s o  a Boolean q i ian t i ty  yb having a  s i m i l a r  d e f i n i t i o n  
but  p e r t a i n i n g  t o  e n t r y  t o  t h e  given b a s i c  block. '  We c a l l  
an opera t ion  r e l e v a n t  t o  the  opera t ion  G ( A , B , C )  i f  i t  i s  
an  assignment of a va1.w e i t h e r  t o  t h e  v a r t a b l e  A, o r  B, o r  
t o  C ,  or i s  a compirtation formai-ly i d e n t i c a 1  with t h e  
computation G(A,E ,  C )  . If' a given b a s i c  block b  conta ins  
no occurrence of m y  i n s t r u c t i o n  rei-evant t o  t h e  opera t ion  
G ( A , B , c ) ,  then xe = yb. I f  t h e  l a s t  r e l e v a n t  opera t ion  i n  
b i s  a c a l c u l a t i o n  of G(A,B,c ) ,  then xe = 0' Thus the  
r e l a t i o n s h i p  between the  Boolean q u a n t i t i e s  xe and yb 
and t h e  p a t t e r n  of Boolean equat ions f o r  t h e  c a l c u l a t i o n  of 
the compnosite c o l l e c t i o n  of b i t s  xe, a r e  t h e  sarne whether 
t h e  opera t ion  considered has  two o r  more Bnput q u a n t i t i e s .  
We may use t h i s  f a c t  t o  t r e a t  composite c a l c u l a t i o n s  l i k e  
(A+B)*c on the  same b a s i s  a s  simple c a l c u l a t i o n s .  Note 

t h a t  if Fe i s  the  edge t r a n s f o m a t i o n  as soc ia t ed  with such 
a  composite opera t ion  w"li1e f e  i s  t h e  block t r a n s f o m a t i o n  
as soc ia t ed  with t h e  s u b c a l c i ~ l a t i o n  l i k e  A+B, then n e c e s s a r i l y  

f,(x) -' F,(x) i n  the  sense of t h e  evident; Boolean order ing  
* 

O l .  It w i l l  fo l low from our  subsequent d iscuss ion  t h a t ,  
of xe a r e  t h e  i r redundancy b i t s  a s soc ia t ed  with t h e  composite 

ope ra t ion  (A+B)+c i n  the  sense explained above, while xe 



a r e  the corresponding b i t s  a s s o c i a t e d  wi th  t h e  subopera t ion  
A+B, i t  n e c e s s a r i l y  followo t h a t  x, X, f o r  each edge e .  
Thus, i f  the ca lcu l t&ion  - (A+B)*C i s  redundant i n  a g iven  
bl-ock, then t h e  a s s o c i a t e d  subopera t ian  A+B i s  a l s o  redundant 
i n  t h e  snme b lock .  Hencr, an op t imiza t ion  procedure  
based on redundancy b i t s  i s  c o n s i s t a n t  wlth an under ly ing  
d a t a  s t r x t u r e  whick r e p m s e n t s  cornpcml. t e  o p e r a t i o n s  by 

p a i r s  9f p o i n t c r s  t 9  the s imp le r  o p e r a t i o n s  o f  which they  
are compased . 

A very  s i m i l a r  l i n e  of ~ e a s o n i n g  may be app l i ed  t o  
s t~xdy  t h e  el . imination of u s e l e s s  o p e r a t i o n s ,  and e s p e c i a l l y  
o f  s t o r e  o p e r a t i o n s ,  when theg  a r e  "deed," i.e., never  
sl..ihsequently used i n  t h e  course  of a program run .  A s t o r e  
i.nstriict!.on 1s  dead if therc is no p a t h  .rrom i t  t o  any  m e  

qf t h e  va lue  which i t  s t o r e s  which does n o t  p a s s  throixgh 
another  s t o r e  o r  t h e  same v a r i a b l e .  Suppose t h a t  w i th  each 
s t o r e  and each sQe of theprograrn graph we associate a bit 

i n d i c a t i n g  w3ether t h e  same s t o r e  operatj.on occu r r ing  Xe<-- 
a t  t hc  beglnnlng oF t h e  b lock  i n  which the  edge te r in ina tes  
wo1iJ.d he live r a t h e r  than dend, nnd a second b i t  q, 

a t  the cnd O C  b l w k  h i n  whtch  e termintes, woilld b? 

3 .  T,ct e h r  an edge, and l e t  b be t h e  b lock  i n  which 
e f x r r n l n a t e s .  Then t h m e  c a s e s  a r i s e .  Xf t h e  v a r i a b l e  A 

~ a s  a ilse i n  t b e  b b c k  b before any store ng.erat ion 
assigning a val i le  t o  A occurs ,  t h e n  xe = 1. I f ,  on t h e  o t h e r  

hand, ari assignmcnt t o  A occims j.rì b be fo re  any use o r  A ,  

then x = 0 .  e F i n a l l y ,  S f' k h e  v a r i a b l e  A h a s  no  storres and 
no imcs  i n  t h e  bloclc b,  then x, = yb. Nowy s i n c e  a v a r i a b l e  
I s  l i v e  st the end of a givcn block f f  and onl-y lf it i s  
live a t  t h e  heginnin-T of some block t o  which t r a n s f e r  may 

be made from t h e  @vcn block, i t  tollows t h a t  yb = 
-. Cm x9+* *+* 

where e , ,  . . . ,e o r e  t h e  edges o r i ~ i n a t i n g  Prom t h e  block b .  
. - n 

Thr. rcvcrsc p w p h  of a graph wl th  ordered cdges 1 s  t h e  
-.m- -- 



graph wi th  t h e  same nodee and ed&es, but with the o r i e n t a -  
t i o n  o f  eich edge reversed. In terms of t h i s  notion, we 
s e e  t h a t  tbe genera1 pa't;tern of Boolean equatlone f o r  the 

c a l c u l a t i o n  oF t h e  l ive-dead biC8 associated with a s t o r e  
opera t ion  have the  same form a s  t h e  systern of Boolean equat lons  
d e t e m i n t n g  t h e  redundancy of ope ra t lons  A * B, except  t h a t  
the  r eve r se  program graph r a t h e r  than  the o r i g i n a l  program 
graph must be used. 

The above argument shows t h a t  systerns of Boolean equat ions  
of the form (1) p l a y  a cons iderable  role i n  two s l t u a t i o n s  
of g r e a t  I n t e r e s t  t o  us .  We now begin an examination of the 
s o l u t i o n s  of systems of Roolean equat ions  of t h i s  form. 
Note first t h a t  t h e  equat ions  (1) a r e  " l i n e a r "  i n  the 
Eoolean sense. It fol lows t h a t  the Roolean swn of two 
s o l u t i o n s  of oim system of equations i s  a l s o  a s o l u t i o n  of 
t h e  same systern of  equat ions .  Since t h e  swn of any two 
d i s t i n c t  s o l u t i o n s  of these  equations i 8  g r e a t e r  i n  the  
Roolean seme than e i t h e r  of the two s o l u t i o n s  ou t  of which 
i t  i s  composed, tt fol lows a l s o  t h a t  t h e r e  e x i s t s  a maximal 
s o l u t i o n  of our  system of equat ions,  L e . ,  a s o l u t i o n  X, 

w i t h  t h e  p roper ty  t h a t  Xe x f o r  a l 1  e and f o r  any o t h e r  e 
s o l u t i o n  xe of t h e  same system of equat ions .  Suppose, on 
t h e  o t h e r  hand, t h a t  we p u t  xe o 0, and, i t e r a t i v e l y ,  p u t  

where el, . . . ,e a r e  t h e  edges of t h e  program graph te rminat ing  n 
in t h e  block b from which e o r i g i n a t e s .  Then, s i n c e  every 
one of the block t ransformations f, 1s a monotone Boolean 

(m) fiinction, i t  fol lows by induct ion t h a t  t h e  q u a n t i t i e s  xe 
a re  monotone inc reas ing  wi th  m, and hence reach a  l i m i t  
a f t e r  a f i n i t e  nwnber of s t e p s .  Moreover, i t  fol lows by a 
s i m i l a r  induct ion  t h a t ,  i f  x, i s  any s o l u t i o n  of the  system 
of equat ions 



then x, 2 x , ( ~ )  f o ~  evwy  e and m. Therefore, if we l e t  x, (4 
be t h e  l i m i t  o f  t h e  q u a n t i t i e s  then xe (a) ii ttht 

iinique s o l u t i o n  of the system (3) of Roolean equat ions which 
is less than o r  equa1 t o  m y  o t h e r  s o l u t i o n  of t h e  aame 
system nf Boolean eqiiations.  We c a l l  t h i s  s o l u t i o n  of 
the  system (3) its minimal s o l u t i o n .  We conclude t h a t  t h e r e  
n x t s t s  a mini-mal snd s rnaximal s o l u t i o n  of  t h e  system (2)  

of Boolean equa t ions .  Any o t h e r  s o l u t i o n  of t h e  system 
(3) lies above t h e  minima1 s o l u t i o n  and below the maxtmmal 
nolut ton i n  t% seme of' t he  n a t i ~ r a l  o r d e r  of boolean quanti-ties. 

L e t  ue ba t h e  mintmal s o l u t i o n  and x, the maximal 
s o l u t i o n  t o  the system of Boolean equat ions  (3). We cali 

those  edges e of t h e  program graph f o r  which X, -- xe 
dete rmina te  ed&&?? f n r  t he  system ( 3 ) ,  and those e d g ~ s  f o r  
which x, T 0 ,  while X e  = 1, Indeterminate  edges f o r  t h e  
nystem ( 3 ) .  Thon s i m e  for each i n d e t e r m i n a t e  ~ d g e  e tke 

edge t rnnoformat ion f c m  assume either of t'ic vslues O o r  
F? 



O u r  mpthod f o r  t h s  c e l w l a t l o n  of the block entry and 
edgc exit; b i t s  yh ond x, f o r  any  glven o p e r a t i o n ,  will be 

based or, ths consideratign of s i~breg ions  of g r i p h .  L e t  

R he some siibset of t h e  nodes of  a program graph. Let 
alJ...,ak be t h e  c n l l w t i o n  of a l 1  nodes i n  3 reached by 

edges f'rnrn nodes  o f  t h e  program graph e x t e r n a l  t o  the  region 
R .  Let u s  w r i t e ,  a s  a spstem of Boolean eqilst ions,  t h e  
subsystem of (3 )  applying t o  t h e  nodes i n  R ,  

t he  equ i t ion  for each of t h e  nodes al,  . ., . , ak 
one e x t r a  inhomogeneous t e m ,  i .  e . ,  t o  read 

bu t  modify 
t o  inc lude  

where z i s  the lnhomogeneoi~s term i n  quest ion,  and where a 
a r e  t h e  cdges o f  t he  program graph o r i g i n a t i n g  

a t  some node i n  the region R from which t h e  edge e .  

o r i g i n a t e s .  Foming t h e  minlmal s o l u t i o n  o f  t h i s  system 
o f  equat ions i n  t h e  s eme  exp l a ined  above, we ob ta in  

CI 

a Boolean func t ion  fn (zl, . . . , zk) ; t h i s  funct ion  depends on 
e 

a s  many Roolean v a r i a b l e s  a s  t h e r e  ape e n t r y  nodes t o  the 
region R .  I n  p a r t i c u l a r ,  i f  R i s  a s i n g l e  e n t r y  region,  

R 
- 

f e  I s  a Boolean func t ion  of a  s ing le  Boolean var-kble, 
and hence a funct lon  having t h e  same f o m  and ( a s  we shal.1 
soon see) much t h e  same jmtu i t ive  s i g n i f i c a n c e  a s  t h e  edge 
t ransformation func t ions  w i t h  which w e  a r e  a l r e a d y  f a m i l i a r .  
Note t h a t ,  i f  e i s  an edge o r i g i n a t i n e  i n  R but  te rminat ing  
o u t s i d e  R ,  equat ion (4 )  w i l l  s t i l l  d e f i n e  a value R 

e 
(zl, =Jn) ; 

t h i s  case i s  s impler  than t h e  case  i n  which e  both o r i g i n a t e s  
and te rminates  i n  R ,  s i n c e  i n  t h i s  case t he  values  of t h e  
v a r i a b l e s  xe , . . . , x occuring i n  (4)  may be determined 

1 
from the  o t h e r  equat ions (4 )  applylng t o  t h e  region R and 
t h e  value xe does  not  appear i n  any of these  o t h e r  equat ions .  



R The t h e o r e t i c a l  s i g n i f l c a n c e  of t h e  func t ions  f, may 

be understood a8 fo l lows .  Suppose t h a t  we  p a r t i t i o n  t h e  
program f'low graph F i n t o  a  c o l i e c t i o n  Rl, . . . ,Rk of 
h i s  j o i n t  s ing ie -en t ry  regions with en t r y  nodes bl, . . . ,bn . 
Let fxeJ  be the  s o l u t i o n  of t h e  Boolean redundancy equat ions 
(2), and, f o r  each j, l e t  ~ ( b , )  be the  s e t  of edges o r i g i n a t i n g  
o u t s i d e  the region R and end!ng i n  b then p u t  3 j ' 

I f  e o r i g i n a t e s  i n  R i t  fol lows from the  d e f i n i t i o n  of J ' 
t h e  funct ions  f e  t h a t  t h e  value of x e ,  a s  determined by (2) ,  

1s a l s o  determined by the  s e t  of equat ions 

O a t  of t h i s  s e t  of equat ions we may e x t r a c t  t h e  subaet  
c o n s i s t i n g  of a l 1  those equat ions applying t o  edges e which 
go from one region Rk t o  ano the r  region R J ' The subse t  of 

the  equat ions (7) applying i n  t h i s  case  may be w r i t t e n  a s  

x = feJ  (xe, + m . .  + X ) ;  e e, 

have e i s  any edge leaving R t o r  another reg ion ,  while 3 - 
el, ..., ei a r e  a l 1  the  edges which or ig i .na te  i n  another  
rep;!.on and terminale i n  t h e  region R from which xe o r i g i n a t e s .  

j 
Note then t h a t  the  system (7) has a  d e f i n i t l o n  e x a c t l y  

t o  the  d e f i n i t i o n  of the  system (2), except t h a t  
where the  basic edge transfr>rmations fe appear  

i n  ( 2 )  , t he  region-associated transforma t i o n s  
R f e  appear  i n  (8) ; 

where al1 t h e  edges o r i a n a t i n g  ou t s ide  a hlock 
and terml.nating i n  a  block appear i n  an equat ion 
( 2 ) ,  a l  l the  edges o r i g i n a t i n g  nu t s ide  a  region 
and termimating i n  t h e  rcginn appear i n  (8'); 
whereas a l l  edges of the  graph P appear i n  ( 2 ) ,  

only edges which c ross  from one region t o  another  
appear I n  (8 ) .  



In p a r t i c u l a r ,  (8) may be a mucn amaller system of  equa- 

t i o n s  than (2) .  Note that, m c e  tho  equations (8) have 
heen solved, Che values\x, f o r  a l 1  in t ra- region edges e 

may be de tem ined  by uae of the equations (6) and (7). 
Of caiirse, the use o f  t h e  region functions f'e i n  t h e  
manner j u s t  o l ~ t l i n e d  w i l l  on ly  be of advantage tf i t  i s  
s u b s t a n t i a l l g  easier  t o  solve  the system (5) of equat ions  
detennining t h e s e  f i inct ions than  to solve the fu11 set (2 )  

of e q - ~ a t i o n s .  Assuming this t o  be the caee, however, 
w e  may e l a b o r a t e  t h e  Zollowlng s t r a t e g y  f m  the complete 
s o l u t i o n  of t h e  equat ions  ( 2 ) :  

i .  Partition P i n t o  a d t s j o i n t  s e t  of s i n g l e  e n t r y  
subregions R each having an i n t e r n a 1  s t m c t u r e  s u f f i c i e n t l y  

3 ' 
simple so a8 t o  make the ca lc l i la t ion  of the assoc ia t ed  

R 
func t ions  f j easy .  e 

ii. Treating each region R a s  i f  i t  were a block, 3 
e l i rninat ing al1 i n t r a - r e g i o n  edges, and using the func t ions  

R 

fe3  i n  p lace  o f  t h e  func t ions  f,, s e t  up t h e  sys tem of 

equat ions  ( 8) . 
,,iii. Sol.ve t h e  system of  equat ions ( 8 ) ,  determining a l i  
\ 

t h e  sedundancy b i t s  x, f p r  in t e r -b lock  edges e; 

i v .  U s e  e q u a t i o n s  (6) and (7) t o  determine the redundancg 
b i t s  x f o r  in t r a -b lock  edges e .  

'Y 
1+is a l s o  worth not ing  t h a t  t h e  t ransformation def ined 

by ,i) anh,'ii) 1 s  a v a i l a b l e  f o r  i t e r a t i v e  re-appl icat ion i n  
d e v e l o p i n g  the s o l u t i o n  requi red  i n  s t e p  iii). 

I n  what fol lows,  w e  shall showu*how siibregions R of S 
v r o g r a m  graph P which are e s p e c i a l l y  well -adapted f o r  
u s e  i n  connection with the above strategy may be developed. 



The f a c t  t h a t ,  i n  d i scuss ing  s o l u t i o n s  of t h e  system (2 )  

of Boolean equat ions,  we a r e  a b l e  t o  t r e a t  s i n g l e  e n t r y  
regions on much the  sqme b a s i s  a s  we t r e a t  bae ic  
blocks g ives  t o  s i n g l e  e n t r y  reg ions  i n  a progrbam graph 
the except ional  Smportance which the reader w i l l  p rece ive  
theg have i n  our  subseqiient d i scuss ion .  Note t h a t  t h e  
funct ion  f R  1s a  monotone funct ion  of i t s  v s r i a b l e s ,  i .e., . e  
t h a t  i t s  Poolean va lue  a laays  increasss if one o r  S t s  

aiguments 1s increased i n  t h e  Soolean sense. 

We may a l s o  de f ine ,  f o r  a  region R and the  node. i n  t h a t  
region,  a func t ion  which  has t h e  same significante f o r  

R ' hlock e n t r i e s  a s  the  funct ion  f ( z l ,  . . . , zk) has f o r  
e 

h lock  e x i t s .  This f u n c t i o n  i s  given simply by 

i n  case t h e  block b t n  quest lon 1s one which i : ~  not  t h e  
terminus of any branch o r i g i n a t i n g  ou t s ide  R ,  and 
the fwrn 

I? t h ~  nqde  a 3.n q i w s t i o n  is one which 1s t h e  t ~ r m i n a l  node 
of' some h r n n q h  o?  t h ~  yrogram whose oricim I s  e x t e m a l  t 9  

R .  I n  (C)) anrl (10) . . . iri a r s  those ~ d g p s  of t h e  Q F Q Z ~ ~ ? ~  gy.?pk 

which o r i g i n a t e  i n  R and te rmina te  I n  b ( o r  i n  t h e  seme of (91, 
in a) . We cal-l  the funct ion  E ~ ( Z ~ ,  . . . , zk) the  Boolean 



of  moving an occurrence of  a g i v e n  ope ra t ion  from one p o i n t  
of a  program t o  another. Suppose, t o  be more spec i f tc ,  

t h a t  A * R 3.s an opcratlqn occurrlng i n  a c e r t a i n  block o f  

a sin@? c n t r y  r eg ion  R of a program and that t h l ~  opera t ion  
is not  precoded i n  I ts  bloclc bg anv o t h e r  r e l evan t  I n s t m i c t i o n .  

R 
T R ~  vb(~) be t h e  Boolean e n t e r i n g  o p e r a t o r  func t lon  f o r  t h e  
z iven  b lock  and r e q i o n .  If ( O )  = I ,  then t h e  o p e r a t o r  

j.s no t  redundsnt  i n  i t s  l o c a t i o n ,  no m a t t e r  whether i t  i s  
K redundant on e n t r y  t o  t h e  r eg ion  R o r  n o t .  I f  E- ( O )  = O 

R 
LI 

and ~$,(l) = O a l s o ,  then t h e  o p e r a t i o n  A * R 1 s  redundant 

I n  any case,  and may,be d e l e t e d  and rep laced  by a load  from 
R t h e  corresponding valiie ce l - l .  I f ,  f i n a l l y ,  ~ ~ ( 0 )  = O 

R 
U 

and E&) = 1, then t h e  o p e r a t o r  1s redundant i f  and o n l y  
i f  t h e  corresponding o p c r a t i o n  p laced  immediately previoi is  
t o  the e n t r g  block of t h e  r e s i o n  R would be redundant .  Thus, 
i f  whi le  c a l c u l a t i n g  t h e  valiie of  t h e  redundancg b i t s  f o r  
l a r g e r  and l a r g e r  r eg lons  we f i n d  t h a t  t h e  ope ra t ion  
A * F) woul-d no t  be redundant on e n t r y  t o  t h e  subregion R, 

R b u t  n e v e r t h e l e s s  t h a t  E h ( ~ )  = O and .$(l) = 1 (and wi th  
t h e  important  " s a f e t g "  p r o v i s i o n  t h a t  performance of  t h e  
o p e r a t i o n  cannot produc*: any  "side e f f e c t s "  such a s  over-  
f lows m nachlne  t r a p s ) ,  i t  fo l lows  t h a t  i f  a copg of  t h e  
i n s t r u c t i m  1s  placed  imrnediately p rev ious  t o  t h e  en t r ance  
t o  t h e  reg ion  R,  t h e  ope ra t ion  A * B may be d e l e t e d  i n  i t s  
p r e s e n t  l o c a t i o n .  The n e t  e f f e c t  o f  the  program t r ans fo rma t ions  
just desc r ibed  is, of course ,  t o  move t h e  ope ra t ion  A * B 

from t h e  p o l n t  w i th tn  t h e  reg ion  R a t  which i t  o r i g i n a l l y  
occurs ,  t o  a p o i n t  irnmediate1.y preced ing  t h e  e n t r y  b lock  of 
t h e  reg ion  R .  I f  t h e  reg ion  R c o n t a i n s  i n t e r n a 1  c y c l e s ,  
i t  may wel l  be t h a t  t h e  nodes i n  R a r e  t r a v e r s e d  du r ing  
a run of t h e  program much more f r e q u e n t l y  than t h e  reg ion  
R i s  en te red ;  t h i s  would s u r e l y  be t h e  ca se  i f ,  f o r  exarnple, 
t h e  Pegion R r e p r e s e n t s  an i n n e r  loop of  t h e  program be ing  
opt imized.  I n  this case ,  by moving t h e  ope ra t ion  A * B 

from one p l a c e  t o  another ,  ne o b t a i n  a  va luab le  g a i n  i n  
e f f i c i e n c y .  As o u r  procedure  f o r  t h e  c a l c u l a t i o n  o f  t h e  



rediindancy b i t s  xb i s ,  i n  any case,  based on the c a l c u l a t i o n  

of t h e  region funct ions  l$ and e f o r  l a r g e r  and l a r g e r  
subgraphs of a  progyam graph, a t a r t i n g  with hmermost 
subgraphs and working outward, i t  i s  p a r t i c u l a r l y  f o r t u n a t e  

t h a t  t h e  c r i t e r i o n  f o r  code motion has so simple an expression 
i n  terms of the  region funct ions  #. 

Note i n  t h i s  connection t h a t  the  i n s e r t i o n  i n t o  a  code 

of an add i t iona l  c a l c u l a t i o n  A * B (which, a s  always, we 
assiune t o  s t o r e  i t s  r e s u l t  i n t o  an aasocj-ated value ce l l )  
cannot change t h e  quan t i ty  p resen t  i n  t he  valiie ce11 a t  

any suhsequent redimdant operat ion . ' This value could only 
be changed if t he re  ex l s t ed  a t m c k  from the  i n s e r t e d  
calc! .~lat ion t o  a  redimdant calci.11ation of A * B, s t a r t i n g  
t m m  some operat ion which asa igns  a  new v a l u e  t o  e i t h e r  
A o r  E, and containing no o t h e r  in te rvening  r e c a l c u l a t i o n  
of A * 9. T h i s ,  however,, i s  impossible by our  d e f i n i t i o n  
o C' redl~ndancy. 

Ngte a l s o  i n  t h i s  connection t h a t  i t  1s obvious t h a t  
diirj.np; every rim a l 1  the  i n s t r i ~ c t i o n s  c o n s t i t u t i n g  a 
s i . n % l e  bas i c  block wi.1.1. be execiited cqiia71y of'ten . Thus, 

we may a s s o c i s t e  an ~xeci . i t ion freqi.iency w i t h  each node of ------- 
a p r o p a m  zraph .  This freqilency w i . 1 1  of course  be d a t a  

depmdent .  S l n c i  program o p t i m i z a t i o n  rnwt be performed 



a given program i n t o  an e q ~ i v a l e n t  a lgori thm. We can however, using 
t h e  methods descr ibed above, consider .  those  s p e c i a l  code motion 

opt imiza t ions  which can be der ived  from i t e r a t e d  simple motions. 

O f  course, by moving f i r s t  one and then another  i n s t r u c t i o n  i n  an 

i t e r a t i v e  manner, whole groups of i n s t r u c t i o n s  may eventua l ly  be moved. 

Nevertheless,  t h e  code-motion opt imiza t ions  which can be der ived i n  

t h i s  f a sh ion  form a subse t  of the  considerably more genera1 c l a s s  of 
opt imiza t ions  involving t h e  u n i t a r y  motion of whole blocks of inctructiias. 

I n  some cases ,  a s  an a i d  t o  opt imizat ion,  a  prograrnmer i s  asked t o  

supply, a long wi th  h i s  source language program, t h e  p r o b a b i l i t i e s  with 

which var ious  branches l eav ing  a  b a s i c  block w i l l  be taken.  From these  

p r o b a b i l i t i e s  t h e  frequency of execution of any given b lo rk  may be 

estimated i n  a  simple way. Let t h e  nodes c o n s t i t u t i n g  a  program graph 

be enumerated i n  some order ,  and l e t  f i  be t h e  execut ion frequency of 

the  i - t h  node. On t h e  assumption t h a t  the  f i r s t  node i n  t h e  enumerawn 

i s  the  unique en t ry  node of t h e  program, i t  c l e a r l y  fol lows t h a t  f l=l .  

For each i and j, l e t  pi j  be t h e  p r o b a b i l i t y  of a  t r a n s i t i o n  leaving  

t h e  j - t h  node of the  program graph along t h e  d i r e c t e d  edge l ead ing  t o  

the  i - t h  node of t h i s  graph. Then t h e  f requencies  f i  a r e  determined 

from t h e  p r o b a b i l i t i e s  pij  by t h e  equat ion f i  = p i j f j .  The 
J c o e f f i c i e n t s  pij  a r e  of course non-negative. Moreover, t h e  sum i Pij 

has t h e  value 1. Thus, the  norm of the  t ransformation represented 

by the  matr ix  p  = Ipij]  i s  1, and a l 1  eigenvalues of t h i s  matr ix  

a r e  confined t o  the  c i r c l e  l z l  - < l. Moreover, i t  i s  c l e a r  t h a t  the 

pa in t  A = 1 of t h e  complex p lane  i s  an eigenvalue of the  a d j o i n t  of 

the  matr ix  P and hence of t h e  matr ix  P i t s e l f ;  h = 1, regarded a s  
an eigenvalue of the  a d j o i n t  matr ix  - t o  the  matr ix  P, has a  p o s i t i v e  

eigenvector ,  a l 1  of whose components a r e  equa1 t o  one. The c l a s s i c a 1  

Frobenius theorem concerning ma t r i c e s  W i t h  non-negative elements now 

enables us t o  a s s e r t  t h a t  h = 1 i s  the  eigenvalue of t h e  matr ix  P 

which i s  l a r g e s t  i n  magnitude, and t h a t ,  both f o r  t h e  t ranspose of 

P and f o r  P, t h i s  eigenvalue has a  one dimensional eigenspace.  

It fol lows,  the re fo re ,  t h a t  the  equat ion f i  = p.  . f .  has a  
J 1 J  J 

s o l u t i o n  which i s  uniquely def ined up t o  a  cons tant  f a c t o r ,  and 

t h a t  t h i s  s o l u t i o n  i s  s t r i c t l y  p o s i t i v e .  The a d d i t i o n a l  condi t ion  
t h a t  the  program i s  entered only once then  determines t h e  frequencies  

f i  uniquely a s  a  s o l u t i o n  of the  preceding equetion.  



6. " ~ n t e r v a l s  l', Program Flow, and t he  Boolean 

Redundancy Equations . 
I n  t he  previous sec t ion ,  we saw t h a t  a  c e r t a i n  system of 

Boolean equations, and a c e r t a i n  so lu t ion  of these equations, 

plays a  very s i gn i f i c an t  r o l e  i n  optimization by redundant 
i n s t ruc t i on  e l iminat ion  on a  global  sca le ,  i . e . ,  i n  t he  
presence of program flow. We indicated t h a t  we intended t o  
base our ca lcu la t ion  of the  so lu t ion  of these  Boolean equations 
on the  ana lys i s  of subgraphs of the program .graph, - and, i n  

t h i s  connection, - introduced a  p a i r  of funct ions l$ ( zl, . . , zk) 
K and fe(z l , .  . . , zk) ,  the so-cal led en te r ing  and l-eaving funct ions 

f o r  a  given block and region o r  edge and region and f o r  a given 
operation. In ca lcu la t ing  these  funct ions,  c e r t a i n  spec i a l  
s ing le  ent ry  subgraphs of a  graph a  r e  pa r t i cu la  r l y  s i gn i f  i can t  . 

We now define,  i n  a  prec ise  way, the  subgraphs i n  which 

we a re  in te res ted .  A subgraph of a  program graph p i s  sa id  

t o  be loop-free -- i f  i t  contains no t rack ,  more than one point  
long, whose f i r s t  and l a s t  points  a r e  i den t i ca l .  We def ine  
an -- i n t e r v a l  i n  a  program graph 9 t o  be a subset containing 

a unique dis t inguished ent ry  node q, and ha<ving t he  property 
t h a t  4 - q  i s  loop f r ee .  We w i l l  sometimes c a l l  t he  node q t he  

head of the  i n t e r v a l  . Since, by d e f i n i t i o n  of a  program 
graph, every node i n  the  i n t e r v a l  can be reached from the  ent ry  
node of the  program graph, i t  follows t h a t  every node of an 
i n t e r v a l  c m  be reached along a  t r a ck  beginning a t  the  head of 
the  interva, l .  Suppose t ha t ,  given an i n t e r v a l  Q , we order  
the  nodes of - q by s e l ec t i ng  t he  nodes successively,  never 
s e l ec t i ng  acy node p  while we can s t i l l  selec-t  some other  node 

i n  t he  i n t e r v a l  which precedes p  along a  t r a ck  of the  i n t e rva l .  

Proceeding i n  t h i s  way, we e s t ab l i sh  a  l i n e a r  ordering f o r  a l 1  

the  nodes of (i - q, such t h a t  every predecessor of any node p  
but the f i r s t  l i e s  previous t o  t h i s  p i n  th is  l i n e a r  ordering. 
Using t h i s  f a c t ,  we may ca lcu la te  t he  Boolean leaving operator  
funct ion f o r  each edge e  o r ig ina t ing  i n  the  region (;? as  follows. 



Let & be t h e  program graph obtained f rom the i n t e r v a l  I$ by 
keeping t h e  same s e t  of nodes but d e l e t i n g  a l 1  edges o r i g i n a t -  

i n g  a t  a  node of & and te rminat ing  a t  the head p of t h e  
i n t e r v a l  G. It i s  apparent that f e ( z )  = f $ z )  f o r  a l 1  the 
edges e  of the  in te rva-1  & i f  L ~ ( o )  = O for every edge i n  

(C' t e rminat ing  i n  t h e  node p. On t h e  o t h e r  hand, i f '  t h e r e  
. . 

e x i s t s  any edge i n  4 ~ * ~ b i ^ %  t e n i . ? ? t ? ~  tr T, s ' J ~ ~  ':??t fi 3 - 

-l , then e ( z )  = f$ l )  f o r  a l 1  b. Thus c a l c u l a t i o n  of f $  i s  

reduced t 0  ?ill--+j.qn cf fo(, IIowc~lqr, p i r c c  tJ?c sn?ph lf7 1s 7 \ ' p ' f . 1  1 t -  

loop f r e e ,  and s i n c e  we have a l r eady  seen t h a t  i t s  nodes may 

be arranged i n  l i n e a r  order  i n  such a  way t h a t  every node 

come3 before  any of i t s  predecessors  wi th in  ,t1 , t h e  c a l c u l a t i o n  

of the  func t ion  f'R i s  s t r a igh t fo rward .  We have f$ (z )  = f e ( z )  
C: 

f o r  each edge o r i g i n a t i n g  from the  f i r s t  node p  i n  s,equence 

( i n t e r v a l  head) and have t h e  fol lowing formula f o r  an edge 

o r i g i n a t i n g  i n  any subsequent node b: 

T.> 

I n  formula ( l) ,  el, . . . , e  a r e  t h e  edges i n  k which terminate  n  
i n  the  node b. 

Note, a s  a  p r a c t i c a l  mat te r ,  t h a t  a l 1  t h e  c a l c u l a t i o n s  

t h a t  we have descr ibed may be c a r r i e d  out i n  p a r a l l e l  f o r  t h e  

Boolean func t ions  corresponding t o  a  given region and block, 
and f o r  any number of d i s t i n c t  Y c m ,  j~q~?j .d . ; .d  n n l y  

t he  r e l evan t  Boolean values  f o r  each of the  itenis I n  

ques t ion  e r e  assigned p a r t i c u l a r  b i t  p o s i t i o n s  i n  a  s i n g l e  word, 

and t h a t  we make use of the  b i t - p a r a l l e l  Boolean machine 

opera t ions  with which almost a l 1  computers a r e  suppl ied.  

We have seen above how t o  c a l c u l a t e  the  region func t ion  
C) fd f o r  any i n t e r v a l  4. I n  t h e  fol lowing paragraphs, we 

s h a l l  show t h a t  a  genera1 program graph may be decomposed i n t o  
a d i s  j o i n t  c o l l e c t i o n  of d i s t ingu i shed  subse ts  c a l l e d  maximal 

i n t e r v a l s  . The s t rong ly  connected subregions of these  i n t e r v a l s  



can be considered t o  f o m  an abs t rac t  co l lec t ion  of " i m e r  

loops". By ident i fying each i n t e m a l t o  a s ing le  point,  we 

s h a l l  obtain a new graph 8 from The graph f 1  is 

cal led the derived graph of f .  I t e r a t i n g  this constniction, 

we w i l l  obtain higher derived graphs t", f l  W ,  e tc .  I n  many 

cases, t h i s  sequence of derived graphs w i l l  u l t imately  converge 
t o  a graph consist ing of but a  s ingle  node; programs whose 
graphs have t h i s  property may be considered t o  be completely 
regular  s tn ic tures  made up of nested s e t s  of i t e r a t i v e  loops. 
A prograrn graqph containing no in te rva l s  consis t ing of more than 
a s ingle  point, and hence ident ica1 with i t s  deruived graph, may 
be cal led an i r reducible  program graph. We shal.1, i n  the  
present section, develop modif ied  algorithms f o r  handling 
i r reducible  program graphs by a procedure callecl %ode s p l i t t i n g .  " 

Taking a l 1  i n  a l l ,  we shall  develop an algorithmic procedure 
f o r  the  solut ion of the Boolean redundancy equations based upon 
separate calculat ions f o r  d i s j o i n t  in tervals ,  and successive 
calcula t ions  f or  nested in te rva l s ,  Because of the nes ted 
in te rva l  s t ruc ture  on which our algorithm res t s ,  the calcula t ion 
corresponding t o  the  algorithm w i l l  grow only slowly, both i n  
regard t o  computations performed and i n  regard t o  storage 
required, with increasing s i z e  of the program being optimized. 



j - ~ r n e r i i a t ~ .  p r rdecessors  of the  head of J a re  sa4.d t o  belonp; 

to c o n s t l t u t e  a ~ t ~ o i i ~ 5 I . y  oonnected  raglon I f  any node of  
P 

L c a n  be r w c h e d  from a n y  o t h e r  nodn of L a long  a tr~ck 
l y inz  whol ly  i n  L. Since  any node of a n  I n t e r v a l  can be 

reached from ; . t s  head 81-ons a t r a c k  l y i n g  w t t h i n  t h e  interval, 

it fol.lorm a t  once that the strongly connected subpa r t  of  

a n  i n t e r v a l  ls a s t r o n g l y  connected region. I n  Figure 1, 

{A,B,D), C , ,  [C,$,F], as well as the viiole graph c o n s t i t u t e  

s t r o n g l y  connected r e g i o n s .  

Let us now begin a systematic investigation of the 

intervals of a prograrn graph. Let p E p .  We define a. family 

of sets s,(P) by putting sO(p) = [p] (the set consisting of 
the single point p) a.nd by putting 

inductively. 

We let ~ ( p )  be the union of al1 the sets ~ , ( p ) .  

The set ~ ( p )  is called the interval of the point p. We now 

note the following fsi.cts. 



(a.) If q C ~ ( p ) ,  t h e r e  e x i s t s  a t r a c k  i n  ~ ( p )  reaching 

q from p. This i s  obvious from t h e  d e f i n i t i o n  of a program 

graph . 
( b )  I f  q E ~ ( p ) ,  and q 4 p, any t r a c k  from a po in t  i n  f b u t  

no t  i n  ~ ( p )  which reaches q must inc lude  p. ( ~ i i s  i s  t h e  

s i n g l e  e n t r y  proper ty  of an i n t e r v a l . )  Indeed, a t r a c k  

reaching a po in t  q  i n  S,(p) must, by formula (2), c o n s i s t  

e i t h e r  of t h e  s i n g l e  po in t  q o r  must conta in  a p o i n t  i n  

So(p)  c . .  .L '  Sn-l ( p ) .  Thus our a s s e r t i o n  follows r e a d i l y  by 

induct ion  on n, 
( C )  ~ ( p )  - p i s  loop-free.  This a s s e r t i o n  may be proved a s  

fol lows.  For each q  i n  ~ ( p )  - p, de f ine  t h e  - l e v e 1  nwnber - ~ ( q )  

a t  t h e  smal les t  i n t e g e r  n such t h a t  q € s,(p). Then if 

q E ~ ( q ~ ) ,  and i f  q1 E ~ ( p ) ,  we have ql e s O ( p )  L' . . .  ~ l S ~ - ~ ( p )  
by forrnula ( 2 ) ,  unless  of course q = p. ~ h a t '  i s ,  ~ ( q )  ~ ( q ~ )  
if q e I ( p )  - p. Thus, t h e  l e v e l  number always inc reases  a long 
a t r a c k  i n  ~ ( p )  - p. Consequently, ~ ( p )  - p conta-ins no 
closed t r ack ,  and t h e r e f o r e  i s  loop f r e e ,  proving our  a s s e r t i o n .  

( d )  If q E ~ ( p ) ,  then ~ ( q )  5 ~ ( p ) .  Indeed, l e t  q E s,(p). Then 
it follows induc t ive ly  from (1) t h a t  ~ , ( q )  C - S,+m(p), from which 
our a s s e r t i o n  i s  obvious. 

Next we s h a l l  show t h a t  any program graph may be 

decomposed uniquely i n t o  a union of d i s  j o i n t  maximal i n t e r v a l s  . 
Lemma.1. L e t  pl, p2 e 9. Suppose t h a t  pl $d ]:(p2) and t h a t  

p # ( p )  . Then t h e  i n t e r v a l s  l ( p l )  and 1 (p2)  a r e  d i s  j o i n t .  

Proof: Suppose t h a t  our lemma i s  f a l s e ,  and l e t  q E l ( p l )  
p- 

i n t e r s e c t  1 ( p 2 ) .  If q 4 p1 and q  # p*, i t  fol lows from 
formula ( 2 )  t h a t  a l 1  t h e  po in t s  of a l s o  belong t o  

l ( p l )  4 1(p2) .  But these  
l e v e l  number i n  t h e  sense 
paragraph. It follows by 

e i t h e r  pl e 1(p2)  o r  p2 

po in t s  a l 1  have a diminiahed 

of the proof of ( C )  of t h e  preceding 

induct ion  on t h e  l e v e l  nwnber t h a t  

I ( p l ) ,  con t rad ic t ing  our hypothesis .  

Q.E.D. 



Using t h e  preceding lemma, we may read i ly  def ine  a 
canonical decomposition of any program graph i n t o  i n t e r v a l s  . 
We def ine  s e t s  Bn and D, of nodes and C, of intervals 
induc t i v e l y  as f ollow s : 

[po) ( s e t  cons i s t ing  of en t ry  node a lone)  

union of a.11 points  i n  t h e  i n t e r v a l s  

belonging t o  Co, ..., C , 
T(D,) - Dn (immediate successors t o  D, 

no t  contained i n  D,). 

We l e t  be t he  union of a l1  the  s e t s  Cn of in te rva l s .  
n 

It follows read i ly  by induct ion t h a t  Dn includes T " ( ~ ~ ) .  
Thus, s ince  every point  i n  a program graph can be-reached 
from the  ent ry  point  of t he  graph, t he  whole graph i s  
conta ined 
f ollowing 

Lemma. 2. 
---. 

i n  the  union of t he  sets Dn. From t h i s ,  t he  
statement i s  plain:  

Every point  i n  a program graph belongs t o  one of -- -- 

Next, we note the  following f ac t :  

Lemma 3 .  The s e b  o f  e cons t i t u t e  a d i s j o i n t  p a r t i t i o n  of 
p--.- - -- 

the whole program graph p, -- 

Proof: I f  p may be reached from q along a t rack,  we say tha.t -- 
q i s  a predecessor of p and t h a t  p i s  a successor of q. 

Let P f o r  some n - > O. Since t he  graph ent ry  point  p. 
i s  not a successor of p, l ( p O )  and ~ ( p )  a r e  d i s  j o in t  by 
Lemma 1. Thus, ~ ( p )  and Do a r e  d i s  j o in t .  We s h a l l  prove 
by induct ion t h a t  ~ ( p )  and Dm a r e  d i s j o i n t  f o r  a l1  m n. 

-C 

Suppose t h i s  a s se r t i on  t r u e  f o r  m - l .  Then, i f  pl e B,, pl has 



a predecessor  i n  Bmml by d e f i n i t i o n .  Therefore, pl / ~ ( p )  . 
Pla in ly ,  p # l ( p l )  Thus, ~ ( p )  and l ( p l )  are d i s  j o i n t  
by Lemma 1. Hence, ~ ( p )  and D, must be  d i s j o i n t ,  completing 
our induct ion.  Thus, t h e  i n t e r v a l s  of and t h e  i n t e r v a l s  
of C,, m # n +l, e r e  d i s  j o i n t  . O n  t h e  o t h e r  kiand, i f  p and q 
a r e  d i s t i n c t  po in t s  of B,+l, they both have predecessors  i n  Bn, 

and, by what has j u s t  been proved, these  predecessors  do no t  
l i e  e i t h e r  i n  ~ ( p )  o r  ~ ( q ) .  It fol lows t h a t  p ~ ( p ) ,  q $ ~ ( q ) ,  
s o  t h a t  by Lemma 1, ~ ( p )  f l  ~ ( q )  = g. This completes t h e  proof 
of t h e  present  lemma. Q.E.D. 

We a l s o  wish t o  note  t h a t  t h e  in t e rva l -de f in ing  
process  descr ibed by formulae (2)  and (3)  above i s  
algorithrnic and corresponds t o  the  fol lowing simple 
f l o ~  a n a l y s i s  algorithm: 

a )  S t a r t  with t h e  e n t r y  
p u t  i t  i n  t h e  s e t  I, 

b) I t e r a t i v e l y  add t o  I 
predecessors  a l ready 

node p of t h e  pi?ogram graph 9;  
and des ignate  p a s  t h e  head of I .  
every node al1 whose immediate 
belong t o  I and cont inue t h i s  

process  u n t i 1  I cannot be extended any f u r t h e r .  
This d e f i n e s  an i n t e r v a l  I with head p .  

C) Add a l 1  t h e  nodes belonging t o  I to a c o l l e c t i o n  
of "nodes a l ready processed . l '  If t h e r e  a r e  any 

nodes i n  the program graph not  belonging t o  t h i s  

s e t ,  choose one such node p whiah i s  an immediate 
successor  of a node a l ready processed,  p u t  it i n  a 
new s e t  I, and des ignate  i t  a s  t h e  head of I .  
Then apply process  b)  above t o  extend I t o  i t s  
maximal s i z e ,  e t c .  

d) Eventually every node of /will have been processed.  
A t  t h i s  p o i n t ,  t h e  s e t  of i n t e r v a l s  constructed 
by our  a lgori thm w i l l  be p r e c i s e l y  the  s e t  f d e f i n e d  
above . 

Note t h a t ,  f o r  t h e  example shown i n  Figure 1 above, 
this process  would first cons t ruc t  t h e  i n t e r v a l  [A,B,D,FJ 
and then the i n t e r v a l  {c,EJ . These two s e t s  a r e  i n  , f a c t  
t he  unique maximal sub in te rva l s  of a program graph shown 
i n  Figure 1. - 448-  



We now study t h e  reduct ion of program graphs by means of 

the  i d e n t i f i c a t i o n  of subregions of the  graph t o  s i n g l e  nodes. 

Let ( &?,T) be a program graph, and let be some decomposition 
of the nodes of i n t o  a family of d i ~ j o i n t  s e t s .  If J E 4 
we l e t  ~ ~ ( 5 )  be t he  s e t  of al1 elements of& d i s t i n c t  from J, 

which a l s o  contain e point  ~ ( p )  with p E J. We suppose t h a t  
( a s  would be t he  case i f  2 = ) no point  in t he  s e t  J O  

containing p. has a  predecessor not  i n  po. Then t he  p a i r  
(/@, -rl) i s  a l s o  a  program graph. As ent ry  point  (&,T1) 

we take t he  p a r t i c u l a r  s e t  J o  belonging t o  k? which contains 

the  ent ry  point  p. of t he  program graph p. It i s  c l e a r  from 
the  corresponding property of ( p,~)  t h a t  every s e t  of can 
be reached from J O  along a t r ack  of the  graph (&,Tl). 

Moreover, J has no predecessor i n  -0. We c a l l  the graph o 
( ,  ) t h e  derived graph of the  graph ( - ,  T ) ,  according t o  -- 
t h e  decomposition familx,&'. I n  t he  s p e c i a l  case i n  which -- --p 

&'= e , L e . ,  i n  which we take  the  decomposition of a 
program graph i n t o  the i n t e r v a l s  defined above, the  gra-ph 
((9 , T ~ )  i s  simply ca l l ed  t he  derived graph of t he  graph (a3, T); 
we e h a l l  generally denote t he  derived graph by the  symbol 

( ,  The derived graph 3> t w i l l ,  i n  turn ,  have a  derived 
graph of i t s  own, which i s  t he  second derived graph (L?", 7") - -- 
of the o r i g i n a l  graph ( p , ~ ) .  Proceeding induct ively i n  t h i s  
fashion, we def ine  an n-th -- derived gmph ( n , n )  of the 

A 

graph (%j' ,~).  This sequence of derived graphs gives a  

coarser  and coamer  wa.y of looking a t  the  o r ig ina l  graph 

( ,z T )  i n  which l a r g e r  and l a r g e r  ne s t s  of loops a r e  

i den t i f i ed  t o  a  point .  I f  the  graph ( p , ~ )  admits' any i n t e r v a l  
of length  > 1, i t s  derived graph has fewer nodes than 43. The 

contrary case i s  t h a t  of an i r reduc ib le  graph, i n  which every - 
i n t e r v a l  cons i s t s  of j u s t  one point ,  s o  t h a t  p f , ~ l  ) and ( e~ )  
a r e  isornorphic. It i s  c l e a r  t h a t  the  sequence (p ("I, T ( " ) )  of 
successive derived graphs of a graph eventual ly reach an 

i r reduc ib le  graph; t h i s  i r r educ ib le  graph i s  ca l l ed  t he  l i m i t  .. 

graph of t he  o r i g i n a l  graph p and may, where convenient, be 



wri t t en  (9 ' O ,  ) . A graph 63 nhose l i m i t  graph i s  e s ing l e  
point ,  i s  ca l led  a f u l l y  reducible graph. It is t h i s  c l a s s  of 

graphs t o  which our procedure of successive i n t e r v a l  decomposi- 
t i o n  appl ies  most e f fec t ive ly .  The rnajority of program graphs 

I 

occurring i n  ac tua l  p r ac t i ce  a r e  f u l l y  reducible. On t he  o ther  
hand, i r reduc ib le  program graphs do sometimes occur. The 
following f igure  gives a number of examples of :Lrreducible 
program graphs . 

Figure Various i r reduc ib le  - _  program gmphs . - 

I f ,  i n  order  t o  become more fami l ia r  with ithe i n t u i t i v k  
significante of the  forma1 notions j u s t  defined,  we consider 
the  graph ahown i n  Figure 2 below, we see t h a t  the maximal 
i n t e rva l s  of t h i s  graph, which may be found by the algoritkiinic 
procedure def ined above, a r e  I1 = (A) , I2 = [B\, I3 = [c,D,E, F, 01 . 



Figure 2 .  A program graph represent ing  3 nested loops. 

The derived graph of the  graph ahown i n  Figure 2 i s  
represented i n  Figure 3 below. Note t h a t  i n  passing 
from the  graph of Figure 2 to a derived graph we have 
collapsed the  "innermost loop" of the  graph shown i n  
Figure 2 t o  a s i ng l e  node; t h i s  inner  loop may i n  f a c t  be 
defined as  the s t rongly  connected por t ion  of t he  maximal 
i n t e r v a l  13. 



Figure 3 .  Derived graph of the  graph of Figure 2. 

The graph of Figure 3 may be analyzed i n t o  i n t e r v a l s  using 
the  same method; i t  cons i s t s  of the  two maximal i n t e r v a l s  
J1 = {Il) and 52 = f12,k$ . Its derived graph has 
strutture shown i n  Figure 4 below. 

Figure 4: Second derived graph of t he  graiph of Figure 2. 

Note t ha t ,  i n  t h i s  second derived graph, two l e v e l s  
o f  nested loops have been collapsed t o  a s ing le  po in t .  
The graph shown i n  Figure 4 cons i s t s  of one s i ng l e  maximal 
i n t e rva l ,  and i t s  derived graph therefore  cons i s t s  of 
one s i ng l e  node. 



?;'EAP~B~A.c nc thod f o r  the sol i r t ian ~f the Eoolean red?indsncy 
ecpatj.ons i s s o c i a t e d  w i t h  the z r a p h p .  Pirst of a l l ,  if 
R is 2n ?ntcvvnl cf P, tho functions p can, as we havn e 
r,ee.i, bc cz!ciilated i l r e c t l y .  T52 p o i n t s  r of tkie dcr ived 

Graph(?t c v r c s p n n d  t o  thr? maxirnal t n t e r v a l s  .of  6 and the 

the o ~ l g i r  of  o ,  then ,  . ss s%wn i n  the conclliding paragraphs 
of t h e  grnceding sec t ion ,  t h e  syntem of sooloan redundancy 
eqi~atl.oris Por thc -.dges of (j3which conncct dis j o i n t  rnaxirnal 
i n t e r v a l s  a r e  i d e n t i c a 1  with the Boolean redundancy equat ions 
fai? t h e  der ived p?aph . Note a l so ,  f o r  essential use 
below, t h a t  i f  w e  i r e  able to ca lc i i l a t e  t h e  s o l u t i o n  x, of 
the Eoolean redundancy equat ions f o r  cdgrs e o f @ ,  urhich 

is t o  say f o r  the  i n t ~ r - i n t e r v a l  edges of t h e  o r i g i n a l  graph 

63, thcn,  u s i n g  t h e  r9gion Tunctions fR wi can r e a d i l y  
e 

c a l c u l a t e  t h e  va lue  of x f o r  every edge. Indced, i f  R e 
is s rnaxl.nal i n t e r v a l ,  and p 1s i t s  head, I c t  y = C x P e 
Ihe  sum being extended over a l 1  edges e  o r i g i n a t i n g  i n  
an I n t e r v a l  o t h e r  t h a n  R snd t e rmins t ing  i n  R, .' .e., 

terminating i n  p .  Next, l e t  e be an edgq connecting two 
nodes of R .  It fol lows by t h e  observa t ions  mede i n  t h o  
prec-.dlng s e c t i o n  (C .f . formulae (5) through ( 9 )  ' and t h e  

R assoc ia ted  d i s c ~ r s s i o n )  t h a t  f e ( p )  gives t h e  requi red  
E c o l z a n  value xe f o r  the  edge e .  

T h u s  the  problem of so lv ing  t h e  Boolean redundancy 
cquat ions f o r  t h e  graph @reduce3 @ t h a t  ' o f  so lv ing  t h e  
corresponding cquat ions f o r  t h e  der ivcd  g r a p h P f .  But 

these  equat ions may be solvcd by ah i t e r a t i v e  app l i ca t ion  
o f  the mcthod jmt dcscr ibed .  More s p e c i f i c a l l y ,  we 



i. 

il. 

I . i i  . 

i v  . 

v .  

acct, l .m; 

!Joa thc r cz lon  f u n c t i o n a  fe' to deftnc edge t r a n a -  
formaticin functiona in the aecond der ived  graph 
t'' o ' p ;  

Iterate t h i s  c o n s t m c t i o n  as o f t e n  a8 necessarg, 



LI-. If J i s  an i n t e r v a l  uslth head p. then  J 1s -- 
contained I n  ~ ( p )  . 

Proof:  Wri te  ql > q2 if ql and q2 belong t o  J, 

ql # p I ,  m d  q1 is  a succcs so r  o f  q2. Since  &!p) i s  
loop- f ree ,  this d e f i n i t l o n  e s t ab3 . i sb . e~  a p a r t i a l  o r d e r  on 
J, having t h e  p r o p c r t y  t h a t  > q  1s always f a l s e .  Next, 
def4.w a l o v 4  niirnher L(q) f o r  each q 4  J a s  fo l lows  . Put  
L ( ~ ) = o  i f  q = p, and, i n d i ~ c t i v e l y ,  p u t  

~ ( q )  = max ~ ( q , )  + 1 

where f i s  the immediate succes so r  func t ion  i n  t h e  graph 
. Wr s!'n1.1 shown i n d w  t i  v e l g  t h a t  

where s n ( p )  i s  a s  i n  formula ( T )  above. Indeed,  t h i s  i s  
p l a i n  f o r  n = O .  Assuming i n d i ~ c t i v e l y  t h a t  i t  is tr13.e 
f o r  n-l, it fo l lows  from ( 2 )  t h a t  i t  i s  t m e  f o r  n .  T h i s  

maltes i t  cl .ear t h a t  J i s  conta.f.ned i n  t h e  mio r i  of  a l 1  t h e  
s e t s  s,(P), which i s  t o  s a y  t h a t  J ~ ( p ) .  Q.E.D. 

Lemma 5.  Any i n t e r v a l  J of a program graph i s  
contained i n  some one o f  the i n t e r v a l s  ~ ( p )  of t h e  f ami ly  
e ;  t h i s  t h e i n t e r v a l s  ~ ( p )  of t h e  f ami ly  e a r e  t h e  maximal 
l n t e r v a l s  of . 

Proof:  Let  q be t h e  head of J. By Lemma 2, q belongs  
t o  some i n t e r v a l  ~ ( p )  of t h e  f ami ly  e .  Thus, by d )  of  t h e  
second paragraph preceeding  lemma 1, ~ ( q )  G I ( P )  . But,  
by Lemma 4, J  CI(^). ~ h u s  J C - l ( p )  (r: Q.E.D. 



We now re tu rn  t o  pe r fec t  our d iscuss ion of t h e  so lu t ion  

of t he  Boolean redundancy equations. We wish t o  descr ibe  a 
method f o r  t he  so lu t ion  of the  redundancy equations even f o r  
i r reduc ib le  gra,phs. Our method, which from the  a lgebra ic  
point  of view may be ca l l ed  t he  in t roduct ion  of ex t r a  va r iab les  
and from the  geometric point  of view may be ca l l ed  t he  method 
of - node s p l i t t i n g ,  w i l l  be inductive.  To descr ibe  t he  rnethod, 

we require  a number of aux i l i a ry  nota t ions .  I f  e i s  an edge, 

l e t  b ( e )  be the  o r ig in  node of t he  edge; i f  b i s  a node, l e t  

~ ( b )  be t he  s e t  of edges which terminate i n  b. The boolean 

redundancy equa t ions may be wr i t t en  i n  a form e x p l i c i t l y  

show ing 

Suppose 

t he  r o l e  of the  nodes of the  program graph a s  follows: 

t h a t  we p a r t i t i o n  t he  s e t  of a l 1  edges 

graph i n t o  (possibly overlapping) s e t s  F1, . . . ,Fn, 
3 3 same time, introduce new var iables  xe and yb, j = 

f o r  each of t he  var iables  xe and yb occuring i n  (6) .  Then 

it i s  c l e a r  from the  l i nea , r i t y  of a l 1  the  equations involved 
tha.t the  system (6 )  may be replaced by the  modified system 

the  program 
and, a t  t he  

l,...,n 

of equations. Moreover, a s l i g h t l y  c lo se r  exaniination, which 
we leave t o  the  reader, w i l l  show t h a t  the  minima1 so lu t ion  of 
the equations ( 6 )  corresponds t o  the  minimal so lu t ion  of the 
equations ( 7 )  and vice-versa . Thus, f o r  our purposes, so lu t ion  
of the equations (6 )  and of t he  equations (7)  a r e  f u l l y  equivalent. 



By s u b s t i t u t i n g  t he  second equation (7) i n  t he  t h i r d  of 
these  equations,  we can rewri te  (7 ) . i n  y e t  another  f u l l y  
equivalent  form a.s 

The equations (8) permit of a s impl i f i ca t ion  which w i l l  be of 
p r a c t i c a l  importance i n  wha-t follows. Suppose, i n  order  t o  
descr ibe  t h i s  s impl i f i ca t ion ,  t h a t  the  s e t  F 0 ~ ( b )  i s  nu l l ,  

3 
so  t h a t  t he  corresponding var iab le  yb i n  (8) has the  value 0. 
Then f o r  each edge e f o r  which f e ( y )  O o r  f e ( y )  = y, we 

3 p l a in ly  have xe = O, j = l,. . . ,n. It i s  l e s s  obvious t ha t ,  
i f  we put x: = O i n  (8) whenever F t'ì ~ ( b ( e ) )  = (if, we do not  

j 
change t he  so lu t ion  of (8 ) i n  any e s s e n t i a l  way. To see  t h i s ,  . 
note t h a t  i f  i n  t h i s  case xi = 1 i n  (8),  we must haxe f e ( y )  l, 
s o  t h a t  xi = 1 f o r  every i. Thus, i f  we replace xe by 0 i n  (8) 
whenever F .  0 EAb(e)) i s  nu l l ,  we n e i t a e r  change the  value of 

J 
any sum k value of 'my quant i ty  yb. However, 

we may omit every va r iab le  yi f o r  

which F . n ~ ( b )  = 9' and every va r iab le  xe f o r  which F f i  ~ ( b  ( e )  )=$f 
J i 3 from the  equations (8). O f  course, one var iable  ybo correspond- 

ing t o  the  en t ry  node bo of the  program graph ought t o  be 
re ta ined,  together  with a l 1  the  associa ted  var iables  xk f o r  
which b ( e )  = bo. 

Making the  above reductions,  we obta in  the  following 
reduced s e t  of equations, f u l l y  equivalent f o r  a l 1  our 
purposes t o  t he  i n i t i a l  s e t  of equations (6 ): 

) F j n E ( b ( e ) )  d o r  j=l and b(e)=b$ = f e ( ~ b ( e )  



In the  preceding paragraphs we have associa ted  with each 

system (6) of equa t i ons  a schematic representa t ion  of t h i s  
system by a program graph, and it i s  i n t e r e s t i n g  t o  descr ibe  
t he  transformation of graphs t h a t  corresponds t o  the a lgebra ic  
t r ans f  ormation (6) -> (9 ) . Geometrically, t h i s  t r ans foma t ion  

may be described a s  follows: 

( a )  Begin with a program graph P. Divide a l 1  t he  edges 

of the  graph i n t o  a family F1, ..., Fn of (poss ib ly  overlapping) 
- 

s e t s .  For each node b of the  program graph, and for each c l a s s  

Fn containing an edge terminat ing i n  b, introduce a " s p l i t  node" 
b 
j 

The nodes b a r e  the  nodes of t he  " s p l i t  graphtt 9. 
J 

( b )  Introduce an edge e connecting the  s p l i t  node b 3 
of $ t o  the  s p l i t  node Ck i f ,  i n  the  graph P, t he r e  e x i s t s  
an edge e t  connecting b t o  C and belonging t o  the  s e t  F 

Define the  edge transformation f e  by pu t t ing  f e  2 f e , .  
3 ' 

For example, consider t he  f ollowing i r r educ ib l e  graph 

O 
e 

and p a r t i t i o n  i t s  edges i n t o  two s e t s  F1, F2. by including 
the edge e i n  F2 while a l 1  o ther  edges a r e  put i n t o  the  s e t  Fl0 
It follows according t o  the above desc r ip t ion  t h a t  t he  node b 
s p l i t s  i n t o  two nodes bl and b2, bl receiving the  input  edge e,  
and b2 receiving the  o ther  edge o r ig ina l l y  going t o  b; t he  
s p l i t  graph has the  form o 

This l a t t e r  graph, however, i s  f u l l y  reducible,  s o  t h a t  the  
corresponding system of Boolean redundancy equations may be 
solved by the  methods described e a r l i e r  i n  the  present sec t ion .  



We s h a l l  now ehow t h a t  the same process can be applied 
t o  an a r b i t r a r y  i r reduc ib le  program graph P to define a s p l i t  
graph 9 whose derived graph has fewer nodes than does P, end 
hehce, i t e r a t i v e l y ,  t o  reduce any program graph t o  a s ing le  
node, thereby giving a complete solut ion t o  the  Boolean 
redundancy equations f o r  the  or igina1 graph. We proceed a s  
follows. Let bsbe a node of P, d i f f e ren t  Irom the entry node 
of P and having as  few predecessors as  possible.  ( ~ o t e  t ha t ,  
s ince P i s  i r reducible ,  b has a t  l e a s t  2 predecessors.) 
Enumerate the  edges terminating i n  b a s  el,...,en, and l e t  the 
or ig in  nodes of these edges be cl . . . C,. Let ~ ~ = ( e ~ ) ,  . . .Fn-l 

l ,  and l e t  Fn be the  s e t  of a l 1  remaining edges of P. 

This defines a p a r t i t i o n  F of the s e t  of al1 edges of P and 
hence defines a s p l i t  graph pF. It is c l e a r  from the  above 
def in i t ions  t h a t  the node b i s  represented by n separate nodes 

F bl, .. . bn i n  P , while every other  node of P i s  represented by 
F a simple node i n  P . It i s  a l s o  c l e a r  from these same def in i -  

t ions  tha.t the unique predecessor of b, i n  P i s  C, , the ' 

F I I' 

unique predecessor of b2 i n  P i s  c2, etc.  Thus, by Lemma 5, - 
b . and C belong t o  the same maxirnal i n t e rva l  of P' f  o r  a l 1  

3 J 
j = l,. . n It follows tha t  the  derived graph (pF) 
has a t  l e a s t  1 node l e s e t h a n  P, completing the  proof of 
the above assertion , 

The above observa t ions  lead  t o  an  a lgori thm f o r  t h e  
s o l u t i o n  of the  Boolean redundancy equat ions belonging t o  
the  rnost genera1 program graph p. The o v e r a l l  strutture 
of the  algori thm i s  as fo l lows .  

i. Construct t h e  maximal i n t e r v a l s  R of p and f o m  

the  der ived graph O) ; t o  an edge e  of 9 o r i g i n a t i n g  
R i n  an i n t e r v a l  R ass ign  t h e  region funct ion  fe , 

thereby de f in ing  edge t ransformation func t ions  f o r  
t h e  der ived graph.  I t e r a t e  t h i s  procedure,  

c a l c u l a t i n g  . the successive der ived g r a p h s a  ,p ", 
Q v t t  , . . . of @ a s  long a s  these  graphs contain 



n o n t r i v i a l  i n t e r v a l s ;  i t e r a t i v e l y  a e s o c i a t e  edge 
t r a n s f o m a t i o n s  w l t h -  the edges of these graphs.  
T h i s  procedure leads ul t lma te ly  to an i r r e d u c i b l e  
ltrnit graph@(n)= 6)(,-) c o n s i s t i n g  either of a s i n g l e  
node o r  of' severa1 nodes. 

li. I f  &, , c o n s i s t s  of a s i n g l e  node, then, a s  w e  have 
i-'-/ 

a l ready seen, t h e  Boolean redi~ndancy equat ions f o r  
t h e  g r a p h p  ("'l) may be solved i n  elernentary 
fash ion  and t h i s  s o l u t i o n  may r e a d i l y  be used t o  
c a l c u l a t e  t h e  s o l u t i o n  t o  the Boolean redundancy 
equat ions f o r  a l 1  of t h e  graphs p (n-2) ,  (p(n03), . . . ,pf ,p - 
If p(-, , c o n s i s t s  of more than one node, we use the  
n o d e % i l i t t i n g  procedure deacribed above, i n t r o -  
diicing a p a r t i t i o n  F of the nodes of p(, , such 

\ - /  

t h a t  p* ) has  fewer nodes than P and d e f i n i n g  
(1) 

t h e  e d p  t r a n s f o m a t i o n s  of (p * from those of 
(1) 

i n  the manner ind ica ted  i n  t he  previous p a m g ~ a p h s .  
As has been seen above ( c . f .  equat ions 1-5 and 
t h e  assoc ia ted  d iscuss ion)  , a so lu t ion  of t h e  Bool.ean 
redundancy eqvat ions f o r p  l eads  imrnediatelg 

(1) 
ko s o l u t i o n  oP the aame equat lons f o r  ql l .  . 

iii. S t a r t i n g  w i t h  and i t e r a t i n g  t h e  s t e g s  i) and 

it) a s  n f t e n  AEI necessary, we cnme throu-gh a 

seqwnce of graphs w t t h  fewer and fewer nodes. 
ii1timatel.y t o  a  gmph consisting of  one sinele 
i n t e m a l .  For t h i s  graph, the  Boolean redundancy 
e q u a t t o m  may be solvecl by elementnry means. 

Once this is done, the regi.on f u n c t i o n s  a l r e a d y  
cal.ciil.ated may be vsed t o  ob ta in  the  s o l u t i o n s  
of the Boolean redmdancy  equat ions for al1 t h e  

nrecsdino;  graphs i n  tu rn  and thils, i n  f i n e ,  
65 -- ' 

f o r  the o r t g i n a l  graph 



It i s  t o  be noted t h a t  an empir ica l  survey of program 

graphs shows t h e  g r e a t  ma j o r i t y  of them e i t h e r  t o  be f u l l y  

r educ ib le  o r  t o  have a l i m i t  graph c o n s i s t i n g  of a very few 
nodes. Thus t h e  b a s i c  s t e p  i )  of t h e  procedure ou t l ined  
above w i l l  i n  many cases  serve  f o r  t h e  complete s o l u t i o n  of 

the  Boolean redundancy equat ions.  Even i f  t h i s  i s  no t  t h e  

case,  t h e  s t e p s  ii) and iii) w i l l  no t  normally have t o  be 
appl ied  very o f t e n  t o  so lve  t h e  redundanry equat ions.  

The s e c t i o n  which fol lows conta ins  a considerably more 

d e t a i l e d  account of t h e  algori thm sketched and ou t l ined  above. 



6 , 9  Optimization by Reduction i n  Strength.  Introduct ion.  

Program optimization by code motion, a s  deacribed i n  
t he  preceding sec t ion ,  is  conatrained by t he  condit ion t h a t  
an i n s t ruc t i on  may not  be moved e i t h e r  paet  a dlefinit ion 
of one of i t s  operands nor pas t  a l abe l l ed  en t ry  point  
leading back t o  a de f in i t i on  of one of i t s  operands. 
Reduction i n  s t reng th  is  a general device permit t ing these 
r e l a t i v e l y  severe cons t ra in t s  on code motion t o  be relaxed 
considerably, and allows us t o  move an  i n s t ruc t i on  out 
an inner  loop even i n  the  above adverse circumatances. 
However, the  i n s t r u c t i o n  moved must be replaced by another  
i n s t ruc t i on  ( o r  sequence of i n s t ruc t i ons )  ly ing  i n  the  
loop. This replacement may, however, be an  i na t ruc t i on  which 

can execute f a s t e r  than t he  one removed. The ne t  gain 
i n  e f f i c iency  a t t a ined  is  hhen t he  d i f ference  between t he  
execution times of the  moved i n s t ruc t i on  and i t s  replacement. 

The general p o s s i b i l i t y  of replacing an i n s t r u c t i o n  
by a f a s t e r  i n s t ruc t i on  depends on the  f a c t  t h a t  i n  many 
s i t u a t i o n s  the  successive values of a funct ion may be 
ca lcula ted  more rapidly  than w ~ u l d  otherwise be poss ib le  i f  

each value of t he  funct ion i s  used t o  ca lcu la te  the  next 
value. Thus, mul t ip l i ca t ion  by successive in tegers ,  o r  
more general ly by in tegers  forming an ar i thmet ic  sequence, 
may be replaced by a succession of addit ions;  exponentiation 
t o  successive powers may be replaced by a succession of 
mul t ip l ica t ions ,  e t c .  To take a far-fetched but perhaps 
more i l l u s t r a t i v e  example, suppose t h a t ,  i n  a c e r t a i n  high 
frequency region Òf a program, ne must ca lcu la te  the  successive 
values of a funct ion f ,  known t o  be smooth. I f  the  d i r ec t i on  
ca lcu la t ion  of f ( J )  were known t o  be slow, we might choose 
t o  adopt the  following modified procedure. 

1. Calculate the  values f ( J )  f o r  J = O, J = N ,  J =2N,  ..., 
J = m ,  ..., d i r e c t l y .  A t  each such s t e p  of d i r e c t  ca lcula t ion ,  
r e t a i n  the  previously ca lcula ted  values f(N*K-N) and f(N*K-2*N). 



2 .  Use the three function values f (N*K), f (N*K-N) , 
~(N*K-2*N) to calculate firat and second differences 

suitable for subsequent use in obtaining the reaining 

values of f(K) by interpolation. 

3 .  Calculate any additional value ~(N*K+J), J=l,...,N-1, 
as required by quadratic interpolation. 

The procedure which is outlined above is in fact one 

of the principal classical methods for reducing the amount 

of labor required in the calculation of mathematical tables. 

A considerable theory of the accuracy of the above reduction 
and other related more genera1 approximations is available. 

Al1 such classical approximations are of course available 

for use in connection with computer programs; they will, 

in many cases, enhance the efficiency of a computer program 
considerably at little loss in accuracy. 

A transformation of this sort may be regarded as a 
'reduction in strength' which replaces the possibly lengthy 

series of steps needed to calculate a function f by the 

much simpler series of steps needed to interpolate between 

available values of f. Of course, an automatlcally acting 

optimizer algorithm cannot be expected to make use of 

reductions as sophisticated as the one that we have described 

above. Nevertheless, there exists a simpler -related family 

of reductions, applicable eapecially to the standard 
code sequences generated by references to dimensioned 

arrays, which are quite suitable for automatic application. 

These strength reductions may be regarded as 

simple instances of the classical reduction described above. 

The transformation of instructions which must be carried 

out during reduction in strength rnay be described in more 

specific detail as follows. Suppose that: 

i. A transformation y = f(xl, ..., x ) (expressed n 
possibly by a single instruction) occurs in a region R 
of code, and it is desirable to move this transformation 
from the point at which it occurs to a lower frequency 

section. 



ii. The desired motion 1s blocked by redef in i t lona  

X~ 
= h (x ...,%) of the argwnents of the tranaformation 3 1' 

y = f(xl,...,xn) which is to be relocated. 

iii. It is hown that identitiea of' the form 

f (x1,oa *,x~-~,~~(x~,.*~,x~), X~+~,*.*,X n = g j ( x 1 , ~ ~ ~ ~ ~ ~ f ( x l , ~ * ~ , x n ) )  
hold. 

iv. The function g is simpler than the function 

f, in the sense that g may be evaluated more rapidly than f. 
In this case we 

1. Introduce a new variable t. 

2. Replace the (macro) instruction y = f(xl, ..., x n ) by 
the statement y = t. 

3. Replace each redefinition x = h (x  ..., x ) of an J j 1' n 
argument of f by the pair of statements x = h (x ...,xn), 3 3 1, 
t = gj(xl,...,x n, t). 

4. Place the initializing instruction t = f(rl,...,xn) 

at each point to which the (macro-) instruction y = f(xl, ..., x n ) 
would have had to be moved if no redefinitions x - hjJxl,.. .,xn)? J 
were present in the loop containing y = f(xl, ..., x n ) .  

The following examplea will illustrate the genera1 
transformation described above. Suppose-that a section of 
code contains the iterative loop 

Reduction in strength of the instruction J = 10 * 1 
transforms this sequence Into 
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Optimizations similar to the above may be employed in 
a wide variety of fixed and floating pointsituations. 

In the discussion that follows, we will alwaya describe the 
fixed rather than the floating point version of a given 
reduction in strength. We do this because, whereas a fixed 

point reduction in strength replaces an algorithm by a 

strictly equivalent transformed algorithm, application of 

reduction in strength in floating point situations is only - 

approximate, and, owing to the accumulation of round-off 

errors, may actually change the ultimate result of a calculation. 

Before proceeding t 6  a detailed theoretical discussion 
we shall give a somewhat more genera1 second example of the 
specific strength-reduction with which we shall be primarily 
concerned. In describing this and later examples, a number 

of notational conventions will be convenient. We let I, J, 
K, etc., denote integers. We suppose that a region R 

of a program is given, out of which we aim to move instruc- 
tions by the method of reduction in strength. We let IRC, 
JRC, etc., denote integer quantities which are region 
constants, that is, quantities which are not redefined 

within the region R out of which code is to be moved. 
If a code contains an integer multiplication by a region 

constant, and the argument variable occurring is defined iteratively 



and only i t e r a t i v e l y  within t he  region R with which we 
a r e  concerned reduction i n  s t reng th  is s t i l l  appl icable .  
I n  t h i s  case, w e  have a code sequence 

e . .  

M = M + JRC 
0 . .  

M = M + KRC 

which may be replaced by a reduced code sequence 

0 . .  

M = M + JRC 
t = t + I R C  * JRC 

. e .  

M = M + KRC 

t = t + I R C  * KRC 

e . .  

The i n i t i a l i z i n g  i n s t r u c t i o n  t = M * I R C  must then be moved 
out of the  region R. A s  noted above, the  app l ica t ion  of 
t h i s  reduction is  constrained by t h e  condition t h a t  a l 1  
de f in i t i ons  of t he  quant i ty  M within the  region R must be 
of t he  incrementa1 form M = M + JRC. Note t h a t  i n  ( 4 )  
the  region independent mul t ip l i ca t ion  operations I R C  * J R C  

and I R C  * KRC may a l s o  be moved out of t he  region R. 

A reduction s t reng th  s imi l a r  t o  t he  above is  appl icable  
i n  s i t u a t i o n s  i n  which we ca lcu la te  t he  product I = M * N 

of two in t ege r  va r iab les ,  on t he  hypothesis t h a t ,  within 
the  region R out of which auch a mul t ip l i ca t ion  operat ion 
i s  t o  be moved,. both arguments of t he  product a r e  defined 
i t e r a t i v e l y  and only i t e r a t i v e l y  . However, ins tead  of 
i l l u s t r a t i n g  t h i s  more general reduction by an  example a t  
the  present  point ,  we now proceed t o  a general t heo re t i c a l  

discussion of operator  s t reng th  reduction. 



To repeat  what has been sald above, t he  systematic  procedure 
of reduct ion i n  opera tor  a t rength ,  a0 it app l i e s  t o  a p a r t i c u l a r  
expression f ( x l ,  ..., x i )  t o  be ca lcu la ted  within region R, 

may be defined a s  fol lows.  
i. Within R and a t  a l 1  points  wi th in  R, we maintain 

t he  current  value of the  expression f ( x l , , . . , x  n ), keeping 
i t s  value i n  some compiler-generated temporary l oca t i on  
t s e t  a s ide  f o r  t h i s  purpose. 

ii. To each r ede f in i t i on  x, = h , (x  ,,..., xm)  of an  
argument of f we append t h e  
t = g ( x  . . . ,xn, t ) required J 1' 
t = ( X  ,,..., X ) e  n  

iii. We replace each use 
with t he  use of t he  vaiue t. 

d d LA 

assoc ia ted  transformation 
t o  update t he  value of 

of t he  expression f (x l ,  ..., x ) n 

i v .  The value of t i s  i n i t i a l i z e d  on en t ry  t o  t he  
region R by e x p l i c i t  ca lcu la t ion  of t he  expression 
f(xl , . . . ,x  n ) .  

The procedure described above i s  s t i l l  i n s u f f i c i e n t l y  
genera1 i n  one e s s e n t i a l  regard. I n  order  t o  insure  t h a t  
t he  a r i thmet ic  operat ions required t o  update t he  value of 
an expression f ( x l ,  ..., xn) a r e  a s  simple a s  possible ,  it 
may be appropr ia te  t o  keep ava i l ab l e  t h e  current  values of 
a  number of aux i l i a ry  quan t i t i e s  u = p(xl,.  . . ,xn),  
v = q(xl,...,x ), e t c .  This general ized procedure w i l l  n  
be of advantage whenever t he  a v a i l a b i l i t y  of these  values 
s imp l i f i e s  t he  updating procedure necessary t o  keep t he  
value f (x l , .  . . ,xn) current .  ( O f  course we require  t h a t  
the  ca lcu la t ions  needed t o  keep t he  values of t he  aux i l i a ry  
funct ions  p(xl,. . . ,xn), q(xl,  ...,x n), e t c .  be simple a l so ) .  
Consider, i n  order  t o  i l l u s t r a t e  t h i s  point ,  the  app l ica t ion  
of a  s t reng th  reduct ion procedure t o  the  expression i*j  

i n  a  program region i n  which t he  only de f in i t i ons  of i and 
j ape t he  i t e r a t i v e  de f in i t i ons  i = i + 2 and j = j + 3 .  
If  t i s  a core loca t ion  s e t  a s ide  t o  contain t he  current  
value of i*j, then t he  ru l e s  f o r  updating t which must 
be i n se r t ed  a r e  a s  fol lows.  
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a) Insert t = t+2*j after each occurrence of l = 1+25 

b) Insert t = t+3*1 after each occurrence of j = j*3, 

These rules involve calculation of the products 2* j  

and 3*i, and hence do not lead to a code which is more 
efficient than the original code in which i + j  3s to be 
calculated. To obtain a code sequence not involving 
multiplications, we must keep on hand current values of 

u = 2*j and v = 3*i. If this is done, the rules necessary 

to update al1 the quantities t, u, and v may be stated as 
follows : 

a l ) Insert t = t+u and u = u+6 after each occurrence 

of i = 1+2; 

b ) Insert t = t+v and v = v+6 after each occurrence 

of j = j+3. 

To employ the strength reduction process described 
above, an optimizer must make corresponding transformations 

of the code sequences with which it is presented; of course, 

these transformations must be made during optimization, 
using only infomtion available at that time. In order 
that this be logically possible, and in order that we may 

have reasonable grounds for expecting that the resulting 
code is more rather than less efficient than the original 
code, the code sequence originally given must satisfy 

various constraints. 

1. At any point in the origina1 code sequence in 
which a redefinition x = h (x  ..., x ) occurs, the current 3 j 1' n 
vaiues of a set of expressions u = p(xl, . . . ,x& v = q(xl,. . ,xn), 
etc., sufficiently ample to allow the easy calculation of 
the updated value of t = f(xl,. . .,%) must be available. 
In particular, no variable whoae value cannot be predicted 
at optimization time may occur in any redefinition 

x j  = h (x ..., x ).  This observation makes it plain that 
j 1' n 

no indexed variable with an index which may change in R 
can occur among xl, ...,xn; indeed, the occurrence of such 



a variable introduces into the calculation of h (x  ...,x ) J 1' n 
a value which is completely unpredictable at optimization 
time. Otherwise put, the occurrence in an expression of 
variable whose definition traces back directly or indirectly 

along paths of R to the value of an indexed variable with 
a changing index excludes consideration of this expression 

as a candidate for reduction in strength. Similarly, 

the occurrence in an expression of variable whose definition 

traces back directly or indirectly to a value read from an 

external medium excludes consideration of this expression 
as a candidate for reduction in strength. 

2 .  A recalculation t = g (x ...,x,, t) must be J 1' 
attached to each redefinition xj  = h (x ...,%) of an 

j l' 
argument of f(xl, ..., xn). , If such a redefinition occurs 
in a strongly connected proper subinterval Q of the region 

R, insertion into Q of the recalculation t = g (x . . . ,xn, t ) 
j 1' 

is undesirable, since, generally speaking, the instructions 
in Q will be executed more frequently than those instructions 

belonging to R but not to Q. We conclude that the occurrence 

in an expression of the variable whose definition traces 

back directly or indirectly along paths of R to a definition 
lying in a strongly connected subinterval Q of R excludes 
consideration of the expression as a candidate for reduction 
in strength. 

3 .  The values of the output argments of any separatly 

programmed subroutine called at a point in a code sequence 
can normally be expected to be related within the body of 
the called subroutine either to an interna1 loop,or t0 the 

value of a variably indexed quantity, or at any rate to 

be calculated in a manner sufficiently complex as to make 

reduction in strength impossible. It is therefore 

reasonable for an optimizer to assume that the occurrence 
in a expression of a variable whose value is set by a 

separately programed subroutine excludes consideration of 

this expression as a candidate for reduction in strength. 



We may call an arithmetic assignment lying within R 
elementary if no expression occuring on the right-hand side 

of this assignment involves a value tracing back directly 
or indirectly along a path of R either to the value of 
an indexed variable with an index change in R, to a value 
read from an external medium, to a value aet by a separately 
programmed subroutine, or to a value calculated within a 

strongly connected proper subinterval of R. Al1 other 

assignments may be called nonelementary. The elementary 

and the nonelementary assignments belonging to R may be 

distinguished from each other by use of the following 

straightf orward algorithm. 

a) Using the method outlined in the preceding 

paragraphs, move as many calculations as possible out of 

R. This makes the region constants, Le., the expressions 

not changing within R, apparent. 

b) Take up each of the assignments in fi, and flag 

each as being nonelementary if the assignment in question 

is made either by a separately programmed subroutine, an 
input routine, or by use of an expression containing any 

indexed variable whose index is not a known region constant, 

or if the assignment in question is made within a strongly 
connected proper subinterval of R. 

C )  Once an assignment has been flagged as nonelementary, 

find al1 the uses within R of this assignment and flag each 

such use as nonelementary. 

d) Repeat step C) as long as it leads to new non- 

elementary assignments. 

Those assignrnents lying in R which are not eventually 
flagged as nonelementary by use of a)-d) are elementary. 

If an expression occurring in R does not use any nonelementary 
definition in R, we may call this expression an elementary 
expression, or, more properly, an expression elementary in R. 
Only expressions elementary within R are candidates f or 
reduction in strength in any sense whatever. However, it 
is by no means the case that every elementary expression 
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can be reduced in strength. To make explicit the additional 
criteria which must be aatisfied if strength reduction i a  
to be possible, we must examine the reduction process in 

somewhat closer detail. In order to apply strength reduction 
to simplify a calculation, we must 

i) Define a set C of forma1 expresslons f(xl, ..., x n ) 
whose values are to be kept current at all points within 

R. These are the expressions which are candidates for 

reduction. 

ii) Define a set of "easy" calculations and make sure 
that al1 the calculations necessary at any point in R to 

update the values of the expressions belonging to C are 
I r easy" . 

Thus, for example, in reducing the strength of 

products occurring within the region R, we wish to replace 

products by sums; additions but not multiplications are 

accordingly considered to be easy operations during this 

reduction. Suppose that an expression f (xl,. . . ,x n ) 
occurring. at a given block of R is to be reduced in strength. 

If, tracing forward in R from this block, we come to a 
redefinition x = hj (xl,. ..,xn) of one of the arguments 3 
of f, we must require that the substituted expression 

E = f(xl,...,h (x ..., xn),...,xn) be expressible in terms J 1' 
of other currently available expressions using some set of 
easy calculations. If, tracing still further along paths 

in R, we come to yet another redefinition of an argwnent 
xk of F, we must require that the expression obtained by 

replacing each occurrence of xk in E by the expression 
occurring in the redefinition of xk be obtained from the value 

of other currently available expressions by some easy set 

of calculations, etc. Continuing in this way, and assuming 

R to be strongly connected, we return eventually to the 
place in R from which we started. Depending on the extent 
of the interna1 branching within R there may of course be 

any number of simple circular paths in R leading us from 
our starting point back to the same point. When we traverse 

-471 - 



any such circular path, those variables xl,...,xn not ruled 

out of consideration by their occurrence in a nonelementary 
assignment will undergo a composite substitution of some 

If the region R admits a large number of distinct elernentary 
return paths there will iwgeneral, be many different 

possible composite substitutions. Any particular composite 

substitution i s  of course merely the resultant of al1 the 
elementary redefinitions of the variables x j whlch occur 

along some particular simple circular path. If an expression 

@(xl,. ..,xn) occurring in at a given point in a program 

is to be reducible in strength, we must demand that there 
exist a finite set E1,E2, ..., En of expressions including 
f(xl,...,x n ) and having the following. 

Closure property: If x j = @(xl,...,xn) is any composite 

substitution, and l 2 1s n, 

must have an expression in terms of E1,. ..,En, this expression 

involving only easy calculationa. 

Study of an exarnple will help us to understand the 

force of the above remarks. 

Suppose that R is the prograrn interval shown in Figure 1, 
and that, in addition to the conditional transfers corresponding 

to the edges shown in that figure, there occur only the operations 
and assignments explicitly indicated. 



Figure 1: An example for the study of strength reduction. 

We aim to reduce multiplications to additions wherever 

possible in the loop shown in Figure 1; the expression 10"i 

occurring in block B is a candidate for this reduction. 
To attempt a reduction, we first follow the substitutions 

made for i in any circular elementary path leading from 
block B back to block D; we find that only the composite 
substitution i=(i+1)+2=1+3 is made. It follows that 

strength reduction is possible; the values ti=lO*i and 

t2=10*(j+2J must be kept available. The operation tl=t2 

must be attached to the assignment i=j+2, and the operation 

t2=t1+30 to the assignment j=i+l. Once this strength 

reduction is made, the code shown in Figure 1 takes on the 

reduced form shown in Figure 2. 
Note that code shown in Figure 2 is only superior to 

that shown in Figure 1 if block B is executed with substantially 
the same frequency as block A. If this is false, our 

purported optimization will in fact have degraded the speed 

of the code, since we will have replaced a rarely executed 

multiplication by a frequently executed addition. (0n the other  

hand, the further case in which a loop like that shown in Figure 2 
contains conditional branches on a loop -- independent 
condition, the methods of optimization applicable in such 

situations, and discussed in a later section of the present 



chapter, apply and .enable s tmng th  reduction to be used 
advantageously even i n  ce r t a in  -cases I n  which a multiplbcation 
t o  be reduced l i e s  i n  a r a re ly  executed block while an 
addi t ion a f fec t ing  it  is  frequently executed.) 

Figure 2: F i r s t  s tage of s t rength  reduction. 

Ignoring t h i s  i ssue  f o r  the time being however, we now go 
on t o  observe t h a t  the expression k*k occurring i n  block C 

of Figure 2 is  a candidate f o r  reduction i n  strength.  The 
composite subs t i tu t ion  k=t1+30 i s  seen t o  apply t o  the  
variable k, so  tha t  we-.must a l s o  take account of any 
composite subs t i tu t ion  applying t o  the  var iable  tl. 
Examining Figure 2, we see t h a t  there  i s  only one such 
transformation, t o  w i t ,  t he  transformation tl=t1+30. 
Reduction i n  s t rength  is  therefore possible i f  we maintain 
current values not only of t -k*k, but of t4=(tl+30)*(t14-30), 3- 
t =(t  +30)*60+90, and, a s  auxi l i a ry  quant i t i es ,  t6=t2*t2 and 5 .  1 
t =t *60+90. To the  assignment t2=tl+30 occurring i n  biock A 7 2 
of Figure 2, must append the  assignments t6=t4, t =t t 0  7 5; 
k=t2  i n  block A we must append t3=t6; and t o  *tl=t2 we must 

append t4=t6ft and t =t +60. Once these modifications have 7 5 7 
been made, the  code of Figure 2 takes on the  , s t i l l  f u r the r  



reduced form shown in Figure 3. (In Figure 3 we have 
explicitly indicated the presence of an entry block E in 
which al1 necessary variable initializations can be 

placed) . 

Figure 3: Second stage of strength reduction. 

The next expressions to appear as candidates for 

reduction in strength are the expressions 10% occurring 

in block B and the expression n% appearing in block C. 
On inspecting Figure 3 we find that the composite transformations 
applying to the variable n are n=n+l and n=n+2+n*. The 

occurrence of this latter transformation implies that any 

set of expressions containing either 10*n or n% and having 
the closure property deacribed above must contain expressions 

of arbitrarily high degree. Hence no such set can possibly 

be finite. We conclude that neither the expression 10% 

nor the expression n*n occurring in our losp can be reduced 
in strength. 
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While we in tend  t o  r e s e m e  aystematic discussion of 
r e g i s t e r  and core loca t ion  assignment t o  a l a t e r  s ec t i on  
of t he  present  work, such assignment w l l l  have a subs t an t i a l  
e f f e c t  on t he  code shown i n  Figure 3; f o r  t h i a  reason, 
i t  i s  appropr ia te  t o  have a preliminary glance a t  t h i s  
process here. A va r iab le  i s  l i v e  along any t r ack  i n  a 
program graph connecting a d e f i n i t i o n  of t he  va r iab le  t o  
a use of t he  va r iab le  and not pasaing through any subsequent 
d e f i n i t i o n  of t he  same var iable .  (Compiler generated 
temporary va r iab les  such a s  tl - t 7 i n  the  above example 
a r e  of course l i v e  only along t racks  in te rna1  to'  t he  
region R i n  which they a r e  generated) .  If  two var iab les  
a r e  never both a l i v e  alo\ng any t r ack  of a program graph, 
t h e i r  values may be held i n  t he  same core loca t ion  o r  
r e g i s t e r .  Examining Figure 3, we see  t h a t  t he  s e t s  of 
edges along which t he  varlous quan t i t i e s  tl, ..., t 7 a r e  l i v e ,  
a r e  a s  indica ted  i n  Table I. 

Table I. Live-dead pa t t e rn  f o r  va r iab les  i n  Figure 3. 



It i s  c l e a r  from Table I t h a t  tl, t4 and t respec t ive ly  5 
a r e  never l i v e  a t  t he  same time as t*, t6 and t 7 
respect ive ly .  Hence, t, and t, may be assigned t o  a comon 

r e g i s t e r  rl; t4 and t 6  t o  a  common r e g i s t e r  r2; and t5 and 

t o  a  comon r e g i s t e r  r Making t h i s  modification and 3. 
i nd i ca t i ng  i n i t i a l i z a t i o n s  e x p l i c i t l y ,  t he  code shown i n  
Figure 3 takes  on t he  f i n a l  form shown i n  Figure 4. 

Figure 4 :  Reduced code a f t e r  r e g i s t e r  overlay. 

Comparing Figure 1 w i t h  Figure 4, we see  t h a t  two mul t ip l i ca t ions  
present  i n  our o r i g ina l  loop have been replaced by t h r ee  
addi t ions .  Note a l s o  t h a t  t he  va r iab le  k  has no use i n  t he  
code shown i n  Figure 4; if k were known to be dead on 
e x i t  from t h i s  loop, the  code shown i n  Figure 4 could be 
f u r t h e r  s impl i f ied .  Note a l s o  t h a t  t he  va r iab les  i and j 

occurring i n  t he  loop have no use except t o  define each 

other .  I f  our optimizer i s  ab le  t o  de tec t  t h i s  f a c t ,  
and i f  i and j are dead on e x i t  from block D, then s t i l l  
f u r t h e r  s impl i f i ca t ion  of our code is  poss ib le .  
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The most commonly applicable and hence the most useful 

operator strength reduction 1s the reduction of multiplication 
to addition; this transformation applies to various 

familiar code sequences generated during compilation of 
source code in which doubly or multiply subscripted arrays 

occur. For this reason a closer analysis of this particular 
strength reduction is in order. In reducing multiplications 
to additions we regard addition but not multiplication as 

an easy calculation. Thus we are able to reduce an expression 

f(xl, ..., xn) in strength only if it can be included in a 
finite set E1,. . .,En of expressions having the property 
that any expression (1) obtained from an expression EQ 

by carrying out a composite substitution can be expressed 
as a simple sum in terms of the various expressions E J 
and o.? region constant expressions. Otherwise put, we 

require that, modulo region constant terms appearing 
additively, the set of al1 expressions which can be obtained 

from f by iterated applications of the variablos xl,.. .,x n 
of composite substitutions shall be included in a finitely 
generated additive group. The expressions E1...En may then 

be taken as the generators of this group. In the most 
cornmon case the expression f (xl,. . m ,xn) will be a 
polynomial, and we demand that no composite substitution 
applying to a variable xl,...,xn mise the degree of the 

polynomial f or introduce new multiplicative factors to this 
polynomial. This will normally be the case if and only 

if every elementary assignment to a variable xl, ..., xn appearing 
in the region R has one of the three allowed forms 
xi=" +x xi=+x +region constant, or xi=region constant. 

j- k9 LI 
Moreover, this criterion, requiring that only linear 

assignments be made within the region R to any of the 
variables xi, is relatively easy to apply and hence relatively 
practical. If a set of variables X~,~..,X, satisfies this 

condition, then any polynomial expression in these variables 

occurring in R can be reduced in strength. After this reduction 

is fully carried out, the value of the expression f will 



be obtained via a sequence of assignments involving additions 
only. Thus, assignments originally involving f may come 

into a form permitting further reductions in strength. The 

fu11 set of al1 expressions ultimately reducible in this 

way may be determined by application of the following 

iterative set of rules. 



6.15, Subroutine Linkage Optimization -- Introductory. 
In the present section, we initiate a discussion of 

the important question of subroutine linkage optimization. 

In order to conserve code spacg frequently used sections of 

code are often compiled in a single copy, and used. in -t,he norma1 

transfer-and-return style as subroutines. To the extent that 

entirely separate subroutine compilation and frequent modifica- 

tion of subroutines is allowed, subroutine calling sequences, 

Le., the patterns in which arguments are transmitted to and 

from subroutines, must be standardized. Since subroutines rnay 

call other subroutines in turn, standardization rnay be necessary 

if any subroutine in the whole library cf precompiled subroutines 

used by a given program rnay be recompiled. On the other hand, 
the use of rigorously standardized linkages prodtices inefficiencies 

which rnay be considerable, in that such linkages rnay imply code 

fu11 of the long sequences of linking operations and tables 

actually required in very genera1 cases but potentially elimin- 

able in frequently occurring special cases. Such inefficiencies 

rnay be particularly costly when a subroutine is called from 

within a critica1 inner loop of another program. In an attempt 

to describe methods by which these problems rnay be alleviated, 

we shall, in what follows, describe various possible forms of 

subroutine linkage more flexible thatn the normal, entirely 

standardized, linkage; such linkages could be employed to 

produce code efficient in regard to execution time (though 

sometimes requiring more storage space) than standard linkages. 

Note in this connection that the ability to use any given 

subroutine linkage depends not only on the construction of 

compilers capable of producing linkable code incorporating 

this linkage, but at a more encompassing leve1 on the existence 

of a "linking loader" able to merge separate subroutines into 

a single executable body of code. Many interesting problems 

relating to the maintenance and use of subroutine libraries, 

the linking together of programs written in different source 

languages, .the use of assembly language subroutines in connection 



w i t h  source- language code,  e t c .  r e la te  i n t i m a t e l y  t o  t h e  

s t r u c t u r e  o f  t h e  l i n k i n g  l oad  program prov ided  w i t h i n  a g iven  
o p e r a t i n g  sys tem.  

With t h e  i n t e n t  of supp ly ing  c o n s i d e r a b l e  a d d i t i o n a l  

d e t a i l s  i n  t h e  pa ragraphs  which fo l l ow ,  we beg in  by 

d i s t i n g u i s h i n g  between f o u r  d i s t i n c t  t y p e s  of  s u b r o u t i n e  l i n k a g e :  

1. F u l l y  c l o s e d  l i n k a g e  - Thi s  i s  t h e  most f a m i l i a r  

l i n k a g e  form, making u s e  of  s t r i c t l y  s t a n d a r d i z e d  argument 

t r a n s m i s s i o n  and r e g i s t e r  u se  conven t ions .  Note however t h a t  
even i n  t h i s  c a se  a p p r o p r i a t e  d e s i g n  of t r a n s m i s s i o n  

and r e g i s t e r  u se  conven t ions  can y i e l d  advan tages .  
2 .  Semi-closed l i n k a g e  - I n  t h i s  form of  l i n k a g e  we 

r e q u i r e  a subrou",neSto inform i t s  c a l l i n g  program R o f  t h e  

q u a n t i t i e s  and a d d r e s s e s  which i t  e x p e c t s  t o  r e c e i v e  i n  
r e g i s t e r s ,  t h e  q u a n t i t i e s  which i t  w i l l  r e t u r n  i n  r e g i s t e r s ,  

t h e  r e g i s t e r s  which i t  w i l l  u s e ,  t h e  g l o b a l  v a r i a b l e s  and 

a r r a y s  which i t  may a f f e c t ,  and t o  supp ly  misce l l aneous  r e l a t e d  

i n f o r m a t i o n .  Th i s  l i n k a g e  i n fo rma t ion  i s  t h e n  passed  a long  t o  
t h e  l a t t e r  s t a g e s  of  a  r e g i s t e r  a l l o c a t i o n  p roce s s  l i k e  t h a t  

d e s c r i b e d  e l sewhere  i n  t h e  p r e s e n t  c h a p t e r ;  d u r i n g  c a l l i n g  

r o u t i n e  r e g i s t e r  a l1ocat ion; the  s u b r o u t i n e  i s  t r e a t e d  a s  a 
program b lock  w i t h i n  which c e r t a i n  r e g i s t e r  ass ignments  have 
been made. I n  o r d e r  t o  a l l ow  f o r  s u b r o u t i n e  m o d i f i c a t i o n  even 
a f t e r  c a l l i n g  program compi l a t i on ,  a r e c o r d  o f  t h e  s u b r o u t i n e  

l i n k a g e  i n fo rma t ion  used d u r i n g  c a l l i n g  program compi l a t i on  
niust be a s s o c i a t e d  w i t h  t h e  c a l l i n g  program; d u r i n g  f i n a l  
s u b r o u t i n e  i n t e g r a t i o n  ( l i n k i n g  and l o a d i n g )  b e f o r e  program 

e x e c u t i o n ,  t h e  con t inued  v a l i d i t y  of  t h i s  i n fo rma t ion  must 
e i t h e r  be  v e r i f i e d ,  o r  i n s t r u c t i o n s  compensating a p p r o p r i a t e l y  
f o r  sub rou t  i n e  changes i n s e r t e d  . 

Prope r ly  matched compi l a t i on  of  groups of  s u b r o u t i n e s  
i n  t h i s  semi-open f a s h i o n  w i l l  r e q u i r e  t h a t  c a l l e d  r o u t i n e s  
be compiled b e f o r e  t h e i r  c a l l i n g  r o u t i n e s .  I f  an  e n t i r e  

c o l l e c t i o n  o f  r o u t i n e s  i s  t o  be compiled t o g e t h e r ,  t h e  compi ler  
may have t o  t r a c e  t h e  p a t t e r n  of  s u b r o u t i n e  c a l l s  o c c u r r i n g  i n  
t h i s  s e t  of  r o u t i n e s  and a d j u s t  i t s  o r d e r  of  s u b r o u t i n e  compila- 

t i o n  acco rd ing ly .  
-481- 



Even though a l1  t h e s e  c o n d i t i o n s  must be  s a t i s f i e d  i f  

semi-open s u b r o u t i n e  l i n k a g e  i s  t o  be  employed, it i s  stili 

f e a s i b l e  t o  use  semi-open l i n k a g e  even f o r  s e p a r a t e l y  compiled 

and f o r  l i b r a r y  s u b r o u t i n e s  w i t h i n  an  a p p r o p r i a t e l y  des igned  

program l o a d i n g  system. 

3 .  Open l i n k a g e  - A s u b r o u t i n e  S i s  s a f d  t o  be used 
as an  open s u b r o u t i n e  i f  t h e  code c o n s t i t u t i n g  t h e  body of  S 

i s  e x p l i c i t l y  i n s e r t e d  i n  p l a c e  o f  a c a l l  t o  S. Th i s  t y p e  of  

s u b r o u t i n e  l i n k a g e ,  which pe rmi t s  c a l l i n g  and c a l l e d  r o u t i n e s  

t o  be opt imized t o g e t h e r  i n  f u l l y  i n t e g r a t e d  f a s h i o n ,  i s  maxi- 

mally e f f i c i e n t  i n  r e g a r d  t o  t ime .  However, s i n c e  i t  may 
r e q u i r e  t h e  d u p l i c a t i o n  of  e x t e n s i v e  s e c t i o n s  of  code,  i t  may 

be p r o h i b i t i v e l y  w a s t e f u l  of  space .  Neve r the l e s s ,  t h e r e  a r e  

c e r t a i n  c i rcumstances  i n  which open l i n k a g e  i s  f e a s i b l e  and 
even ~ l e a r l y  p r e f e r a b l e  t o  o t h e r  forms of  l i n k a g e .  I f  a 
s u b r o u t i n e  i s  c a l l e d  on ly  .once i n  an  e n t i r e  program, an  open 

l i n k a g e  w i l l  be more e f f i c i e n t  i n  r e g a r d  bo th  t o  t ime  and t o  
space  t h a n  a c lo sed  l i n k a g e .  More g e n e r a l l y ,  i f  a s u b r o u t i n e  

of  l e n g t h  R i s  c a l l e d  n  t imes ,  t h e n  i f  nc  > ( n - l ) & ,  where c  - 
i s  t h e  l e n g t h  of  t h e  s u b r o u t i n e  c a l l i n g  sequence ,  open l i n k a g e  
i s  c l e a r l y  p r e f e r a b l e  t o  c l o sed  l i n k a g e  i n  terms bo th  of  t ime  
and of  space .  Th i s  o b s e r v a t i o n  w i l l  app ly  t o  v a r t o u s  s h o r t  
s u b r o u t i n e s  of  common use  which compile t o  a ve ry  few machine 
i n s t r u c t i o n s .  F i n a l l y ,  i t  may be  impor tan t  t o  a l low a programmer 
t o  s p e c i f y  t h a t  c e r t a i n  s u b r o u t i n e  c a l l s  o c c u r r i n g  w i t h i n  a  

c r u c i a l  loop of  a program a r e  t o  be t r e a t e d  as open c a l l s ;  t h e  

s av ings  i n  t ime  t h u s  a f f o r d e d  may g r e a t l y  outweigh t h e  c o s t  i n  
space .  Note a l s o  t h a t  j o i n t  o p t i m i z a t i o n  of  a c a l l i n g  program 

and an open s u b r o u t i n e  may a f f o r d  s u b r o u t i n e  s i m p l i f i c a t i o n s  
through cons t an t  p ropaga t i on  t h a t  reduce  t h e  l e n g t h  o f  t h e  
s u b r o u t i n e  ve ry  s u b s t a n t i a l l y  . 

I f  a  l i b r a r y  s u b r o u t i n e  i s  t o  be c a l l e d  v i a  an  open 

l i n k a g e ,  t h e  l i b r a r y  must supply  t h e  s u b r o u t i n e  e i t h e r  i n  
o r i g i n a 1  sou rce  language o r  i n  an i n t e r m e d i a t e  language form 
s u f f i c i e n t l y  c l o s e  t o  symbolic as t o  permit  t h e  symbol t a b l e  
r e f e r e n c e s  of  t h e  open sub rou t i ne  t o  be merged w i t h  t h o s e  



of t h e  c a l l i n g  s u b r o u t i n e  i n  a manner p e r m i t t i n g  subsequent  
o p t i m i z a t i o n .  

4.  Semi-open l i n k a g e  - To l i n k  a s u b r o u t i n e  S t o  a 
c a l l i n g  r o u t i n e  u s i n g  a semi-open l i n k a g e ,  we s e p a r a t e  S  i n t o  

an  i n i t i a l  p o r t i o n  S1  c o n s i s t i n g  of  a l 1  t h o s e  i n i t i a l  i n s t r u c -  
t i o n s  of  S  n o t  be long ing  t o  l oops  o f  S ,  and a remainder  S2 

c o n s i s t i n g  of  t h e  r e s i d u e  of  S.  S2 i s  t h e n  t r e a t e d  as i f  i t  

were a s e p a r a t e  s u b r o u t i n e  c a l l e d  by S1  th rough  a  semi-closed 

l i n k a g e ,  and S1  i s  i n s e r t e d  i n  open s t y l e  i n  p l a c e  of  any c a l l  

t o  S .  Th i s  p e r m i t s  S 1  t o  be op t imized  t o g e t h e r  w i t h  t h e  program 

c a l l i n g  S ,  b u t  avo id s  t h e  r e p e t i t i o n  of such  e x t e n s i v e  code 

pa s sages  as may be r e l a t i v e l y  u n l i k e l y  because  of  con t a ined  

loops  t o  y i e l d  s u b s t a n t i a l  improvement when opt imized t o g e t h e r  
w i t h  c a l l i n g  code r a t h e r  t h a n  s e p a r a t e l y .  We may n o t e ,  much a s  

i n  t h e  c a s e  of  open s u b r o u t i n e s ,  t h a t  i f  semi-open l i n k a g e  i s  

used f o r  S a  symbolic o r  i n t e r m e d i a t e  near-symbolic form f o r  S1  
i s  r e q u i r e d ;  i n  a d d i t o n ,  S1 and 52 must be p e r f e c t l y  matched 
t o  each  o t h e r .  

We now t u r n  t o  a  more d e t a i l e d  d i s c u s s i o n  of  t h e  

v a r i o u s  s t y l e s  of  s u b r o u t i n e  l i n k a g e  o u t l i n e d  above. Closed 
l i n k a g e ,  employing f i x e d  argument t r a n s m i s s i o n  conven t ions ,  
i s  s i m p l e r  t h a n  semi-closed and semi-open l i n k a g e .  However, 

even f o r  c l o s e d  l i n k a g e  s i g n i f i c a n t  problems having t o  do 
w i t h  fundamental  sou rce  language f e a t u r e s  must be f a c e d .  I f  

a  s u b r o u t i n e  S i s  t o  be used and p r o p e r l y  l i n k e d  t o  i t s  c a l l i n g  

r o u t i n e  R ,  S and R must ag r ee  a s  t o  t h e  l o c a t i o n  and s t r u c t u r e  
of a l 1  i n fo rma t ion  t o  be t r a n s m i t t e d  between them. I f  S  and R 

a r e  w r i t t e n  i n  a  language n o t  p e r m i t t i n g  many d i f f e r e n t  d a t a  

t y p e s ,  i t  can be  s u f f i c i e n t  t o  t r a n s m i t  i n fo rma t ion  i n  terms 

of  i t s  add re s s  on ly .  I f ,  on t h e  o t h e r  hand, one d e a l s  w i t h  

language i n c o r p o r a t i n g  a  c o n s i d e r a b l e  v a r i e t y  of  d a t a  t y p e s ,  
and i n  which t h e  meaning o f  sou rce  language e x p r e s s i o n s  depends 

upon t h e  t y p e  of  d a t a  t o  which t h e s e  e x p r e s s i o n s  a r e  a p p l i e d ,  i t  may 

be nece s sa ry  t o  a t t a c h  d e s c r i p t o r s  t o  d a t a  d u r i n g  t h e  execu t i on  
of  code. I n  t h i s  c a s e ,  t r a n s m i s s i o n  of  d a t a  from a r o u t i n e  R 



t o  a  s u b r o u t l n e  S w i l l  a l s o  i n v o l v e  t r a n s m i s s i o n  o f  d e s c r i p t o r s ,  
pe rhaps  by t r a n s m i s s i o n  of d e s c r i p t o r  l o c a t i o n s ,  t h e  d e s c r i p t o r s  

themselves  s e r v i n g  t o  l o c a t e  t h e  i n fo rma t ion  s t r u c t u r e s  which 

t h e y  d e s c r i b e .  Unless  c a r e  i s  t a k e n  i n  t h e  d e s i g n  o f  such a 
language,  t h e  c o n s t a n t  n e c e s s i t y  t o  i n t e r p r e t  d e s c r i p t o r s  rnay 
f o r c e  a l 1  o r  n e a r l y  a l 1  code t o  be  execu ted  i n t e r p r e t i v e l y  a t  

a s u b s t a n t i a l  c o s t  i n  execu t i on  e f f i c i e n c y .  I f  t h e  d e s c r i p t o r s  
a t t a c h i n g  t o  p a r t i c u l a r  v a r i a b l e s  can be  determined a t  compile 

t ime ,  d i r e c t  r a t h e r  t h a n  i n t e r p r e t i v e  program e x e c u t i o n  becomes 

p o s s i b l e .  It i s ,  o f  cou r se ,  p a r t i c u l a r l y  d i f f i c u l t  t o  p r e s e r v e  
s t a t i c  d e s c r i p t o r  i n fo rma t ion  a c r o s s  s u b r o u t i n e  l i n k a g e s ,  and,  

i f  a language pe rmi t s  s u b r o u t i n e s  a p p l i c a b l e  a t  run  t ime  t o  
o p e r a t e  on argument d a t a  w i t h  a r b i t r a r y  d e s c r i p t o r s  t h i s  rnay 

be  imposs ib l e .  I n  response  t o  t h i s  problem, one rnay s imply  
a l l ow  m b r o u t i n e s  t o  t r e a t  t h e i r  arguments i n  f u l l y  i n t è r p r e t i v e  

f a s h i o n .  A l t e r n a t i v e l y ,  one rnay r e s t r i c t  t h e  t y p e  of  argument 

t o  which a s u b r o u t i n e  rnay be  a p p l i e d ,  i n s i s t i n g  t h a t  matching 

argument d e c l a r a t i o n s  occur  bo th  i n  a s u b r o u t i n e  and i n  t h e  

r o u t i n e  which c a l l s  i t ;  t h i s  would p r e s e r v e  e f f i c i e n c y  bu t  a t  

s u b s t a n t i a l  c o s t  i n  f l e x i b i l i t y .  The mix tu re  of  t h e s e  two 
extreme t e c h n i q u e s ,  i n  which one r e q u i r e s  t h a t  some argument 
a t t r i b u t e s  be s p e c i f i c a l l y  p re -dec la red  i n  matching f a s h i o n  
between a  c a l l i n g  r o u t i n e  and i t s  s u b r o u t i n e s ,  wh i l e  a l l owing  

o t h e r  argument a t t r i b u t e s  t o  be d ~ n a m i c a l l y  t r a n s m i t t e d  th rough  
t h e  u se  of  d e s c r i p t o r s ,  rnay be employed. Such a mixed s u b r o u t i n e  
convent ion should  a i m  t o  p rov ide  f l e x i b l y  u s a b l e  s u b r o u t i n e s  
whi le  s t i l l  avo id ing  t h e  development of  i n t o l e r a b l e  i n e f f i c i e n c i e s .  

A s  a  t h i r d  p o s s i b i l i t y ,  one rnay i n t e r p r e t  argument 
d e s c r i p t o r s  on s u b r o u t i n e  e n t r a n c e ,  and u se  t h i s  i n fo rma t ion  

t o  perform s l i g h t  i n t e r n a 1  r ecompi l a t i ons  of  t h e  p rope r  body 
of  t h e  s u b r o u t i n e  i n  an  e f f o r t  t o  a t t a i n  e f f i c i e n t  execu t i on  

once t h i s  s u b r o u t i n e  body beg ins  t o  f u n c t i o n ;  t h . i s  approach 
must be  s c r u t i n i z e d  c a r e f u l l y  from t h e  e f f i c i e n c y  p o i n t  of  view, 

and,  t o  t h e  e x t e n t  t h a t  i t  depends on m o d i f i c a t i o n  of  code,may 
be  u n a v a i l a b l e  i n  a system a l lowing  sha r ed  o r  r e - e n t r a n t  code 
o r  r e c u r s i v e  s u b r o u t i n e s .  



The problems d e s c r i b e d  above w i l l  r e q u i r e  p a r t i c u l a r l y  

c a r e f u l  t r e a t m e n t  i n  a sys tem a l l owing  l i n k a g e  between 

s u b r o u t i n e s  w r i t t e n  i n  d i s t i n c t  sou rce  languages .  I n  g e n e r a l ,  

i t  w i l l  on ly  be p o s s i b l e  t o  t r a n s m i t  a d a t a  s t r u c t u r e  D back 
and f o r t h  between a  r o u t i n e  R w r i t t e n  i n  one sou rce  language LR 
and a r o u t i n e  S  w r i t t e n  i n  a n o t h e r  language LS i f  b o t h  languages  

p rov ide  mechanisms f o r  t h e  d e s c r i p t i o n  o f  a s t r u c t u r e  of  t h e  

t y p e  of  D ,  and on ly  i f  t h e  compi le r s  for b o t h  languages  a r e  

c apab l e  of  producing code f o r  a c c e s s i n g  t h e  component p a r t s  
of  such  a  s t r u c t u r e .  Th i s  means t h a t  i f  D i s ,  e . & ,  an  a r r a y  
o r i g i n a l l y  d e s c r i b e d  i n  LS which i s  t o  be  t r a n s m i t t e d  t o  a 
r o u t i n e  w r i t t e n  i n  L t h e n  LR must admit a d a t a  t y p e  hav ing  R ' 
t h e  same s t o r a g e  l a y o u t  as D .  I n  a d d i t i o n ,  e i t h e r  the LR 
compi le r ,  t h e  LS compi le r ,  o r  more p robab ly  t h e  l i n k i n g  l o a d e r  

i n t e g r a t i n g  R w i t h  S  must f u r n i s h  code f o r  t h e  conve r s ion ,  a t  
t h e  p o i n t  of  an  R t o  S c a l l  o r  o f  an  S t o  R r e t u r n ,  of t h e  
s t a n d a r d  d a t a  d e s c r i p t o r s  used w i t h i n  R t o  t h o s e  used w i t h i n  

S and v i c e  v e r s a .  

An i d e a  of  t h e  k ind  of  problem t h a t  may a r i s e  i n  
a t t e m p t i n g  t o  l i n k  d i s p a r a t e  languages  may be  ga ined  by 

c o n s i d e r i n g  some o f  t h e  problems t h a t  a r i s e  i n  l i n k i n g  FORTRAN 

t o  P L ~ L  I n  PL/1 one may w r i t e  a p rocedure  

( 1 )  X :  PROC ( A , B )  

DCL A ( * ) ,  B(*,*) ; 

t h i s  i n d i c a t e s  tha t  t h e  f i r s t  argument A w i l l  be a  v e c t o r  
of  undetermined bound; s i m i l a r l y ,  B w i l l  be  a  doubly dimensioned 

o b j e c t .  Observe t h a t  one can o b t a i n  a s i m i l a r  e f f e c t  i n  FORTRAN 

by w r i t i n g  

( 2  SUBROUTINE X(A,B,L,M,N) 
DIMENSION A ( L ) ,  B(M,N) . 

Thus i n  FORTRAN one i s  r e q u i r e d  t o  i n c l u d e  t h e  a c t u a l  a r r a y  

bounds e x p l i c i t l y  i n  t h e  c a l l i n g  sequence .  Accordingly ,  i n  
FORTRAN, when an a r r a y  i s  passed as an  argument i t  i s  s u f f i c i e n t  



t o  pa s s  t h e  add re s s  of t h e  beginning of  t h e  a r r a y .  I n  PL/1, 

on t h e  o t h e r  hand, one must p a s s  t h e  add re s s  of  a d e s c r i p t o r  

f o r  t h e  a r r a y .  I f  FORTRAN and PL/1 ape t o  c a l l  each o t h e r ,  

i t  i s  t h e r e f o r e  necessary  t h a t  bo th  be  provided wi th  mechanisms 

f o r  t h e  convers ion of e x p l i c i t  t o  i m p l i c i t  in format ion  and 

v i c e  v e r s a .  

Add i t i ona l  d i f f i c u l t i e s  w i l l  a r i s e  from d i f f e r e n c e s  

i n  t h e  housekeeping schemes employed by vn r ious  languages .  
For example, FORTRAN i n c o r p o r a t e s  v i r t u a l l y  no housekeeping 
code. COBOL i n c 6 r p o r a t e s  some, g e n e r a l l y  connected w i th  
mechanisms f o r  handl ing  va r ious  i n t e r r u p t s  (end of f i l e ,  e t c . ) .  

PL/1 permi t s  r e c u r s i v e  procedures ,  dynamic s t o r a g e  a l l o c a t i o n ,  
independent t a s k i n g ,  e t c . ,  a l 1  of which r e q u i r e  c e r t a i n  g l o b a l  

housekeeping mechanisms, mainta ined i n  t h e  form of  s t a c k s  and 

l i s t s .  S ince  t h e s e  a r e  g l o b a l ,  and a r e  used and updated i n  

every r o u t i n e ,  t h e i r  p roper  t r ea tmen t  du r ing  l i nkage  between, 
PL/1 and o t h e r  languages 'may p re sen t  q u i t e  complex problems. 

One genera1  p l an  f o r  t h e  t r e a t m e n t . o f  a.t l e a s t  t h e  

s imp le s t  problems of in te r - language  l i nkage  i s  a s  fo l l ows .  
A c a l l  from R t o  S  can be compiled as a t r a n s f e r  t o  an  i n t e r f a c e  
r o u t i n e  T t o  be produced by t h e  l o a d e r  l i n k i n g  R t o  S .  We may 

suppose t h a t  T  i s  produced wi th  knowlsdge no t  only  of t h e  form 
of t h e  ca11 occu r r ing  i n  R bu t  w i th  knowledge of form i n  

which S expec t s  i t s  parameters .  I n  many languages such informa- 
t i o n  i s  made a v a i l a b l e  i n  a  s p e c i a l  sub rou t ine  d e c l a r a t o r  
s ta tement  occu r r ing  a t  t h e  very  s t a r t  of S  ( a  sub rou t ine  f e a t u r e  
i n  t h e  sense  of t h e  p r e s e n t  d i s c u s s i o n  w i l l  oniy e x i s t  i f  such 
in format ion  i s  d e f i n a b l e )  . I f  i m p l i c i t  d a t a  s t r u c t u r e s  such 

a s  l i s t  o r  s t r i n g  a r e a s  and i m p l i c i t  p o i n t e r s  a s s o c i a t e d  wi th  
t h e s e  d a t a  s t r u c t u r e s  p l ay  a  r o l e  i n  a  p a r t i c u l a r  language,  
t h e n  t h e  in format ion  t o  be t r a n s m i t t e d  t o  T may inc lude  t h e  

l o c a t i o n  not  only  of e x p l i c i t l y  de s igna t ed  paramete rs ,  bu t  
a l s o  of t h i s  a d d i t i o n a l  in format ion .  Both t h e  c a l l e d  and t h e  
c a l l i n g  r o u t i n e s  may produce d e s c r i p t o r  in format ion  concerning 
arguments of c a l l s  and of c a l l e d  sub rou t ines ;  p a r t  of t h i s  

in format ion  can be d i g e s t e d  s t a t i c a l l y  a t  load  t ime t o  con t ro1  



the form of the interface routine T and part handled dynamically 

by T at run time. On receiving control from R, T will execute 
any necessary interfacing initializations, and transfer control 

to S. When S completes its execution, it will return control 

to T, which will take any necessary finalizing actions and 

return control to R. Interfacing actions may include both 

the conversion of data descriptors and the physical transmission 

of data in either direction between the storage areas controlled 

by R and S. The precise interf.acing actions to be performed 

by T will be known to the loader program, which must be able 

to recognize the languages LR, LS, etc. in which subroutines 

to be loaded have been written, and which must be able to link 

routines written in al1 possible pairs of languages. 

We shall at this point not attempt any systematic 

discussion of the rather genera1 issues sketched out in the 

preceding paragraphs, but shall confine ourselves to the 

discussion of linkage efficiency in situations where in short 

sequences of data locations or values can be transmitted without 

any special conversion action being necessary. In a strictly 

closed linkage style, the calling routine will not know which 

of its arguments a subroutine will modify; thus al1 arguments 

will be passed to the subroutines in terms of their addresses 

P-ather than as values. If the source language being compiled 

assumes static storage allocation, these addresses will tend 

not to vary dynamically, except in the case of indexed arguments 

of the form A ( 1 ) .  In such situations, a linkage style in 

which an actual subroutine transfer instruction is followed 
by a table of argument addresses ("transfer vector") can be 

efficient. Note that in this conventional Zinkage style, a 

single address will suffice to specify both the location to 

which return is eventually to be made and the location of the 

parameter address table. If a subroutine is called with 

indexed arguments of the form A ( I ) ,  the value of the corres- 

ponding parameter address must be calculated and inserted into 

the argument address table. Note that this linkage procedure, 

which involves modification of table locations interspersed 



w i t h  code,  i s  n o t  compat ib le  with t h e  r e c u r s i v e  u se  o f  

s u b r o u t i n e s .  A rough ly  cor responding  p rocedure  t h a t  could  

be  employed i f  r e c u r s i v e  s u b r o u t i n e s  o r  r e - e n t r a n t  code were 
a t  i s s u e  i s  as fo l l ows :  

i. Within  whatever s t o r a g e  a r e a  o r  s t o r a g e  s t a c k  

i s  a p p r o p r i a t e ,  l o c a t e  o r  a l l o c a t e  a b lock  o f  s t o r a g e  s u f f i c i e n t  

t o  s t o r e  t h e  pa ramete r  i n fo rma t ion  f o r  t h e  s t u r o u t i n e  t o  be  
c a l l e d .  

ii. I n s e r t  a l1  nece s sa ry  pa ramete r  i n fo rma t ion  
i n t o  t h i s  parameter  a r e a .  

iii. Load t h e  add re s s  of  t h e  parameter  a r e a  i n t o  
a  s t a n d a r d  r e g i s t e r .  

i v .  E n t e r  t h e  s u b r o u t i n e .  

The manner i n  which arguments w i l l  be r e f e r e n c e d  from 
w i t h i n  a s u b r o u t i n e  w i l l  depend t o  a c e r t a i n  e x t e n t  on t h e  

strutture of t h e  machine on 'which code is t o  r un .  I f  a 
computer i s  provided w i t h  what i n  p r a c t i c a l  terms i s  a  
s u f f i c i e n c y  of  index  r e g i s t e r s ,  argument add re s se s  may be  

h e l d  i n  t h e s e  r e g i s t e r s  when needed, p e r m i t t i n g  e f f i c i e n t  

f e t c h i n g  and s t o r i n g  of  arguments.  I f  t h e  o r d e r  code s e t  of  

a  p a r t i c u l a r  computer i n c l u d e s  double  i ndex ing ,  Eolding argument 
l o c a t i o n s  i n  index  r e g i s t e r s  w i l l  a l s o  be  compati.ble w i t h  e f f i c i e n t  
r e f e r e n c e  t o  indexed arguments.  I f  double  i ndex ing  i s  

no t  p rov ided ,  o r  i f  on ly  a  few index  r e g i s t e r s  arBe p rov ided ,  

o t h e r  methods of  argument r e f e r e n c e  may be p r e f e r r e d .  Reference  
t o  s imple  ( L e . ,  non-indexed, non-array) arguments may be  
f a c i l i t a t e d  by supp ly ing  each  s u b r o u t i n e  S  w i t h  a p ro logue  i n  

which t h e  v a l u e s  of  such  arguments a r e  f e t c h e d  u s i n g  t h e i r  
add re s se s  and s t o r e d  i n  l o c a t i o n s  M l o c a l  t o  S ,  as w e l l  a s  an  
ep i l ogue  executed  j u s t  b e f o r e  r e t u r n  i n  which t h e  v a l u e s  of a l 1  

ou tpu t  arguments a r e  t r a n s m i t t e d  back t o  t h e  c a l l i n g  r o u t i n e .  
Arguments. t r e a t e d  i n  t h i s  way may be r e f e r e n c e d  cluring execu t i on  
i n  t h e  same f a s h i o n  as q u a n t i t i e s  l o c a l  t o  S .  Transmiss ion o f  
arguments i n  terms of  l o c a t i o n  r e f e r e n c e s  i s  sometimes d e s i g n a t e d  
as c a l l  by r e f e r e n c e ,  and t h i s  s p e c i a l  t e chn ique  of  import  

fo l lowed by expo r t  of  s imple  arguments i s  sometimes de s igna t ed  



as c a l l  by v a l u e .  

Indexed and a r r a y  arguments  must b e  t r e a t e d  d i f f e r e n t l y .  

One scheme f o r  t h e  t r e a t m e n t  o f  indexed  s u b r o u t i n e  arguments  

f u r n i s h e s  e a c h  s u b r o u t i n e  w i t h  a s e c t i o n  o f  p r o l o g u e  which,  

b e f o r e  e n t r y  i n t o  t h e  p r o p e r  body o f  a s u b r o u t i n e ,  s t o r e s  
t h e  a d d r e s s  o f  each  indexed  argument i n t o  a l 1  i n s t r u c t i o n s  

r e f e r e n c i n g  t h e  argument ,  t h u s  a f f e c t i n g  l i n k a g e  dynamica l ly  

each  t i m e  a  s u b r o u t i n e  i s  c a l l e d .  T h i s  makes a  c o s t l y  l i n k a g e  

b u t  does  a l l o w  s u b r o u t i n e  b o d i e s  t o  e x e c u t e  e f f i c i e n t l y .  
Another  p o s s i b l e  t r e a t m e n t  o f  t h e  l i n k a g e  problem f o r  indexed 

arguments ,  a p p l i c a b l e  on machines w i t h  s u f f i c i e n t l y  many 
r e g i s t e r s  b u t  w i t h o u t  doub le  i n d e x i n g  i n s t r u c t i o n s ,  would 

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

i n  indexed  argument r e f e r e n c e s  A ( 1 )  i n s i d e  o f  any loop  w i t h i n  
which t h e  i n d e x  I was i t e r a t i v e l y  c a l c u l a b l e .  Wi th in  such  l o o p s ,  

A ( I )  cou ld  be  r e f e r e n c e d  by a  s i n g l e  i n s t r u c t i o n ;  i n  o t h e r  
s i t u a t i o n s ,  A ( 1 )  would b e . r e f e r e n c e d  by add ing  t h e  l o c a t i o n  o f  
A (b rough t  e i t h e r  i n t o  a  r e g i s t e r  o r  i n t o  a l o c a t i o n  l o c a l  t o  
a  s u b r o u t i n e )  t o  t h e  i n d e x  v a l u e  I and t h e n  u s i n g  a  s e p a r a t e  

l o a d  o r  s t o r e  i n s t r u c t i o n  t o  comple te  t h e  r e f e r e n c e .  
a ' 

Opt imize r s  f o r  machines on which such p r o c e d u r e s  may 
b e  n e c e s s a r y  ought  t o  make g r e a t e r  e f f o r t s  t o  a v o i d  r edundan t  
a d d r e s s  c a l c u l a t i o n  t h a n  have been i n d i c a t e d  i n  t h e  p r e s e n t  

s e c t i o n .  To t h i s  end,  v a r i o u s  t e c h n i q u e s  r e l a t e d  t o  t h o s e  
a l r e a d y  d e s c r i b e d  a r e  a v a i l a b l e .  One may, f o r  example, a s s i g n  

s e p a r a t e  v a l u e  numbers t o  t h e  v a l u e  o f  A ( 1 )  and t h e  c a l c u l a t e d  

a d d r e s s  of A ( I )  d u r i n g  l i n e a r  n e s t e d  r e g i o n  o p t i m i z a t i o n ,  
a l l o w i n g  r e p e a t e d  a d d r e s s  c a l c u l a t i o n  t o  be a v o i d e d ,  even i n  
such  sequences  a s  

Going beyond t h i s ,  one might  t r y  i n  a s y s t e m a t i c  way t o  d e t e c t  
and e x p l o i t  such  f a c t s  as t h e  f a c t  t h a t  t h e  a d d r e s s e s  o f  A ( 1 )  

and B ( 1 )  n e c e s s a r i l y  d i f f e r  by a q u a n t i t y  c o n s t a n t  th roughou t  a n  
e n t i r e  s u b r o u t i n e .  



The p r o c e s s e s  of  g l o b a l  o p t i m i z a t i o n  which have been 

de sc r fbed  above app ly  w i t h  s t r o n g  e f f e c t  t o  code c o n t a i n i n g  

s u b r o u t i n e  c a l l s  on ly  i f  t h e  s u b r o u t i n e s  behave i n  llnormaill 

f a s h i o n .  Thus, f o r  example, i n  o r d e r  t h a t  code f low be  

t r a c e a b l e  even i n  t h e  p resence  of s u b r o u t i n e  c a l l s  we r e q u i r e  

that  s u b r o u t i n e s ,  when c a l l e d ,  make norma1 r e t u r n s ,  o r  a t  
l e a s t  t h a t  t h e  s e t  of  a d d r e s s e s  t o  which t h e y  may r e t u r n  be  
known. I n  p a r t i c u l a r ,  s u b r o u t i n e s  t o  which t r a n s f e r  a d d r e s s e s  

may be  passed  as arguments and w i t h i n  which such a d d r e s s e s  

may be u n r e s t r i c t e d l y  manipula ted  can c o n s t i t u t e  a b s o l u t e  

boundar ies  f o r  g l o b a l  o p t i m i z a t i o n  methods. A similar remark 
w i l l  app ly  i n  c a s e s  where in  a v a r i a b l e  l o c a t i o n  f u n c t i o n  

(XLOCF i n  FORTRAN) and an  i n d i r e c t  assignment f u n c t i o n  can be  

c a l l e d ,  making i t  f e a s i b l e  t o  p a s s  t h e  l o c a t i o n  of  one v a r i a b l e  

as t h c  v a l u e  of  ano the r  v a r i a b l e  t o  a s u b r o u t i n e .  I f  a g l o b a l  

opt i rn izer  has  t o  dea1  wi th ,  such t h i n g s ,  no b e t t e r  method rnay 

be a v a i l a b l e  t h a n  t o  t r e a t  each c a l l  t o  an  e x c e p t i o n a l  
s u b r o u t i n e  as a p o i n t  a t  which a l 1  g l o b a l  o p t i m i z a t i o n  informa- 
t i o n  i s  i n v a l i d a t e d ,  a l 1  r e g i s t e r s  c o n t a i n i n g  l i v e  l n fo rma t ion  

must be s t o r e d ,  a l 1  l o c a l l y  s t o r e d  argument v a l u e s  must be  
t r a n s m i t t e d  t o  t h e i r  t r u e  l o c a t i o n s ,  e t c .  The language d e s i g n e r  
i n t e n d i n g  t o  produce a h igh ly  op t im izab l e  language must b e a r  

t h e s e  c o n s i d e r a t i o n s  i n  mind; d e c i s i o n s  j u s t i f i a b l e  from t h e  

p o i n t  of  view of  a b s t r a c t  g e n e r a l i t y  and f l e x i b i l i t y  may be 
c a t a s t r o p h i c  f o r  o p t i m i z a t i o n .  

A s  we have a l r e a d y  no t ed ,  semi-closed l i n k a g e  d i f f e r s  
from f u l l y  c l o sed  l i nkage  i n  t h a t  i n fo rma t ion  concerning a 

s u b r o u t i n e  S i s  f u r n i s h e d  t o  each  r o u t i n e  R c a l l i n g  S du r ing  

a l l o c a t i o n  of  r e g i s t e r s  w i t h i n  R .  Using t h i s  i n fo rma t ion ,  
s u b s t a n t i a l l y  improved l i n k a g e s  can be p rov ided .  Such t e chn iques  
a r e  o f t e n  used ,  n o t  r e a l l y  f o r  l i b r a r y  s u b r o u t i n e s  i n  g e n e r a l ,  
bu t  f o r  a more l i m i t e d  c l a s s  o f  "system" s u b r o u t i n e s  of  whose 
s p e c i a l  p r o p e r t i e s  a g iven  compi ler  can be e x p l i c i t l y  aware. 

I n  compil ing a s u b r o u t i n e  S f o r  semi-closed l i n k a g e ,  
we t r e a t  a l 1  sub rou t i ne  r e t u r n  s t a t emen t s  a s  t r a n s f e r s  t o  a  
nomina1 r e t u r n  b lock ,  and t r e a t  t h e  e n t r y  p o i n t  t o  S as a  



nomina1 entry block within which al1 subroutine arguments 

are defined. Registers are then allocated within S in normal 

fashion. On completion of register allocation for S, it will 

appear that S requires that certain of its simple arguments 

be loaded in particular registers on entry and provides certain 

simple output arguments in registers on exit; here, a simple 
argument m is to be considered as an output argument if it 

is impossible to traverse S from entrance to return without 

encountering an assignment to m. This information concerning 

the state of registers on entrance to and on exit from m is 

then used during the register allocation phase of R-optimization, 

during which .the call to S is treated as a program block within 

which certain register assignments have been made. Any output 

argument whose value is used from storage withLn R after 

the call to S is stored immediately on return from S; other 

output argument values may be available in registers at al1 

subsequent uses and need never be stored. If a simple argument 

of S is used from storage within S, it is flagged to indicate 

this fact; this information is also passed back to R, and used 
during the final stages of the register. allocation process 

to force appropriate insertion of a store. If a simple argument 

m of S can be set from within S, but need not be set within S 

before return is made, the normal process of register assignment 

within S will introduce stores with target m into S. For some 

machine structures it will be appropriate to expand such stores 

as indexed stores replacing the argument vai-ue at its true 

location within the calling routine R; for other machines, it 
will be preferable to use the Va11 by valuev technique of first 

storing m in a ce11 local to S and transferring this value to 

the calling routine R only on exit from S. 

Even if semi-closed linkage to S is used, indexed 

arguments contine to present the problems we have already 

recognized in our discussion of closed linkages. On computers 
having sufficiently many index registers and allowing double 

indexing, indexed arguments may be referenced directly from 



within a subroutine by the use of double indexing. In other 

cases, we must use one of the alternate treatments of indexed 

arguments described above. During the optimization of S, we 

can determine which arguments and whlch COMMON arrays S may 

modify. This information can be passed back to R, where its 

availability will allow more effective optimization than would 

otherwise be possible. 

If a semi-closed linkage is used, then optimization 

of a calling routine R involves the use of certain information 
concerning called subroutines S. In a functionlng subroutine 

library system, it would be possible that, after R was compiled, 

but before R and S were linked together into a common subroutine, 

S should have been recompiled, invalidating some of the 

register usage information already utilized by R. Corrective 

action leading to successful linkage and execution will only 

be possible in such cases .if the information about S used in 

the compilation of R is recorded with R, and any changes in S 
noted and compensated for at linking time. For example, 

compensation could be made for a change in the register in 

which S expected a certain argument by allowing the linking 

loader to precede calls to S by inter-register move operations, 

while compensation could be made for changes in the collection 
of arguments referenced from core within S by preceding calls 

to S by appropriate load-store sequences. Chariges in S for 

which the linking loader was unable to compensate would have 

to be treated as link-abort conditions requiring recompilation 

of R. Note however that none of these problema arise when a 

calling routine is compiled together with its subsoutines, as 

may tend to be the case for ALGOL, P L / l ,  or other languages 

which encourage the embedding of subroutines within the text 

of the routines which call them. 

If a semi-closed linkage style is to bc used for a 
language which permits recursion,so that the calling pattern 

for a family of subroutines need not be a tree, certain 

relatively arbitrary decisions concerning the order of subroutine 

compilation must be made. A plausible scheme for handling this 



problem i s  as fo l l ows .  Find a  s e t  K o f  s u b r o u t i n e s  such  t h a t  

t h e  s u b r o u t i n e  c a l l i n g  p a t t e r n  P  f o r  t h e  whole fami ly  o f  

s u b r o u t i n e s  t o  be  compiled becomes a t r e e  i f  a l 1  c a l i s  t o  

s u b r o u t i n e s  of  K a r e  d e l e t e d  from P. Then compile a l 1  

s u b r o u t i n e s  n o t  i n  K ,  u s i n g  a s t r i c t l y  c l o s e d  l i n k a g e  a t  every  
c a l l  t o  a  s u b r o u t i n e  of  K .  F i n a l l y ,  compile t h e  s u b r o u t i n e s  

of  t h e  c o l l e c t i o n  K .  

Code generateci  by open s u b r o u t i n e  c a l l s  e n t e r s  i n t o  

g l o b a l  o p t i m i z a t i o n  on t h e  same b a s i s  as code o r i g i n a l l y  

p r e s e n t  i n  a  c a l l i n g  program, and hence a f f o r d s  no s p e c i a l  
d i f f i c u l t y  d u r i n g  o p t i m i z a t i o n .  It i s ,  however, wor th  

commenting on t h e  manner i n  which s u b r o u t i n e s  S capab le  o f  

be lng  invoked v i a  open c a l l s  must be s t o r e d  i n  a program 
l i b r a r y ,  and on some of  t h e  d e t a i l s  of t h e  p r o c e s s  f o r  i n c o r -  

p o r a t i n g  an  open s u b r o u t i n e  i n t o  a  c a l l i n g  code.  Such 

s u b r o u t i n e s  may be main ta ined  i n  a l i b r a r y  i n  t h e  form o f  
s u i t a b l y  compacted i n t e r m e d i a t e  language code,  w i t h i n  which 

a l 1  o r d i n a r y  symbol t a b l e  r e f e r e n c e s  a r e  r e p l a c e d  by r e f e r e n c e s  
e i t h e r  t o  s e q u e n t i a l l y  numbered l o c a l  v a r i a b l e s  o r  t o  sequen- 

t i a l l y  numbered dummy arguments of  S;  an  a s s o c i a t e d  t a b l e  of  
v a r i a b l e  a t t r i b u t e s  must a l s o  be p rov ided .  I f  R i s  t h e  

r o u t i n e  c a l l i n g  S ,  comp i l a t i on  of  R w i l l ,  i n  t h e  o r d i n a r y  

course  of  t h i n g s ,  t r an s fo rm  every  c a l l  t o  S  ( i m p l i c i t l y )  
i n t o  one i n  which a l 1  arguments a r e  e i t h e r  s imple  v a r i a b l e s  

o r  s imply indexed v a r i a b l e s .  To compile what t h e n  remains  

of  an  open c a l l ,  we expand t h e  compacted i n t e r m e d i a t e  code 
c o n s t i t u t i n g  t h e  open s u b r o u t i n e  body, r e p l a c i n g  every  l o c a l  

v a r i a b l e  Vn of  t h e  s u b r o u t i n e  by a  p o i n t e r  r e f e r e n c i n g  a  
compi ler -genera ted  symbol Gn cor responding  t o  Vn; Gn i s  

i n s e r t e d  i n t o  t h e  symbol t a b l e  E be ing  developed f o r  R and 
a l1  a t t r i b u t e  d a t a  a s s o c i a t e d  w i t h  Vn i s  t r a n s f e r r e d  i n t o  E 

from w i t h i n  t h e  condensed a t t r i b u t e  t a b l e  a s s o c i a t e d  w i t h  S .  

When, d u r i n g  t h e  same p r o c e s s ,  a  dummy argument D of  S i s  

encounte red ,  we r e p l a c e  t h e  r e f e r e n c e  t o  i t  by a  r e f e r e n c e  t o  
cor responding  a c t u a l  argument m of  t h e  c a l l  t o  S ,  i f  m 

i s  s imple .  On t h e  o t h e r  hand, i f  m i s  an  indexed argument 



and D occurs in an expression, we insert a matching indexed 
load operation into R and replace the reference to D 
originally occurring in S by a reference to the result of 
this indexed load operation. If m is an indexed argument 

and D occurs as the target of an assignment statement, we 
replace the simple assignment operation in S containing D 

by an indexed assignment operation containing the indexed 

variable m. 

On completing the expansion of al1 open subroutines 

we will have produced an intermediate language text in 

standard form and optimization can go forward in norma1 

f ashion. 

In practical terms, semi-open and semi-closed linkage 

differ only in the extent to which they insist on sterotypy 

of information transmitted from a subroutine to a routine 
calling it. The technique, described above, of treating a 

semi-open subroutine as consisting of two parts, the first 

being called an open subroutine and in turn calling the second 

in semi-closed fashion,reduces the implerentation problerrì for 

this linkage to cases already discussed. It may be desirable 

in using semi-open linkages to establjsh a fixed upper limit 
for the length of program portions to be compiled in the open 

style, as otherwise excessively large codes may result in 
particular cases. 



6.16 ?lote-s and Comrnents 

A) Introduct ion 

In s p i t e  o f  the funiarnerital importante of the  subjec t ,  

code opt.i.ml.zstior, is a s u 5 j e c t  w l t h  a relative1.y srnall. 

l i  kerr t u re .  0pttriii.zn.i;i.on rnay be ?I.vided i .nto two p r i n c i p a l  

subbranches : op.tìmi.zaWan of s l z e  and op t imizat l .on  of speed. 

U-i-ze optj-m7.m-Hon c f  code hes been I t t t l e  s tiidied, p a r t l y  

brcsuse t h e  presence of tebles aS.ongside code means t h a t  

the eff'ect of c o d e  sVze redwt-l.on -ts in many sltuations 

Ilm"Leed. Xe reiriark nnJ..g that constderable code sise 

re.lunt5-ons can ~ f t e n  Se obta%ned by the r ep resen ta t ton  of 

co2e i.n a specl.a7.1y desi-gned t n t e r p r e t a b l e  forma& : thi -s  

mzkes I t ,  poss ib le  to use shor t  ra ther  than fu11 l ength  add- 

I 
operaflons,  and spectal  dense calling sequence conventlons 

as well. The d i s c u z s h n  of APL contained i n  a subsequent 

chapter  will i n d i c a t e  some oi the p o s s l b i l i t i e s  that l i e  

Jn t h l s  d i r e r t i o n ,  v h k h  is one requ i r ing  more work. Table 

spam can be m3.nlmized by use of an automatic overlay 

scheme; see Ershov [2] f'or an account of one a lgor i thm of 

ehts sort. Nost work on optimizat ion has concerned i t s e l f  

with speed optimization, and t h a t  specif 'ical.ly f o r  algebraic 

languages. There i s ,  however, a developtng if still rather 

incoherent  l i t e r a t u r e  on t h e  special optirnlzation problems 

associated with access to and searching of large files, 

and wlth t h e  associated problem of optimized data loca t ion  

and heirarchically organized memories. We shall  not r e p o r t  

on t h i s  l i t e r a tu r e  i n  the  p resen t  sec t lon .  



Arden [2] disci~sses code generation for Boolean oper- 
ations, and describesa method .of using conditional transfers 
for the optlmization of Baolean target code. A rather 
similar discussion o f  machine-dependent target code optlm- 
i z a t i o n  f or Boolean expressions i s  found in Huskey and 
Vattenherg [2 ] .  Floyd [5] describes a number of sinzle 
statement target code optimizations, some machine indepen- 
cterit, others specia.lly adapted to an accutnulator m s c h l ~ e  . 

, Yhcse optfrnizations include ?e t e c t i on  of. eqirivalent sub- 

expressions, constnnt propagntion, and the &oice  o f  a 
i?rwh.inc-op k.Liin3. pattern oL loxds,  stores, anci j.npii-b oper- 
at.ions e iT?.lcata [l] 8escrl.ber a nv.niber o.? inachice-depenclent 

opi;?:.ia$.z:i-i;-fr=,ns 2 s  .I;heg z.pp3.y to s.I.ns7.e arj.~l~nef:.ic s tn tec ien ts .  

;Tc?l...3-t~ _vio.tes.- ,b!72..i; lf one desr: r3.5es r,3 m~j. th?cet:!.c c x p e c s ? . m  
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. ...O!' 7- ?:,y ~ { : i ~ y . . - c ~  f ~ ! -  - i .~:$~.p: ! -b! . :?, . :~ .yc=;ul.?,:: f,?-ilri.:y; 'the corres- 

c.3'- 
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PORTR2N H conipYLer; this survey of optimization i s  pa . r t icular ly  
resda'ole. Their comptler incorporates  maw of the  optimi- 
ra-tions describe? i n  the present  chapter, including global  
Tlow ana3.ysis, global common sub-expression fj.n$.ing, code 
rnotion, reduction j-n s trength,  constant propagation, and 
t e s t  replacement. It also incorporates  an i n t e r e s t i ng  
a1gorith.m for the rearrangernent, using t he  assoc ia t ive  and 
distributive laws, of sub-parts of a calcula t ion i n  order 
t o  develop more constants  and laop-independent expressions 
than are present  in t he  code a-s originally compiled. 
The r e g i s t e r  a l loca t ion  problem is discussed br ie f ly ,  and 



an e f f i c i e n t  method f o r  conditional code generation by the 
use of " b i t  stripsr' 1s outlined. The Medlock-Loorry compiler 
was written in FORTRAN and used to optimize itself. 

Ershov [I] describes an optimizing compil.er developed 
f o r  a computer w i th  srnallmemory and a drum backup store; 
t h i s  compiler uses 211 passes Por the t o t a l  process o f  

translati-on, optimization, and code generation. The optim- 
izations perf'ormed include detection oP redundant code i n  
basic blocks, code motion, reduction in strength,  combination 
of loops h a v i n ~  tden t i ca l  nwnbers of iterat.i.ons and containing 
independent operations, various subroutine ca l l i ng  sequence 

- optlmizations, and a carefu1 storage sgace optimieation. 
The c a l l i n g  sequence optimizations include tht? following: 

I) if a suhror-ttine pwameter  ts ai.~mys called with the same 
vahie, t h e  subroutine i s  coded so  a s  t o  uso t h i s  value 
d-i.rectly rather t h m  as a. variabEb3.e parameter; 

2 )  values oli subroutfme para?nei;t?rs which s r e  no t  modif ied 
by a subroutine ..tre s tored 1ocaJ.ly or). entrar ami used as 

l o c a l  parameters thereafter rat'rier than be?ng accessed 
f.ndH.rect?g th.r.ough the s!~hlbraii'tim? c a l M r i ~  sequence in 

9.11. cases. 

Storaze op tlmization 1.s handlcd by t rac ing  the code 
flovr to deterrnine rtJ.1. vartab3.e~ ~ t h t c h  are "l iveff  at the 
save time. From 'c!iin infolination, 2 packing algorithm is 

KKLc to clevtse m e f f i c l en t  ass%gnment oS variables t o  



li-s ts a numbm of machine-independent optimizatlons o f  the 
type tliscusced in the present chapter. Gear [l] describes 
an optimizatton scheme simpler than but someyvhat resembling 
the limar nested region optimizer to which the i i rs t  few 
sections of the present chapter are devoted. The optlmlzer 
described by Gear incorporates procedures f o r  the detection 
nf common sub-expressions, the propagation of constants, 
motbn o f  code out of loops, and strength reduction in a 
DO-loop c ontext . The rearrmgement of calculatton order 
i n  en attempt to develop more absolute constants and loop 
conetants t h m  are present j.n originally compiled code is 
di.sci>.ssed, ts a generallzation oT the common subexpression 
fi.nd.7-ng process to detect the occurrence of expressions 
neces3arIly d W f  er lng by constants . @or rearrangement 
to (Jevil~p extra constznts, cf. also Cear [ 2 ] .  ) A proposal 
fo r  us ing  code optimization methods to move input statements 
i n  a code so 8 s  to provide improved input buffering is also 
made by Gear. IIill, Langmaack, Schwarz, and Seemuller 
d-scims stren~th reduction for indj-ces occurring in loops 

detined by ALGOL FOR-statements, and cite measurements 
showiny; a running time improvement by a factor of 2.5 
resu l t ing  :From this optimization. McKeeman [l] describes 
various locsl optimizations, somewhat adapted to an accumu- 
lator machine, urhich suppres s unneces sary Xoads and stores 
ocrastonnll-y exploi ting the commutativtty of operations; 
cf. nlso Anderson [l]. 

Iverson [l] comments on the exploitation of forma1 
identitfes, especially those involving array operations, 
for Fncreasing the efficiency of the compiled code. Strachey 
and ITilices [l] comment on those features o f  ALGOL that make 
i t  difficult to compile zood code for that language. 



B. Machine-independent optimization of COBOL 

Whereas certain of the algebraic language optimizations 

outlined in Section 1 of the present chapter remain useful 

in optimizing COBOL programs, others will normally be of 

little use. COBOL programs typically make little use of 

indexed arrays, and thus optimization by polynomial strength 

reduction will not be of import8,nce. Loops will more typically 

be terminated by file end conditions than by iteration 

count limits, and so linear test replacement I s  not likely 

to find application. 

A problem of partacular significance in COBOL optimi- 

zation is that of eliminating unnecessarily frequent variable 

conversion and reconversion operations. COBOL integer 

variables are normally stored in character-string f orm 

(one byte per character). Two prlncipal reasons favor 

the use of this storage convention: 

1) A COBOL program will often read records containing 

many fields and modify but a single field in a record. 

In such a situation, keeping data in its external form 

automatically eliminates conversions that wou:Ld otherwise 

be necessary. 

2 )  The COBOL language allows the overlaying o:f' 

variables, the overlay correspondence being speciliable 

cm a character-to-character basis. 



Ar-i:thinet i. e, )?me v e r ,  f. s slmos t necessarily pezBPormed 

on ? a h  co.nvsrted i n t o  a dLfferent (h ina ry  or packed 

decirnal.) rorrn. Y h . s  s w o n r l  fonn o-f a va r inb le  iiay be ca . . l l ed  

i t s  converted Porin. Thiis UOBOL ~r i t h rne t - t c  operatlons 
---..p- I__ 

n-zy come ho carry .  a heavy load of converslons and  

recoriversi-ons. For exmple,  the COBOL sequence 

(1) A DI2 1.. 00 T0 A 

n m  3 to A GIVING C 

9 . .  

i ~ ~ i l d  tia.ively be t r am 1.nf;ed as 

( 2  te-inp = convert (A )  

teinp = temp -t- 1.00 

A = reconvert (temp) 

temp = convert  (A) 

tomp2 = convert (B) 

temp = temp -t temp2 

7 = reconvert  (temp) 

m.. 

m c ?  so fo r th .  

The f ol.lowin,o; methorì, closely related to the globa.1 

optlmizati .on methnds described earlier, rnay be used to 

improve t h e  qua l i t y  of such code. 1J i th  each COBOL variable 

A we associate i t s  converted form, which we write a s  A', 

and which is assigned a separate storage locati.on. Arithinetic 

operatfons referencing variables A specif led by COBOL source 



code are translated by corresponding references to A ' .  

Iinplied assignments to a v a r i a b h  A are trctnslated by an 

intermediate language assigment statement 

(3) A = reconvert ( A ~ ) .  

During optirntzation, one traces through a progrm to delermine, 

for each use of a ve.riable A ' ,  whether there e x i s t s  any 

pa th  back to an assignment to the variable A having a form 

other than (3). ( ~ u c h  assignments may appear e i t h e r  as 

READ statements or as a s s i - g m e n t s  t o  variables overlaytng A; 

we cnll siich ass i .pnents  almormal assigments to A. ) 

If t h i s  i - s  the  case, the reference to A' 1s preflxed by 

an imterpalnted i n s t r u c t i o n  

A' = convert  ( A ) .  

A b i t - v e c t o r  inethod may conveniently he  used to 

itetermine when siich conversion operations m u s t  be inser ted .  

VM.th each bas1.c b lnck  b and each vari-able we associate 

R. b3.t x,? equa1 to 1. 1.f the value o€' A '  on e x i t  Prom t\e 

block may dj-f'fer frorii convert  !A). ??f.kli each b, we sesoc-iate 

a boolean t imction fh defi.ned R S  follows: 

fb(x) = x i..F b containa no acsi::nnent to A o r  any v w i a h l e  

o v e r 3 n y - n , ~  A ,  rtnd no use  of' A; 

f b ( x )  = I 1.f h conta ins  an abnormal asstgnment to 1% not  

t'ollovrerl hg a norma1 assi:pnent to A or n. u-se of A ;  

f&) = O 1.f h con.trij.ns ti. norma1 nss%gnment, to or use n t  A 

no  t Pollowed hy an ~ h n o ~ n a l .  assi.~;nmerit .Lo A.  

TIhc?, i ? l)l-, . . . , hn m e  the irilmt-i??~,,.C;e p rc r lecess~r  hlocks o? b 

we '~I-sv~. f;he Iiorilem eqv nt,i..on 



These boolean equations may be solved by the methods 

described earlier. This will determine the bits xb; 

knowledge of these bits allows reconversion operations 

to be eliminated as re&mdant. Noreover, in calculating 

these bits using our norma1 method of regions, we will 

find the information needed to move the converslon of 

a variable A out of a loop not containing any abnormal 

assipnent to A. 

Dead variable elimination in essentially standard fashion 

w i l l  then remove instructions A = reconvert (A') from 

the compiled form of a COBOL program unless these instruc- 

tions are followed either by a 'WRITE statement involving 

A or a use either of A or of a variable B overlaying A 

to which an instruction Bt = convert (B) has been prefixed. 

This "conversion optimization" could improve the code 

sequence compiled Por (1) very greatly from its primitive 

form (2). 

The converted-form variables At can be kept in a set 

of compiler-assigned temporary locations. Optimal assignment 

of converted variables to locations will aim at a global 

placement which avoids recopying and motion of these 

variables to the extent possible.  This task resembles 

an aspect of the ordinary register assignment prsblem, 

namely the association of variables with regiaters in such 

a way- as to avoid unnecessary register-to-register copy 



o r  move operations. The methods f o r  treatment of t h i s  

problem which have already been described can be applied 

with l i t t l e  change t o  the converted-variable loca t ion  
I I 

problem; these  methods w i l l  of course make use of va r iab le  

live-dead in fomat ion .  Note tha*. i n  assigning locat ions  

t o  converted vartlables we may make use of as many temporary 

locat ions  a s  a r e  necessary; thus a problem of key s ign i f -  

icance i n  regis- ter  a l locat ion,  i. e. deciding which var iables  

a r e  t o  be kept i n  r eg i s t e r s  and which a r e  t o  be stored, 

need not be faced here. 

Ei ther  a two-address o r  a three-address r e g i s t e r  

allocatj-on algorithm should be used as a, model f o r  converted 

var iable  1-ocation assignment, depending on the charac t e r  of 

the  ins t ruc t ions  which a r e  i i l t imately t o  be used t o  perform 

arl thmetic  on converted quant i t ies .  

COBOL var iables  must normally be maintaìned t o  

specif ied  precision, f loating-point type rounding not 

belng allowed. This f a c t ,  and the  inconveniente of ten  

involved i n  t r ans l a t i on  between character-per-byte 

unconverted var iables  and binary lntezers ,  of ten  implies 

the use of decima1 fixed-point operations f o r  cOBOL ari thmetic .  

Such ari thmetic  w.I.11 involve frequent and ine f f  i c i e n t  

rescal ing of variables;  a COBOL ~ p t i m i z e r  should a i m  t 0  

reduce such operations t o  a minimum. The technique most appro- 

p r t a t e  f o r ' t h e  avoidance of ine f f ic ienc ies  here seems t o  be 

highly machine dependent, and we s h a l l  f o r  t h i s  reason not 

attempt to discuss it at t h i s  time. 



COBOL loops wlll normally be used for the i terat ive 

processing of a sequence of recorde, and their eff-ciency 

will therefore be bound closely to input-output considerations. 

With this caveat, however, we may say that constant propaga- 

tion should be as useful for COBOL as for FORTRAN. Constant 

propagation should always aim to supply constants in the 

form directly needed by those arithmetic operations in 

which they are used. 

Since COBOL makes little use of indexed arrays and 

s t L 1 1  less of doubly indexed arrays, redundant subexpression 

elimination is ap t  to be less important for COBOL than for 

FORTRAN. The availabllity in COBOL of the PERFORM statement, 

urhich allows out-of-line code to be invoked conveniently, 

wlll tend to make this assertion al1 the more true. 

The peculiarities of the COBOL PERFORM statement also 

have interesting implicati ons for the relationship between 

translator and optimizer. A PERFORM statement involves 

an out-of-line block of code, and allows specification of 

repetition for a given number of iterations or unti1 some 

ather termination condition is satisfied. It is appropriate 

to compile a PERFORM using a parameterless subroutine call, 

imbedded if necessary in a repetition contro1 block. COBOL 

allows the s tatement range ( ttinvoked" block) governed by 

one PERFORM statement to overlap with blocks governed by 

other perfom statements. The range of a PERFORM statement 



may a l s o  be entered directly e i t h e r  by transfer o r  by 

straight-line cont ro l  flow. If a PEEWORM block is entered 

i n  t h i s  way, cont ro l  leaves it i n  norma1 faehion once the  

end of the block i s  reached, 

The target-code style appropriate  f o r  achieving 

these e f fec ts  i s  a s  follows. Vith every PZRFORM bloclr B, 

associate a coinpj-7.er-senerated label BACKB; as the l n s t  

t n s t m c t f o n  o f  B, insert the assigned transfer lns t ruc t lon  

GO T0 BACKB , 

The statement 

P.zP3'on.I 3 

f..s then .transI.a.teri &s . 

"!q' sqcm = n 
LJ A 

(;O T0 B 

X T  WCIC3 = PKXT?3 

r !,:ore gencrally, %he hcsi; sva:i.l.able c rl. ter1.a Por choosi.n!;; 



a subroutin- i inkage form (closed, semi-closed, open, etc .  ) 

shmild be app l t ed  to each TJ.!3WOIIM statement. 

b)  Once t h e  P:GWOBM blocks to he invok9d In other than 

open fashion' have been delermined, we may exploit  the 

f a c t  t'iat t h e  whole t e x t  of every PERFOHM block i s  available 

-/;o 11s clurtng comptlatton. This may be clone as follovs: 

i) Survey the source text to determine the pattern 
a 

of c a 7 . 1 ~  hetvreen PERF0RE.I sections. As the COBOL langm~e 

does not peniiit reciirslve of' PSRFOREI invocations, it 

will then 'ne poss ib le  to rank t h e  PXKFORM section in 

such a way that each section invokes only blocks of lower rank. 

ii) Start nith the code contained in a section of 

mini-nal rank. Slnce each PERFORI4 section i n  COBOL 1s 

eventual ly ~ e q u i r e d  to return to the point from which it 

vas  invoked, such a section rnay be regarded from the point 

o f  view of a program invokin:: i t  as a single-entry, single 

e x i t  region. By analyzing the flow of this region and 

solvin~ any relevant systems of boolean equations for it, 

i re may assi=;n a bit-vector to the section, this bit-vector 

describing initial variable uses, variable assignments, etc. 

which occur i n  the section. T h i s  informatlon will correspond 

closely  to that associated for optimization purposes with 

a basic code block. 

iii) Once a bit vector of the above kind has been 

associated with each PERFORM section of given rank, we 

may repeat the same process and calculate similar bit-vectors 

for every PERFORM section of next higher rank. Ultimately, 



bit vectors will be assigned to every PERFORM section in 

a program. 

Within a total COBOL program, each PERFORM section 

invocation can be represented by much the same sort of 

intermediate text item aa wouPd be used for a subroutine 

call in a FORTRAM-lfke algebraic language, except that, 

instead of associating argument-use information with the 

Ltem, we associate with it a full bit-vector describing 

the effect of the invocation on the status of every program 

variable. Using this information vre may apply norma1 

procedures of global optimization. The followin~; constraint 

must be applied in addition to the usual const~aints on code 

motion: code belonging to any particular coll.ection of 

PI9WOFM sections, if it is to be moved, can only be moved 

to a block belonging to this ssme collection or PERFORM 

sections. 

Once the PERFOREI-section optimizations described above 

'zave been appl-ied to COBOL code, loop-bookkeeping overhead 

.J.s not apt to be a significant part of the total process 

c o n s t i t ~ i t i . n g  a loop, and optlmizatj.on by loop unrolllng is 

therefore not a p t  to be of much interest. 

Since COBOL makes use of 'ni~;her-level instructions 

than does FORTRAN, and slnce it works w-lth a vrider v m i e t y  

of d a t a  types ,  opt;imiza.tion by code selectiori d m n  to 

s machi-ne-riependent l eve l  can be very importnnt. To the 

extent that these o-erations are performed 'oy I-ibrary 



subroutines, genera1 procedure8 f or subroutine linkage 

optimieation, able t o  choose Sinkages intelligently for 

effl.ciency, w i l l  be of beriefl-t. Beyond this, we may note 

the tmportance of app3.ytny special-case se lec t ion  mechanisins 

in compili.ng hizher-leve1 operations of particular 

importante, especially the MOV5 statement, which plays 

a centra1 role  in determinins the efficiency of many 

COBOL programs. 



C. Index r eg i s  t e r  a l l oca t i on  f o r  Algebraic languages 

Whereas r igorously based r e s u l t s  applying to simplif ied  

models of r e g i s t e r  a l l oca t i on  i n  l i n e a r l y  ordered code 

a r e  ava i lab le  (cf . Homi tz, Karp, Miller,  and Hinosrad [ l ]  ) , 
no such r e s u l t s  have been derived f o r  code containing 

even simple loops, mirch l e s s  f o r  code with genera1 flow. 

Thus register a l loca t ion  i n  the presence of fl-ow must use 

a heurist1.c lacking complete t heo re t i ca l  foundation. The 

pa r t i cu l a r  method used w i l l  depend strongly on the  extent  

t o  which global  information i s  to be col lec ted  i n  support of 

r eg i s t e r  a l locat ion.  Machine strutture u r i l l ,  of course, 

play a f ~ n d ~ m e n t a l  ro1X as well. The simglest scheme, 

incorporated in many Lndustr ial  compilers, 1s to put 

a newly genernted quanti ty i n  an empty r e g i s t e r  i f  possible; 

i f  none is availnble,  the contents of the r e g i s t e r  used 

f a r t h e s t  away in the  follouring code i s  displaced. I n  t h i s  

inethod, r e g i s t e r  contents are remembered over the extent  

of a ba.sic bl-ock, but a13. r e c i s t e r s  are stored. ani! reloacled 

a t  ench label .  ThFs method requ-ires only looca1 look-ahead. 

A more elaborate r ey i s t e r  a l loca t ion  h e u r i s t i c  has 

been outl-ined i n  a preceding section. Here we shall 

rlescribe the all.ocation methods ac tua l ly  used in turo 

i n t e r e s t l ng  prociuctiori compilers, the  o r i z l n a l  FORTLVLN I 

congiler  an.1 n PORTPAN compiler f o r  the  RCA SPZCTRA 70. 

The me thod ?vW. ch was used Cor index r e g i s t e r  a3.l-occttion 

in t he  PORTRAN I cornpll.er i s  described i n  Backus e t  a l  [l] ; 



in tAe Ijresbnt paragraphs, relyim on the generoiis a i d  of 

Mr. Sheldon Best, we proceed to sét forth a somewhat more 

detailed acconnt of certain concepts and details concerning 

the register allocation methods used which were not given in 

the cited article. The overall flow of the FORTRAN I 

register allocation was as follows. 

a) SimuJat j.on f or Frequency Determination 

As a prelude to recister allocation, the absolute 

execution frequency was estimated for al1 basic blocks of 

the program, during which process certain contro1 state- 

ments, nmely the DO, QO T$, and ASSIGN statements, 

were executed interpretively while the action of others, 

namely the IF and the computed 00 T0 statements, was 

merely simulsted. To aid this simulation FREQUENCY 

statements were used to define both the branching proba- 

bilities app3.icable at IF statements and computed GO T0 

statements,and also the average iteration counts for 

DO-statements with variable limits. When f requency state- 

ments wsre not attached to IF-statements, nomina1 transition 

f requencies trere assurned. ~irnliarl~, ai; DO staternents not 

provided wlth frequency information, a certain small 

number of repetltions was asswned. The possibility of 

solving the s:'multaneous equations determinine path frequency 

in terms or transition f requency using kno~un methods for 

solving sparse matrix equations was considered, but no 

methods which would work in the presence of DO-loops and 



hranches d a n e  c ould havs bsm ,-hhdle21 WE%h& '!expl~tC!i% 
' , 1 ,  e .  ... : .  * In terpre ta tkn .  ~. - T;. 

The f rcquency~estiinatlng simdMtton tmce8 the f low 

o f  contro1 in t h e  program qthrough B. flxed nuhiber of stops, 

and oras repeated. severa1 time8 in an effort t o  secure 



11 reinotely. OP c o w s e ,  )if an Inciex va'lue becames dead" 

t h e n  l.t shoiilrl be sctlected for rep3.acement before cmy 
11 l i ve"  vaXu.e. In riealf-ny: v t t h  loops constructed f ran ha.si.c 

hlocks ani larzer re~;j-ons the situation 1s d i f f e r e n t  from 

t l ~  s tref.$~t-l . j .ne casc ;.n t v o  r e l . ~ t e d  respec ts : 1 ) eveqr 

in(!e:: i s iie-use? iliirj-ng zach t w n  throu:;h the  loop (unles s 

- 1 3  becorfies deatl) nnd 2) the contents of the r e g i s t e r s  a t  

the  bezimlns zml end oP t h e  loop mrst i dea l l y  be made to 

rnatch. 

The P93TRAN I method f o r  d e a l l n g  !~.i.th those pro'olems 

f a r  loops ami  more :pneral  s e t s  of basic blocks ums as 

Poi.lows. 3ranches ancl blocks Nere se lec ted  i n  decreasing 

orrkr or  estj-matec? freql-~ency t o  torm connected regions 

o r  path-s por processiri(;. .%ch siich region consisted of 

Sroups of blocks o r  prev?.maly processed connecterl reyions 

renchahle one trom another 'oy t r avers ine  highest frequency 

branches f rom al-rendy se lec ted  blocks . In processing a 

n e w  path connecting two previously disconnected reyions, 

r e g i s t e r  usaze uras matched by pe rmut in~  a3.1 the  r e g i s t e r  

d.esi,r~nations o f  one region t o  match those o r  the  other,  

as necessa-ry. Ia processing a neur path l ink ing  a block 

t o  i t s e l f  and thus def in inz  a loop, the  loop was first 

considered to be concatenated wj-th a second copy of i t s e l f ,  

,snd s t ra ight -Mne r e g i s t e r  a l l oca t i on  ca r r ied  o ~ t  i n  norma1 

fashion through the f i r s t  of the  two copies, with look-ahead 

extendinc, i n t o  the  second copy. The contents af r e g i s t e r s  



on e x i t  frorn the f i r s t  copy thus determined was now applied 
l! 

90th as the i n i t i a l  condition and as a terminal condition" 

applicable t o  the  second copy. This termina1 condition 

was i n  tu rn  used during r e g i s t e r  a l l oca t i on  within the 

second loop copy i n  the following way. S t ra igh t - l ine  

a l loca t ion  was car r ied  out f o r  the second l-oop copy i n  

essenttally norma1 f ashion. However, the  look-ahead pro- 

cedure employed dur inz  this a l loca t ion  was modified as 

follows: a r e g i s t e r  seen on look-ahead to the  end of the 

loop to conta in  the  cor rec t  termina1 quanti ty ~ n s  considered 
11 t o  have a subsequent termina1 use", whlle a reg is te r  not 

i n  t h i s  condition was not  considered to have suoh a use. 

Thi s i n f  orrnatton in tiirn controlled the pa t te rn  of register 

loads and unloads i n  t h e  loop,  i n  t h e  manner already 

descrj-bed; the a l - loca t inn  proriuced f or  the  second loop 

copy v r a s  thnt  u7.ttrnately l i se? i n  generating machine code. 

the laop,  t h u s  moving th.e necessary store operat ion outsf.de 

the loop. 



e )  Adjustment of e n t r y  and e x i t  conditions 

Stores  o f  a c t i v e  r e g i s t e r s  upon e x t t  from a loop, 

and - n L t i a l  loads  of r e g i s t e r s  upon e n t r y  into a previous ly  

processed region were regarded as occuri.ng betlween b a s i c  

bl.ocks. Any necesssry Lnlti,al.Lsing load i n s t r u c t i o n s  were 

arrangetl i n  l i t t l e  c h s t e r s  provided with var ious emtry 

poi..nts as i n  the algorithm sketched i n  the preceeding 

chapter ,  a l lowing d i f  f e r e n t  subse ts  of r e p i s t e r s  to be 

loaded by braacking t o  d i f f e r e n t  p n r t s  of the cluster. 

Zach c l u s t e r  was so arrariged a s  t o  ininl.mize the nunber 
t 1 of I n s  t r u c t ì o n s  executed d u r i n ~  mnst f recpent " branches 

t9 the c l u s t e r .  Termina1 s to rage  of a c t i v e  r e g i s t e r s  

was accmp.lj.slied by sttaching store- lndex instructions t o  

region ex1 t s .  

T h i s  completes our b r i e f  account of the FORTRAN I 

r e g i s t e r  a l - loca t ion  algorithm. Machines U k e  the IBM 360 

and RCA Spectra  70 have f e a t u r e s  which Introduce addttionall 

wxnplaxity i n v a l i d a t i n g  the  si.rnple assumptions upon which 

the FORTRAN I m a l y s i s  of the h d e x  r e g i s t e r  assl.~nrnent 

sroblem wus hased. Moreover, al though these groups of 

machines a l 1  have es sentially the same j-ns truct-i-on 

cod^s, i-t is st5.11 d;he case t h a t  the t i m i n g  of -f .nstruction 

execution vari.es so mixc'rs among mernber machines ac to 

make i t unM.kely that an assignment algori. thm which would 

be mar optiinwn fo:r the whole c h s s  could be developed. 

i h e  f ' d1owj .n~  23-st of cond.fM.ons and constraints gives  



an idea of the f a c t s  which must 

recister allocation problem for 

be faced in treating the 

these machfnes : 

I. Sixteen fixe? poin t  reglsters serve as fi-xed 

p o l n t  acclmulutors, and, except f o r  rezister 0, alsa a e  

-hdex re$.ntere an4 basa reglstcrs. 



7 .  Tiie J " l o a t i n ~ ,  po4nt. regj sters can only be loaded 

nnd s t orqeC i.nO.i~rf.fiiiaJ ly; no movwwnt af fn7ormation between 

t h e  V-xed ari? f l o a t l n y  p o i ! ~ t  rez i  s t e r s  1s 20s sib3.e. 

In:f'or!natlon c m  he  moved Prom m e  fllontj-n:: p n i n t  register 

to a n o t ? ~ e r  ~ t r - t h m i t ,  irstng niemory hlit  two ?l.oa+;ing po tn t  

r s y i s t e r s  cittmot I h e  ex(:hanged iui~howt usl.n?; a th i rd  r e g i s t e r  

m 11sing mwwy. 

9. S-bandard sirbroiitl-ne linkayres use two t o  four 

fixer1 p o i n t  registers In a r a the r  i.nvolved uray. Certain 

featiires 0.f t ; i e s e  l inkages a r e  d ic ta ted  by the tact t h a t  

on1.y a c h o r t  adtlress r'1el.d (c211ed the d j  splacement) j-s 
t 

m a - l n h l e  <.n ins t ruc t - ìons .  T7nj.s f a c t  has the follot~ring 

consequences : 

i. Storage references general ly require the use 

r>f a r e ~ l s t e r ,  ancl references t o  d i s t i n c t  a rmys  may require  

the  use of d i s t i n c t  reg i s te r s .  On subroutine c a l l ,  a l 1  

such base q i a n t i t i e s  may have t o  be s tored;  on return,  

they riiay have t o  be rel.oafled. Even references t o  the  sec t ion 

of program current ly  executlng may require  a r eg i s t e r .  

li. Inter-block t ransf  ers general ly require the  

u s e  oP a r eg i s t e r .  

It can be seen from the  above t ha t  r e g i s t e r  a l l oca t i on  

f o r  t h i s  c l a s s  of machines involves two separate, r a the r  

d i f f e r en t  a l l oc s t i on  problems; i ixed  point  and f l oa t i ng  

point al locat ion.  Hoovever, these two problems i n t e r ac t ,  

since f l o a t i n g  point  ins t ruc t ions  may have t o  use bases 

and indices  t o  Locate t h e i r  operands. 



These f ac t s ,  plus the  srest variety of ins t ruc t ions  

available on the  macl~ines under consideration, imply strong 

in te rac t ions  between the problems of r e g i s t e r  a l locat ion,  

code generation, and storage assignment. The r e su l t i ng  

optimization problem 1s s u f f i c t e n t l y  complex as t o  defy 

rigorous treatment. We shall, i n  order t o  give the reader 

an idea of the  inanner 3.n which such questlons have been 

t r ea ted  i n  prac t i ce ,  ou t l ine  i n  considerable d e t a i l  the 

treatment of r e g i s t e r  allocation actual ly  iised i n  a  FORTIIAN 

compiler f o r  the RCA Spectra 70. I n  this compiler, severa1 

sirnplifying constraint s were imposed on t h e  a l loca t ion  

process : 

i. Floating-poi-nt r e g i s t e r  a l loca t ion  wns bo be 

accomplished hdependent ly  of and. l og i ca l l y  before fixed- 

point  regis t e r  allocation. 

li. Only in-temediate results a r i s i n g  during expression 

c?va.l.~.tntj.nn urers to he kep t  i n  f lort t lnz po in t  regis.kers; 

L e . ,  no analys ls  wa.s to be made to see whether a vitriable 

or constant !ms iised -L"requerltl.y enough i n  R basic block to 



has ic  block co~wnon silbexpression findine process incor- 

pmate4 i n  the coinpil.er was t o  be done. Thirs meant t h a t  

l o c a l  declsions on ivhich q i iant i t ies  were to be dlsp laced  

when a reg!-ster was needed could not use look-ahead 

information except i n  the special. cases of intemediate  

q ~ ~ a n t i t i e s  med. more than once i n  a bas ic  block and 

var iables  rleftned end used subsequentLy within a basic 

block. 

iv .  No reorderln;: of computations t o  improve the 

rugister allocati-on uras to be done. 

v. No tlow-anz1gsi.s was to be done beyond the recog- 
11 n t t i o n  of' Innermost and s i m p ~ e "  DO-loops, L e . ,  DO-loops 

~ ~ i t i ~  no branches out of t h e i r  range which could concetvably 

be follorred by a branch bnck i n t o  the  ranpe. ~ i t h i n  such 

siinple DO-loops, quantit j-es (espec ia l ly  tndex quan t i t i e s )  

dependent on the contro1 var iable  were to be maintained 

e n t i r e l y  In r eg i s t e r s ,  i f  clesireable. 

I n  an e f f o r t  t o  avoid t h e  p ro l i f e r a t i on  of base 

quanti t ies,  a decision tms made to group al1 simple var iables  

and program constants,  as well as a l l  register save 

locat ions,  i n t o  one contiguo~as area, addressed i f  not 

too long by one standard register ,nnd otherwise addressed by 

up to f i v e  r eg i s t e r s .  One addi t iona l  r e g i s t e r  was 

reserved f o r  references t o  the sect ion of program currently exe- 

cuting andfor subroutine linkage, Four add i t iona l  r e g i s t e r s  



were senera3.ly used for Zuncfion resuit return, parameter 

I-is-t 'ocation, r e  turn address, and entry point address, 

though where possible those registers d i d  double duty, 

storins f ixed  point  temporary quantities and indices.  

T h i s  left :rrom 4-8 registers ava i l ab le  tor the  s to rase  

of bases, I.e., data locat ions  not varying throuzh s iven  

progran o r  subroutine. Since, a s  s t a ted ,  r e g i s t e r  a l l oca t i on  

t a s  to be done without t he  use of f low analysis, the  

f o l l o w i n ~  criid-e method f o r  a l l oca t i on  o:f' r e g i s t e r s  to 

hase quantities, which. embodies a concept of semi-pemanent 

r e ~ i s t e r  a s s ipmcn t ,  w a s  employerl : 

Base valiies t ha t  urere used suff- lcient ly of'ten would 

b3 assigned semi-permanently to r eg i s t e r s ,  loaded a t  t he  

start oi. t h e  prozram, and assuined to be in rezlsters at 

the s ta r t  of every hasic 'Dlock. If, hourever, F t  was 

necessary t o  displace  tiiese g lobal  hnses u r i  thl.n c e r t a i n  

par t icular  basic blocks, then theg ryolild be reloaded via 

s. si-nyle 1.on.d-multiple ins t ruc  t inn at thc end of each of 

such b lock, 

The bases t j h ~ c h  Tuere t 0  be assigiied semi-pennw.e~ t ly Veri 

*:liosen as f ollows . During che preliminary steps of compilat.l.on, 

the Sasè qiiantities to. be Used within a program vere deteririined, 

and -the niii4x?r or  references to each base couri'ked. Then 

1;he !C I ~ O C  t ?reqi.icotl.y ref erzi.ced bases w r e  a sst~fictri semmi- 

pemarieni;l.y to reg1.s ters, ami tbc r e m n  i n3.r.g re!:i-s ters  use? 



to load bases more dynBmicalJ-y as needed viithin a block. 

The Lnteser k was determined u s i n g t h e  faflowlng heuri.stic 

conslderations: Prom the frequency of base refereme, and 

the total niimber of blocks in a program, the probabl l i ty  

o r  r e f e r e ~ c i n s  a.ny , miven base in a giverl block may be 

es ttmated. The "margtnal advantace" of assigning one additional 

base semi-permanently is proportional to t h e  number of 

M-oc?cs in which this base i .s  referencecl; if g is the totztl 

nunher oP regtsters ava3.labS.e P o r  bases, the "margina7. 

c o s t "  of riointj so is proportional to the number n of 

blr>drs  in whlch more than yr-k  base,^ no t  s2mt-permanenti-y 

ass.i. yw? nre re:f'erencerl. Fmrn the probabllity that any 

s - c y t e  base be referenced -h a bl-oek, and on a sLmpltfying 



strai=;htf orward sequent i a l  process ; during this process 

a record .i.s Icept of the variables and non-globally as~igned 

expressfons vhich are available in rrgisters. Vhen variables 

rieeded :?or part.l.qu.lar operalionc are availablt! in registers, 

3.nad opera-tlom a.re elided. If a given re$.l.ster contains 

the v a h e  o f  more than a single variable, the l i s t  o r  al1 

mr?.abJ.es which i t  conta1,no j.s a~at.l.a~b3.e . 
Inilex r cg i s t e r  ass.l.gment methods of the very s1mpl.e 



Sophi s t ica ted  regj-ster allocation, as ure3.1 a8 other 

forms or complex optiinization, can make debugging more 

d j - f f i c u l t  because variable values may be found in 

unexpected places; presumably such optimizatf.on would only 

he applted to nearly debugged programs. As a debugging 

a i d  3 sui tably  generalized storage map could be used t o  

show cvhere a var1abl.e is at different times; this in fomst ion  

could ej-ther be iised by a person in terpret ine a dump or 

by a debilgglng routine. 



CHAPTER -p 7. SPECIAL PURPOSE LANGUAGES: LSIP AND SNOBOL 
i , - . - - - - . L - - l - - - . I L L I L I i - - -  

-- 

l, USP and r e l a t ed  recur s ive  languages. 

Since i t s  in t roduc t ion  by John McCarthy in 1960, 
LISP has  become one of t h e  b e s t  knom and most success fu l  
of t h e  languages intended s p e c i f i c a l l y  f o r  non-numerica1 
computation. I n  t h e  p resen t  sec t ion ,  w e  s h a l l  d i scues  
t h e  p r i n c i p a l  f e a t u r e s  of t h i s  language. We note,  t o  begin 
with, t h a t ,  a s  i s  t r u e  of most programming languagea, 
LISP e x i s t s  i n  severa1 d i a l e c t s  d i f f e r i n g  s l i g h t l y  i n  those 
language f e a t u r e s  which a r e  not  of common u.se. The volume 
e n t i t l e d  The Programming Language LISP: I t e  9 e r a t i o n  and 
Applications,  Information I n t e r n a t i o n a l ,  M.I.T. Press ,  
Cambridge, Mass., 1964, g ives  a reasonably a u t h o r i t a t i v e  
account of the  d i a l e c t  LISP 1.5. M .  Harr i sonfu  In t roduct ion  
t o  Non-Numeric Programrning, New York Universi ty ,  1967-68, 
p r e s e n t s  a s l i g h t  v a r i a n t  of t h e  LISP 1.5 . . d i a l e c t ,  correspond- 
i n g  t o  a LISP system developed f o r  the  CDC 6600. We s h a l l  
r a r e l y  be concerned with those language d e t a i l e  which a r e  

. ap t  t o  vary between d i f f e r e n t  LISP vers ions ;  where t h i s  i s  
t h e  case,  however, we s h a l l  tend t o  fol low Harrison. 

LISP may be regarded a s  a powerful and e x t e n s i b l e  
framework f o r  the  spec i f  i c a t i o n  and coordinat ion of complex 
log ica1  processes .  The framework provideci by ILISP i s  
constructed of a remarkably small nwnber of mechanisms, 
which a r e  however, among the  most powerful genera1 mechanisms 
a v a i l a b l e  t o  the  programrner. U S P  notably makea systematic  
use of recurs ion .  It works with bas ic  d a t a  i tems which a r e  
p o i n t e r s  t o  more complex d a t a  s t r u c t u r e s ,  thereby making 
e f f e c t i v e ,  organized use of t h e  powerful programming technique 
of i n d i r e c t i o n ,  on the basis of which very e f f e c t i v e  techniques 
of s u b s t i t u t i o n  may be employed. 

Since a 1,ISP p o i n t e r  may i n  f a c t  po in t  t o  a machine 
language subrout ine,  and more genera l ly  t o  a block of code 
executable by any spec i f i ed  i n t e r p r e t e r  rout ine ,  LISP 
provides  a framework within which rou t ines  wr i t t en  i n  any 
a r b i t r a r y  language can be invoked. A LISP p o i n t e r  may a l s o  
p o i n t  t o  ye t  another LISP po in te r ,  o r  t o  a p a i r  o r  s t m c t u r e d  
c o l l e c t i o n  of such p o i n t e r s .  This implies  t h a t  t h e  LISP 



system al lows i n d i r e c t i o n  t o  any a r b i t r a r y  l e v e l .  Moreover, 
s i n c e  a  l i s t  strutture i s  nothing bu t  a c o l l e c t i o n  of pointers  
r e fe renc ing  each o the r ,  a l i s t  process ing  acheme i n  harmony 
with t h e  more b a s i c  idea  of i n d i r e c t  r e fe rence  r e s u l t s .  

Any l i s t  c o n s i s t s  of a  first i t e m  and a c o l l e c t i o n  of 
i tems which fol low.  LISP ga ins  a d d i t i o n a l  power by making 
systematic  use of the  simple observat ion t h a t  such a  l i s t  
may be i n t e r p r e t e d  a s  a funct ion  invocat ion i f  t h e  
f i r s t  i tem on t h e  l i s t  i s  consldered t o  be a  funct ion  and 
t h e  following i tems a r e  considered t o  be i t s  arguments. 
Smploying t h i s  i d e a  i n  a  systematic  way, one i s  able ,  i n  
LISP, t o  ass ign  a  value t o  every l i s t .  Moreover, s i n c e  the  
severa1 arguments, both input  and output ,  of a funct ion  can 
be conglomerated i n t o  a  s i n g l e  l i s t  of argwnents, LISP can, 
a s  a s tandard mat te r ,  work with funct ions  having s i n g l e  
outputs ,  which outpubs may on occasion be 1.ists. This  
technique a l s o  allows func t ions  having i n d e f i n i t e  numbers 
of arguments t o  be used f r e e l y .  
' A t  t h e  leve1  of implementation LISP makes use  of a  

sirnple, powerful, completely dynamic s to rage  a l l o c a t i o n  
scheme. Moreover, s i n c e  LISP keeps systematic  t r a c k  of a l 1  
t h e  information a v a i l a b l e  t o  i t  a t  a given moment, unreferenced 
s to rage  a reas  can be c o l l e c t e d  f o r  re-use without e x p l i c i t  
programmer ind ica t ion  being requi red .  This s i m p l i f i e s  t h e  
t a s k  of the  programmer and avoids what otherwise would be 
a comrnon source of programming e r r o r .  

I n  o r d e r  t o  spec i fy  the  i n t e r n a 1  workings of LISP 
i n  a l 1  necessary d e t a i l ,  we s h a l l  de f ine  i t  i n  terms of 
a s t i l l  s impler ,  q u i t e  rudimentary I.anguage, embodying t h e  
p r i n c i p l e  of recurs ion  and e s t a b l i s h i n g  var ious s p e c i f i c  
r ecur s ive  subrout ine l inkage  conventions, bu t  not  incorpora t ing  
those  a d d i t i o n a l  s p e c i f i c  l i s t  processing f e a t u r e s  with which 
t h e  f 'u l l  LISP system w i l l  be concerned. This  rudimentary 
language w i l l  be c a l l e d  RUDE. Becursive p rograming  techniques 
a r e  based e s s e n t i a l l y  on t h e  use  of pushdown s tacks ;  t h e  
RUDE language w i l l  t h e r e f o r e  cone i s t  moat e s s e n t i a l l y  of a  
s e t  of conventions f o r  the  use  of such a s t a c k .  



The RUDE language provides only e lgh t  almple statement 
forms, of which six a r e  executable and two a r e  dec la ra t ions .  
The s i %  executable statemerfts are  an I F  statement, a GO T0 
statement, a version of the  FUNCTION CALL statement, a 
RETURN statement, and two statemente, PUSH and PULL, 
required f o r  the  e x p l i c i t  manlpulation of the pushdown s tack  
with which RUDE i s  concerned. 

We may j u s t i f y  spec i f i c  conventions employed by RUDE 

i n  the  following way. When a subroutine is ca l l ed  i n  a 
f u l l y  recurs ive  systern involving a simple pushdown stack,  
a l 1  the  information supplied t o  the  ca l l ed  subroutlne from 
the c a l l i n g  program w i l l  be placed on the  pushdown s tack.  
This  i n foma t ion  must include whatever address w i l l  eventual ly 
be required t o  re tu rn  from the  subroutine t o  the caliingg 
program and t o  r e s to r e  the  pushdown s tack  t o  the condftion 
expected by the c a l l i n g  program. In  addit ion,  space must 
be reserved on the  pushdown s tack  f o r  whatever addi t ional  
internai, intermediate information the  ca l l ed  aubroutine w i l l  
generate .  

Three quan t i t i e s  must be avai lable  i n  p laces  known t o  
the  subroutine: the  bottom of the  s t ack  area a l l o t t e d  t o  
i t ,  which may also be the address of the first of its arguments; 
the t o t a l  nwnber of i ts  arguments; and t h e  top of the  s t ack  
area a l l o t t e d  t o  l t .  Theue three information items may 
be embodied i n  a s e t  of th ree  po tn te r s .  %e g a r t i c u l a r  
convention ac tua l l y  cmployed by RUDE 1s shown i n  Figure 1. 
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Figure 1: Data f i e l d s  a c c e s s e d  by a s u b r o u t i n e  i n  

RUDE r e c u r s i v e  l i n k a g e  c o n v e n t l o n .  



The a ~ g U m < ~ € s  suppl ied  to a subr6u€lne by t h e  c a l l i n g  
program a r e  grouped i n  a seguen t i a l  block a t  the bottom of 
the  s t a c k  a rea  a v a i l a b l e  t o  the  aubrout ine . lmmedi&ely 
above t h e  l a s t  of the  subrout ine arguments, t h r e e  l o c a t i o n s  
on the  s t a c k  a r e  reserved f o r  s to rage  of two p o i n t e r s  and 
of the  r e t u r n  address  which t h e  subrout ine i s  t o  use on 
concluding i t s  opera t ion .  Immediately above the  r e t u r n  
address  a s  many l o c a t i o n s  a s  a r e  requi red  by t h e  subrout ine 
f o r  the  s to rage  of " in t e rna1  temporaries" i s  kept .  Three 
p o i n t e r s  a r e  used by a  RUDE subrout ine:  an argument p o i n t e r  
re ferenc ing  t h e  s t a c k  loca t ion  of the  f i r s t  argument; a  
d a t a  p o i n t e r ,  re ferenc ing  the  s t a c k  p o s i t i o n  of the  f i r s t  
i n t e r n a l  datwn i n  use by the  subrout im ; and a  top p o i n t e r ,  
re ferenc ing  t h e  f i r s t  unused s t a c k  l o c a t i o n .  A subrout ine 
may determine t h e  number of argwnents w i t h  which i t  has 
been c a l l e d  a s  t h e  d i f f e r e n c e  between t h e  d a t a  p o i n t e r  and 
the  argument po in te r ,  l e s s  t h r e e .  The value t o  which t h e  
top p o i n t e r  must be r e s to red  on re tu rn ing  from a subrout ine 
i s  simply t h e  value of t h e  argument p o i n t e r  used by t h e  
subrout ine.  The values  t o  which t h e  argument p o i n t e r  
and t h e  d a t a  p o i n t e r  must be re s to red  on r e t u r n  from t h e  
subrout ine a r e  s tored  on the  pushdown s t a c k  i n  the  d a t a  
l o c a t i o n s  indica ted  i n  Figure I. above, and may ev iden t ly  
be referenced e a s i l y  by use of the  d a t a  p o i n t e r .  

RUDE makes use  of t h e  fol lowing "source languagel' 
conventions.  A subrout ine argument w i l l  he referenced by 

a siibroutine a s  a l ,  a2, . . . . A d a t a  i tem (i . e . ,  temporary 
va r i ah le )  l o c a l  t o  the  subrout ine w i l l  be referenced a s  
x l ,x2 ,  . . .  . We assume a l 1  subrout ines  t o  r e t u r n  a s i n g l e  
value (which i n  the  intended app l i ca t ion  w i l l .  o f t en  be a  
p o i n t e r  t o  some l a r g e r  d a t a  s t r u c t u r e )  . We assume that ,  a s  
a  standard mat te r ,  t h i q  value i s  returned i n  t h e  p o s i t i o n  
of the first subrout ine argument, i . e .  i n  the  p o s i t i o n  which 
a f t e r  r e t u r n  from the  subrout ine i s  referenced by the  " top 
p o i n t e r  . l 1  In t roducing a use fu l ,  s l i g h t l y  spec ia l  oonvention, 
we w i l . 1  allow a RUDE program t o  r e f e r  to t h i s  loca t ion ,  
L e .  t o  the  s t a c k  loca t ion  whose address  is given by the 
" top p o i n t e r ,  l' a s  xO . 
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A RUDE program i s  made up of a succession of s ta tements .  
A s ta tement  rnay o r  rnay not  be l a b e l l e d .  We allow severa1 
s ta tements  t o  be placed on a s i n g l e  l i n e ,  except t h a t  only  
t h e  first of these  s ta tements  rnay be l a b e l l e d .  Successive 
s ta tements  placed on a s i n g l e  l i n e  a r e  separated by aemi- 
colons.  

The form of the RUDE GO T0 statement  i s  

where " l a b e l "  rnay be any s ta tement  l a b e l .  The form of the  
RUDE I F  s ta tement  i s  

where again,  " l a b e l "  may be any s ta tement  l a b e l ,  and where 
"quant i ty"  rnay be any one of a l ,  a2, . . . , x0, x l ,  x2, . . . . 
(3 )  r e t u r n  ((quant i ty))  , 
where the  q u a n t i t y  appearing i n  the  r e t u r n  statement 
d e t e r m i n e s t h e  p a r t i c u l a r  value which w i l l  be placed i n  the  
l o c a t i o n  of the  first subrout ine argument f o r  r e t u r n  t o  
t h e  c a l l i n g  r o u t i n e .  

The RUDE funct ion  c a l l  s ta tement  has  a s l i g h t l y  more 
complicated s t r u c t u r e ;  i t  combines a mdimentary funct ion  
c a l l  w i t h  a simple t'assignment" opera t ion .  It has  the form 

(4)  <quant i ty> = ( funct ion  name) (<quan t i ty> ,  tquanti ty),  
. . ,C quantity>) 

Exarnples of RUDE statements  of t h i s  s t r u c t u r e  a r e  

(5) a i  = f ( a ì , x o )  
xO = gab(xl,x2,x3,x3) 

A s ta tement  of t h i s  form i s  asswned t o  a c t  a s  fo l lows .  
The q u a n t i t i e s  l i s t e d  a s  arguments a r e  placed on the  
pushdown s t a c k  i n  successive l o c a t i o n s  beginning with t h e  
l o c a t i o n  referenced by t h e  " top p o i n t e r . "  

Immediately above t h i s  a r e  s tacked the  3 add i t iona l  

i tems shown i n  Figure 1, L e . ,  t he  cu r ren t  value of t h e  
argument p o i n t e r ,  t h e  c u r r e n t  value of the  data po in te r ,  
and t h e  r e t u r n  address  . The subrout ine corresponding t o  



whatever function 1s named i8 then called. On return, 
the subroutine must restore the-values of the argument 
pointer, the data pointer, and the top pointer, and must 
also place the function value which it has calculated on 
the stack. If the quantity appearing on the l e f t  of 
the RUDE function call statement which has juat been executed 
is something other than xO, the returned value wili then 
be transferred to the location specified by t h i s  quantity. 
On the other hand, if the quantity appearing on the left 

of the RUDE function call statement which has just been 
executed is xO, no such transfer is required. 

The RUDE GO T0 and IF statements operate in an evident 
fashion. The IF statement uses the standard convention 
according to which any non-zero argument is treated by it 
as a logical %me,.' and the zero argument is treated as 
a logical "fal~le." In the LISP system to be described 
below, the all-zero item will also be the basic "NILfr item 
of LISP. We may therefare say that the RUDE IF statement 
is a conditional transfer on a non-NIL argment. The opera- 
tion of the RETURN statement and of the fiinction-invocation- 
assignment statement has just been explained. The two final 

RUDE statements are PUSH and PULL. These two statements 
both consist of just one word: 'PUSHf in the one case, 
'PULL1 in the other. The PUSH statement merely increases 
the ''top pointer" by one; the PULL statement merely decreases 
the top pointer by one. Using these statements, stacks 
of arguments rnay be built up prior to the execution of a 
subroutine call which requires a variable nwnber of arguments; 
the reader will find a number of examples of this technique 
in the LISP algorithms which follow later in the present 
chapter. 

The ~ ~ ~ ~ ' l a n g u a g e  also contains two declaration state- 
ments. The first of these declaration statements is the 
FUNCTION statement. The second is the START statement. 
The FUNCTLON statement has the form 

( 6 )  FUNCTION Cfunc tion name) 

It assigns a name to the function whose definition follows 
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the FUNCTION statement and marks the entry ps1n.t to the 
function. The second RUDE declaration statement is the 
START statement. This statement may only be used once in 
a RUDE program and must be the first statement of the 
RUDE program. We define it to have the form 

( 7 )  START Cfunction name> ( <constant) , cconstant7 , . . . , <constant> ) 
An example of such a statement would be 

(8) START PROCESS (1,100,3.5) 

This statement begins the execution of a RUDE program by 
supplying the indicated constant parameters to a "main!' 
subroutine and invoking this subroutine . The subroutine 
invoked may then call "exitt' by executing a RETURN statement. 

Function names occurring in RUDE programs are under- 
stood to belong to a list of available functions. In 
particular, the translator which converts a RUDE algorithm 
into a block of executable machine code must make use of a 
list of elementary function names and of the machine addresses 
a t  which the blocks of code corresponding to these names 
begin. A moresample language would of course contain various 
mechanisms for making additions to the list of available 
elementary functions. In the present exposition we shall 
merely assume however that any function occurring in a 
RUDE program and not defined within the set of RUDE 
algorithms given is available as an elementary function. 
We will always explain the (generally rather simple) action 
of each elementary function used. 

The reader will note that the syntactic form of' each 

of the statements of the RUDE language is so simple that 
the translation of this language into executable machine 
code is more closely akin to the norma1 process of assembly 
than to anything which may truly be called compilation. 
This assembly process would have the following form. Each 
statement is taken up in turn and its type,immediately 
determined from the firat two symbols which it contains. 

Code for each of the statements may be generated immediately 
in a straightforward manner, except that labels referenced 



i n  statements which precede t h e i r  occurrence cannot be 

supplied immediately. The norma1 assembly procedure of 
leaving a l 1  machine addressee corresponding t o  labela blank 
i n  a f i r s t  pass ,  accwnulating the  machine abdreas of a l 1  
l abe l led  statements i n  a l abe l  table ,  and re turning t o  f i l l  
i n  a l 1  machine addressee i n  a second paas rnay be used t o  
dea1 with t h i s  s l i g h t  d i f f i c u l t y .  I n  t h i s  s e m e  RUDE i s  
a3 much an assembler macro-language put  i n t o  the form 
conventionally used f o r  an algebraic source language a8 
an algebraic souree language requlr ing compilation . 

We intend RUDE merely a s  a step toward the de f in i t i on  
of the algorithms in terna1 t o  LISP, and have now reached 
the point  a t  which we rnay begin these de f in i t i ons .  I n  the  RUDE 

language, a s  w e  have deacribed it above, we rnay invoke 
any one of an a r b i t r a r y  col lec t ion of elementary functiona. 
We now make the  addi t ional  assumption t h a t  the- elementary 
data  items which the  procesaee invoked by RUDE manipulate a r e  
po in te r  items having the form shown below. 

I n  ( 9 )  the  f i e l d  T i s  assumed t o  coneist  of a r e l a t i v e l y  
small number of b i t s ,  f lagging the  type of the  da ta  item 
t o  which the  second o r  P f i e l d  po in t s .  The P f i e l d  i s  
assumed to be a f i e l d  of approximately the same length a s  
a machine address, and t o  funct ion, l ike a machine address, 
a s  a po in te r  to some other  data  s t ruc tu re .  The data  s t ruc tu re  
which i s  referenced by the P f i e l d  rnay be any da ta  s t ruc tu re  
with which a processing system to  be wri t ten  i n  the  RUDE 
language i s  concerned. In  pa r t i cu l a r ,  i t  rnay be a nord- 
length rea1 number, an Integer ,  a double precialon quant-ity, 
an array, a block of executable machine code, a block of 
in te rpre tab le  s ty l i zed  code, o r  any other  data s t ruc tu re  
t ha t  rnay be required. It i s  a l so  convenient t o  allow an 
immediate data type, which we s h a l l  .assume aa a standard 
m a t t e r  t o  be flagged by the condition T = O, i n  which 
the P f i e l d  i s  in terpre ted  not a s  a po in te r  but  a s  a b i t  

f i e l d  t o  be manipiilated d i r e c t l y .  Whereas the  provisiqn of 
an immediate data type i n  t h i s  form 1s not l og i ca l l y  



necessary,  i t  i s  convenient, and se rves  t o  enhance the  
e f f i c i e n c y  of the  R.UDE algorithrns which r e s i l l t  . 

The algorithrnic shceme which we have thus f a r  ou t l ined  
becomes a l i s t  process ing  langu-age i f  among the  d a t a  types 
provided, w e  inc lude  a  d a t a  type which i s  a  p o i n t e r  t o  a  
" l i s t  node" cons l s t ing  of two o r  more p o i n t e r s .  ~ o d e s  
c o n s i s t i n g  of a t  l e a s t  two p o i n t e r s  must be provided i n  a  
prospec t ive  l i s t  processing system, o r  else the system 
r e d x e s  t o  a  simple l i n e a r  scheme of i n d i ~ e c t  addressing.  
On t h e  o t h e r  hand, i t  i s  p e r f e c t l y  p o s s i b l e  and even q u i t e  
cornrnon i n  s e t t i n g  up a l i s t  process ing  scheme t o  base 
thc whole list s t r u c t u r e  on simple b ina ry  nodes. More 
complex nodes rnay i n  f a c t  be b u i l t  iip ou t  of s e t s  of b ina ry  
nodes, so t h a t  nodes having a  more complex s t r u c t u r e  a r e  
n o t  l o g i c a l l y  necessary.  On t h e  o t h c r  hmd a  hypothe t ica l  
' M s t  processing: 1 . m ~  age aiming a t  high e f f i c i e n c y  f o r  
spec ia l i zed  appl . icat ions might p r o f i t a b l y  make use of a  
special1.y designed nodal s t r u c t u r e  not  only containing 
more than two nodes but  a l s o  conta in ing  nodal f i e l d s  
intended f o r  the  s to rage  of u s e f u l  immediate d a t a .  

LISP uses  the  s imples t  p o s s i b l e  b inary  node, having 
t h e  following form: 

Such a  node c o n s i s t s  q u i t e  l i t e r a l l y  of a  p a i r  of d a t a  

items of the  kind shown i n  ( 9 )  . We d i s t i n g u i s h  the  two 

elements of t h i s  p a i r  a s  t h e  " f r o n t "  and t h e  "back". 
Each has  i t s  own type f i e l d  and p o i n t e r  f i e l d ,  a s  shown i n  
( 1 0 ) .  An item of type ( 9 )  which p o i n t s  t o  a node of type 

(10) w i l l  be c a l l e d  a  l i s t  i tem. We may then d e f i n e  two 

b a s i c  and e n t i r e l y  elementary func t ions  of a l i s t  item; the  
f r o n t  funct ion ,  whose value i s  t h e  f r o n t  i tem of t h e  node 
t o  which a  l i s t  i tem p o i n t s ,  and t h e  back function,whose 
value i s  t h e  back i tem of the node t o  which an item p o i n t s .  
I n  t h i s  sense we may w r i t e  such expressions a8 

(11) f r o n t  (xo), b a c k ( a l ) ,  e t c .  



Both t h e  f r o n t  and"the back i tems o f - a  node may themselves 
be l i s t  i tems.  I n  t h i s  case,  successive app l i ca t ion  of t h e  
func t ions  ' f r o n t 1  and 'backl may be used t o  r e f e r  from a  
given i n i t i a l  i tem success ive ly  and i n d i r e c t l y  t o  some 
o t h e r  i tem.  

We provide t h e  LISP system with a b a s i c  elementary 
mechanism f o r  the  cons t ruc t ion  of new nodes by in t roducing  
a  funct ion  ' j o i n l  of two argurnents. The two arguments of  
the  ' J o i n t  func t ion  a r e  both required t o  be i tems.  Given 
two items t o  be joined, the  jo in  funct ion  operate8 
a s  fol lows.  Using a  dynamic s to rage  a l l o c a t i o n  mechanism 
which the  LISP processing system must contain and which 
w i l l  be descr ibed i n  more d e t a i l  below, t h e  jo in  funct ion  
ob ta ins  a s l o t  of otherwise unused s to rage  p r c c i s e l y  
s u f f i c i e n t  f o r  the  s torage  of a  s i n g l e  node. This node i s  
then constructed by d i r e e t  i n s e r t i o n  of' t he  two items 
spec i f i ed  a s  argiments t o  t h e  jo in  func t ion .  F i n a l l y ,  
t he  jo in  funct ion cons t ruc t s  a  new item, of l l s t  type,  
and causes i t s  p o l n t e r  f i e l d  t o l p o i n t  to t he  newly constructed 
node . 

T h i s  new l i s t  item i s  returned by the  jo ln  funct ion  a  
i t s  value.  Thus, -- jo in  i s  a  funct ion  of two i tems whose 
value i s  a s i n g l e  item, namely, a  p o i n t e r  t o  a node I n t o  
which the  two o r i g i n a l  i tems have been i n s e r t e d .  

For reasons which w i l l  become c l e a r  below i t  i s  
convenient t o  provide not  one, bu t  two d i s t i n c t  kinds of 
l i s t  i tems.  These 'wi l l  d i f f e r  only i n  t h a t  the  second type 
of l i s t  item i s  f'lagged i n  a  recognizably d i f f e r e n t  way 
from the  f i rs t  i n  i t s  T f i e l d ,  i s  c a l l e d  an atom, and i s  
used i n  a  s l i g h t l y  d i f f e r e n t  way a t  c e r t a i n  p o i n t s  i n  t he  
b a s i c  LISP algori thms.  Aside Prom the  d i f f e r e n c e s  which 
w i l l  be noted i n  t h e  algorithms below, i tems of l ist  type 
and of atomic type (sometimes c a l l e d  atomic l is t  type f o r  
c l a r i t y ) ,  may be manipulated i n  the  same way; both types 
of i tems a r e  p o i n t e r s  t o  l i s t  nodes. 

A fu11 LISP system might inc lude  i tems of a t  l e a s t  8 
types .  Besides the  immediate d a t a  i tcms, the  l i s t  i tems, 



and the  atomic l i s t  items mentloned above, items of machine 
code type, of i n t ege r  type, of rea2 type, and of BCD type 
a r e  use fu l .  I n  the  LISP aystem which w e  sha l l  descrlbe,  
an addi t ional  d i s t i n c t i o n  between two kinda of machine code 
item i s  made. The f i r s t  of these machine code types w i l l  
be ca l l ed  a  prefunct ion code item; the  second w i l l  be ca l l ed  
a postfunct ion code item. Both kinds of items are  po in t e r s  
t o  blocka of machine code which may be entered and executed 
i n  iden t ica1  fashion . However, w e  w i l l ,  i n  s e t t i n g  up t he  
de t a i l ed  LISP algorithma which follow, make use of a convention 
according which to a machine code poatkinct ion receives  $ t e  

arguments a f t e r  c e r t a i n  prel iminary procqssing which i s  
omitted i n  the  case of a  machine code prefunct ion.  This 
prefunction-postfunction d i s t i n c t i o n  is  more a convenience 
aimed a t  s impl i f ing  various subsequent expression modes than 
a  bas ic  logica1 necess i ty .  

I n  order  t h a t  the  reader  may have a  d e f i n i t e  s e t  of 
conventions i n  mind, we speci fy  the  exis tence  within our  
LISP system of the  following set of item types and associated 
T-f ield f l a g s  : 

Immediate da ta  item 
L i s t  item 
Atomic l i s t  i t e m  
Machine code function, type prefunct ion 
Machine code funct ion,  type postfunct ion 
In teger  of machine word length  
Rea1 number of machine wrd length 
BCD constant of machine word length .  

O f  course, i n  a more e labora te  LISP system addi t ional  
item types could r ead i l y  be provided. 

The bas ic  LISP algorithms w i l l  of course have frequent  
occasion t o  r e f e r  t o  the  type of an i t e m  which they a r e  
pyocessing. I n  order  t h a t  t h i s  be p o s ~ i b i e  w e  assume t h a t  
a  number of elementary a t t r i b u t e  funct ions  a r e  ava i l ab le .  
These a t t r i b u t e  funct ions merely examine the  ty@e f i e l d  
of an item and re turn  a  value which i s  e i t h e r  zero o r  nonzero, 
depending on the  contents  of the  T f i e l d ,  and on the p a r t i c u l a r  



attribute which 1s required. The specific attribute 
functions with which we will be- concerned will. a l1  occur 
in the basic LISP algorithrns which are to be clescribed 
later in the present section; the significante of each 

attribute will be explained in connection with the occurrence 

of the corresponding attribute f'unc tion in an algorithm. 
Two ideaa going beyond the elementary notions presented 

so far play a fundamental rale in LISP. The first is that 

of assigning a value to any list structure; this value will 

generally be a second, different, list struttine. We 
assign such a value as follows. Consider a list structure, 
call it L. It consists of two parts; front(5) and back(~). 

If front(l) designates an item of machine code type, we 

obtain the value of L by applying the machine function 
defined by front(l) to back(l). More precisely, we take 

back(l) to be a list of the argwnents to be supplied to 

front(l). The actual collection of arguments which will 

be supplied to front(l) is derived from the set of items 

on this list. If front(l) is designated as a prefunction, 
the items forming the list back(l) are submitted directly L. 

If, on the other hand, front(l) is designated as a machine 
code postfunction, each of its arguments is evaluated before 
being submitted for processing by the machine subroutine 
front(l). Next, we consider the procedure to be employed 

in case front(l) does not designate an item of machine 
function type. In this case, we require that front(l) be 

an element either of list type or of atomic list type. 
Then either front(~) 1s an atom or not. If f'ront(l) 1s 

not an atom, we examine front(front(l)), front(front(front(l))) 

etc., iterating as often as necessarg in order to reach 
either an item of machine code type or an atomic list itern. 
Proceeding in this manner, we reduce the genera1 case of 
evaluation to the particular case in which front(l) is an 

atom. In this case, L e .  when front(l) is an atome, we 

make a further reduction based upon a substidtution procedure. 
This substitution procedure involves a second basic notion 
of LISP, the notion of atom value. - 



As has been mentioned above, an atomic liet element 
is identica1 in structure and function with a norma1 list 
element, except that it 1s specially flagged. If a f  i8 
an atomic list item, then by convention front(a) is the 
'value of a ' .  Whenever a value for a is required, this 
value will be substituted for a.  Conversely, to establish 
a new value for an atomic list item a, we have only to 
change the front item field of the node referenced by a. 
The LISP evaluation algorithm makes use of this convention. 
If a situation is reached in the operation of the list 
evaluation algorithm in which a value is to be calculated 
for a list L, and front(~) is an item of list type rather 
than of machine code type, then front(l) is replaced by its 
value (in genera1 a complex list structure) and the evaluation 
process proceeds iteratively to find an initial atom in 
this replacing structure. This process of replacement and 
initial atom finding will continue unti1 a situation is 
reached in which the first item of a list to be evaluated 
is found t o  be a valid machine subroutine item, in which 
case the machine subroutine concerned will be applied 
directly to the remainder of the list being evaluated in 
the manner indicated above. 

A precise specification of the basic evaluation procedure 
whlch has just been described informally is found in Table I. 

TABLE I. The basic LISP evaluation algorithm. 

function value 
start: if(atom(a1))isat 

if(atom(front(a1)))do 

go to start 
isat: return(front(a1) ) 
do : if(machsub(front(front(a1)) 

domach 
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x0=atom(al) ; if (x0) isat 
xl=front(al) ; xO=atom(xl) 
if (XO) do 
x0=back(xl) ; xl=back(al) 
xl=join(xO,xl) 
x0=front (al) ; x0=front(x0) 
ai=join(x~, xi) 
go to start 
al=f ront (al) ; return (al) 
xl=front(xl); xO=machsub(xl) 
if (x0)domach 



if(atom(front(front(a1))) 
expatom 

xO=errorroutine 
expatom: al=join(front(front(al)) , 

back(a1) ) 
go t o  s t a r t  

domach: x2=top; x3=back(al) 
i f  (prefunc ( f r o n t  ( f r o n t  

( 4 ) ) ) d o n t  
va largs :  xo=val ( f ront (x3))  

push 
execute: al=xeq(front(front(al)),x2) 

r e  tu rn  ( a i )  
dont:  x ~ = f r o n t  (x3) ; x3=back(x3) 

push . . 

i f  (x3)dont 
go t o  execute 

x0=atom(xl) ; i f  ( W )  expatom 

xO=errorrou.tine 
x0=back(al) ; a l = j o i n  ( x l ,  x0) 

go t o  s t a r t  
x2=top ; x3=back(al) 
xO=prefunc ( x l )  ; i f  (XO) dont 

xo=front(x3) ; xo=val (XO) 
push 

al=xeq(xl  , x2) 
r e t u r n  ( a i )  
x0=front (x3) ; x3=back(x3) 
push 

i f  (x3)dont 
go t o  execute 

The r e a d e r t s  a n a l y s i s  of Table I w i l l  be a s a l s t e d  by 

the  f'ollowtng cnmments. The algorithm shown i n  Table I 
i s  w r i t t e n  i n  RUDE. However, s ince  the RUDI3 language as 
def.l.ned above does not  permit  the  use  of nested p a r e n t h e t i c a l  
expressions,  and slnce thc! use of such expressions does 
serve t o  make t he  I.ogical strutture of an algori thm e a s i e r  
t o  fol low,  we ernploy the  procedure of wr i t ing  t h i s  RUDE 

algorithm 7.n two forms, the  f i rs t  i n  a hypothe t ica l  extension 
of' RUDE p e m i t t i n g  nested p a r e n t h e t l c a l  expressions,  t h e  
second i n  t h e  RUDE language a s  i t  ha8 heen def ined above. 
The f j - r s t  vers ion of the  algori t tvn may be regarded merely 
a s  a s e t  of comments intended t o  make the reading of t h e  
algorithm i t s e l f  e a s i e r .  i I n  Table I, and i n  t h e  similar 
t a b l e s  whl.ch fol low i n  the  r e s t  o f  t he  presene s e c t l ~ n ,  ne 
h n v e  arrnnged the two vers ions  of the a3 gorithm i n  pa ra l l e l .  
columns, w l t h  the pa ren thes i zed  vers ion OR t h e  l e f t .  Each 

line of tbc? a lgori thmic form on the I e f t  corresponds t o  one 
o r  more sin!-larlg placed l i n e s  o f  forma1 RUDE statements  
cn the  r!.ght. The rcader  w i i l  probably f i n d  i t  most 
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convenient t o  examine t h e  l e f t  hand o r  parenthes ized  vers ion  
f i r s t ,  and t o  look a t  t h e  expanded right hand vers ion second. 

A few d e t a i l e d  comments on t h e  algorithm of  Table I 
a r e  i n  o r d e r .  The b a s i c  l i s t  func t ions  " f ron t " ,  "back" 
and " jo inr '  a r e  used repea ted ly  i n  this algorithm. The 

a t t r i b u t e  func t ions  "atom", "machfnc!' and "prefunc" are  
also used.  Jtom i s  assumed t o  r e t u r n  a non-zero value i f  
and on ly  i f  i t s  argwnent i a  an i tem of any type o t h e r  than 
l i s t  type .  mie a t t r i b i i t e  funct ion  machfnc r e t u r n s  a  non- 
zero value i f  and o n l y ' i f  i t s  argument i s  an i tem of machine 
funct ion  t i ~ e .  The a t t r i b u t e  funct ion  p re func  r e t u r n s  
a non-zero value i f  and only  i f  i t s  argwnent is  a  machine 
funct ion  of prefunct ion  type.  The algori thm shown i n  Table I 
a l s o  makes use  of an assumed machine funct ion  "xeq!'. This  
funct ion  i s  employed t o  s e t  up and execute i n d i r e c t  machine 
funct ion  c a l l s .  

F ina l ly ,  t he  subrout ine e r r o r r o u t i n e  ' i s  invoked a t  
c e r t a i n  p o i n t s  i n  t h e  algori thm shown i n  Table I.  Note 
t h a t  t h i s  subrout ine  has  no e x p l i c i t  arguments. We assume 
t h i s  subrout ine  t o  be a machine-written s tandard e r r o r  
procedure,  which may be thought of a s  p r i n t i n g  an appropr i a t e  
d iagnos t i c  message, perhaps with a d d i t i o n a l  d i agnos t i c  
mater ia l ,  and re tu rn ing  con t r o l  t o  the  opera t ing  system 
through a c a l l  t o  t h w  system e x i t '  r o u t i n e .  



LISP, i n  o rde r  t o  be of use  a s  a  progranuning language, 

must be suppl ied no t  on ly  with i n t e r n a 1  conventions and 

bas ic  algori thms like those  outlined above, b u t  a l s o  with 
a s e t  of conventions f o r  l i s t  inpu t  and output and f o r  t h e  
i n i t i a t i o n  of process ing  action. Such an inpu t  scheme, 
taken i n  connection with the  fundamental l i s t  evalua t ion  
algori thm descr ibed above, de f ines  a p rograming  language. 
Such a  prograrnrning language w i l l  have t h e  fol lowing genera l  
form and usage.  A sequence of l is ts  w i l l  be s p e c i f i e d  t o  
the  system, on whatever inpu t  medium t h e  system uses ,  and 
i n  some p a r t i c u l a r  fonn. Each l i s t ,  a f t e r  i d t  i s  read i n ,  
i s  evaluated,  i .e. t he  above "value" funct ion  i s  appl ied  
t o  i t .  This eva lua t ion  procedure r e q u i r e s  a  quantum of 
processing which rnay be srnall o r  l a r g e ,  L e .  which may 
c o n s i s t  on t h e  one hand of a r e l a t i v e l y  simple i n i t i a l i z a t i o n  
opera t ion  and on the o t h e r  hand of a c a l c u l a t i o n  leading  
a t  i t s  conclusion t o  the  p r i n t i n g  of some des i r ed  f i n a l  
r e s u l t  . As a general  mile, however, when t h e  eva lua t ion  of 
one l i s t  read o f f  the  inpirt medium i s  complete, t he  LISP 
processar w i l l  r e t u r n  con t ro l  t o  i t s  inpu t  r o u t i n e  and 
attempt t o  read y e t  one more l i s t  from t h e  input  m e d i i i m .  

Only when an i l l e s a l l y  formed d a t a  s t r u c t u r e  o r  an end-of- 
record mark i s  found on the  input medium w i l l  con t ro l  be 

returned t o  t h e  opera t ing  system through a c a l l  t o  " e x i t . "  
Almost any context - f ree  language may be i n t e r p r e t e d  

a s  a  LISP input  language i n  the  fol lowing way. Parse  a 
sentence of the  language; t h e  r e s u l t  i s  a pa r se  t r ee  whose 

twigs r ep resen t  t h e  var ious  l e x i c a l  atoms occuring i n  t h e  

sentence.  Now, a  pa r se  t r e e  i s  a s t r u c t u r e  having almost 
e ~ a c t l y  t h e  form of a  LISP l i s t .  We mag the re fo re  take  
e a c h  i n p i ~ t  sentence t o  represent  its orun pa r se  t r e e .  
Lexical atoms a r e  t o  be regarded a s  represent ing  small l i s t s ,  
of some s tandard forrn dependin~;  on t he  l e x i c a l  type of the  
atom, on which a l 1  r e l evan t  a t t r i b u t e s  of  t he  atom a r e  
r cp re sen tcd .  I n i t i a l l y  these a t t r i h u t c s  may m i r e l y  be 

thc p r i n t  name and the  l e x i c a l  type o f  t he  atom; however, 
p r o v i s i o n  f o r  the  subsequent a t tac 'ment  of additi-onal 

a t t r i l ~ i ~ t e g  and, 1.n p a r t i c u l a r ,  f'or attachment of the  atom 
- 5 4 e  



value  r equ i r ed  by the  fundamental e v a l u a t i o n  a lgor i thm should 

be made from the  a t a r t .  From t h e  above p o i n t  of v i e w ,  t h e  
r o l e  of t h e  s p e c i a l  s y n t a c t i c  convent ions  which a p a r t i c u l a r  
i n p u t  language w i l l  embodg 1s merely  t h a t  of f a c i l i t a t i n g  
t h e  r e p r e s e n t a t i o n  of l i s t  st i?i ictures i n  comrnon u s e  (and 

of coiirse, r e p r e s e n t i n g  t h e s e  i n  a manner hav ing  mnemonic 
v a l u e ) .  L i s t s  i n p u t  i n  a  given i n p u t  language may, i f  

d e s i r e d ,  be transformed i n  any a p p r o p r i a t e  way b e f o r e  t h e i r  

submission t o  t h e  b a s i c  ?va lua t ion  a lgor i thm;  thus ,  t h e  

conncct ion between an  I-nput f'orm and t h e  l i s t  wb.ich i t  
r e p r e s e n t s  c m  br: made as  f l e x i b l e  a s  neces sa ry .  LISP 
i t s e l f  s e r v e s  very  well a s  a Tanguage f o r  t h e  express ion  
of sernrnantic pre- t ransf 'omzì t ions  of t h i s  s o r t .  The use 

of a powerful  and genera1  p a r s e r  a s  a " f r o n t  end" f o r  a 
LISP sys tem a l l o m  u s  t o  maks i n p u t  t o  the sgstem i n  convenient ,  
conc ise ,  and mnemonic form. On t h e  o t h e r  hand, i f '  one i s  
wflltng t o  w l t e  l i s t s  f o r  imput i n  a restricted and somewhat 
clumsy way, t h e  p a r s e  a spec t  of LISP i n p u t  can be redu-ced 
t o  a p roces s  whicki i s  almost  t r i v i a l ;  LISP i n p u t  is, a s  a  
m a t t e r  of  f a c t ,  more o f t e n  accomplished bg  t h e  u s e  of t h e  
t r l v i a l  convent ional  l i s t  n o t a t i o n  which w e  a r e  about t o  
d e s c r i b e ,  than by t h e  use  of  any more adequate i n p u t  language.  

The s t r a i g h t f o r w a r d  i n p u t  scheme o r d i n a r i l y  employed 
by LISP makes u s e  of a 12st n o t a t i o n  which w e  w i l l  a l s o  
t i n d  u s e f u l  i n  d e f i n i n g  o t h e r  b a s i c  LISP f u n c t j o n s .  A 

3 1st t o  be i n p u t  i s  r ep re sen ted  on t h e  system i n p u t  rnedium 
a s  a pa ren thes i zed  s t r u c t u r e  b u i l t  up o u t  of  symbolic names, 
cons t an t  d a t a  i t ems  ( e . g .  i n t e g e r  and r e a 1  numbers), and 
pa ren thes i zed  s u b s t r u c t u r e s .  The occurrence of a n'ame - in  
the i n p u t  s t r i n g  r e s u l t s  ì n t e r n a l l y  i n  t h e  c o n s t r u c t i o n  

a l i s t  item element of ' t h e  form shown i n  F igure  2 .  

Figure 2 .  Atomic 

NAME 

L i s t  Item Generated by a  Symbolic Name. 



Note t h a t  t h e  left h a l f  of  t h e  node r e f e renced  by the top  

atomic l i s t  i t em i n  Figure 2 i s  the value ce11 of the  
atomic l i s t  i tem;  t h i s  value ce11 may e i t h e r  be i n i t i a l i z e d  
t o  the va lue  NIL, o r ,  s t i l l  b e t t e r ,  to a reaerved va lue  

'ernptyl d i s t r i c t  from NIL, t h i s  l a t t e r  procedure  p e m i t t i n g  
subsequent d e t e c t i o n  of illegal occurences of unbound 
v a r i a b l e s .  The r i g h t  hand s i d e  of  the same node c o n s f s t s  

I n i t i a l l y  of  an atomic l i s t  i t em which r e f e r e n c e s  a f u r t h e r  
node whose f r o n t  p a r t  i s  of BCD type and r e f e r e n c e s  t he  

symbolic name encountered i n  t h e  i n p u t  string, t ransformed 
t o  i t s  i n t e r n a 1  BCD r e p r e s e n t a t i o n .  The l i s t  s ' t ructime 
re fe renced  by t h e  top  atomic l i s t  item i n  F igure  2 i s  o f t e n  
c a l l e d  t h e  p r o p e r t g  l i s t  of t h e  atomic I ls t  i tein.  During 
subsequent p roces s ing  t h i s  p r o p e r t y  l i s t  i s  normally used 
f o r  t h e  s t o r a g e  of a t t r i b u t e s  of the atomic i t em a s  these 

ma$ be developed, wi th  t h e  eonsequence t h a t  t h e  s t r u c t u r e  
of t h e  p r o p e r t y  I l s t  may change cons iderab ly .  Only two 
c o n v e n t i m s  concernine; t h e  s t r u c t u r e  oE t h e  p r o p e r t y  list 
must be observed; i n  t h e  f i r s t  p l a c e ,  t h e  f r o n t  i tem re fe renced  
by an atomic i t em wi13 always be used t o  aupplg its value  
i n  t h e  seme of t h e  prcceding a lgor i thms;  i n  t h e  second 
p l a c c ,  we require a s  a s tandard  ou tpu t  convention t h a t  t h e  
BCD name of a named atom always be  t h e  f i rs t  i t em on its 
p r o p e r t y  l i s t .  

Each time t h a t  a new symbolic name I s  encountered 
i n  t h e  TJSP i n p u t  s t r i n g  n o t  o n l y  will an i n t e r n a 1  s t r u c t u r e  
o r  t h s  type  shown i n  Figure  2 be c r e a t e d ,  bu t  a reference 
t o  t h e  top i tem of Figure  2 w i l l  a l s o  be en t e red  i n t o  a 
comprehensive s,mnbolic atoms -- t a b l e .  This  t a b l e  may a p p r o p r i a t e ì y  

h e  rnaintained a s  a hash t a b l e .  On encoixnterinp; a symbolic 
name i n  i t s  inpu t  s t ream,  t h e  LISP i n p u t  p roc-ssor  1 4 . 9 1 1  

check t h e  s~mibol ic  atoms t ab le  t o  aee if t h e  ncwly encountered 
name has  been encoimtered before ,  I f  th.13 is i;he case, t h e  
symbo1.i~ name i v i l l .  'ne i d e n t i f  i e d  i.ri t h  i t s  p r i o r  occw?rence 



Three p a r t i c u l a r  reserved names, NIL, T and F a r e  
t r e a t e d  s p e c i a l l y  by t h e  inpu t  procensor .  On encountering 
one of these  names t h e  inpu t  processar c o n s t r u c t s  not  a 
symbolic atom i tem of t h e  type shown i n  Figure 2, b u t  an 
immediate d a t a  i tem, zero i n  t h e  case  o f  NIL, and 1 i n  t h e  
case  of T .  The r eade r  w i l l  observe t h a t  these  two d i s t ingu i shed  
immediate i tems p l a y  a s p e c i a l  r o l e  i n  t h e  fundamental LISP 
algori thms represented above. The name F i s  t r e a t e d  a s  a 
synonym f o r  the  name NIL. 

The occurrence i n  the  LISP i npu t  stream of a d a t a  
item o t h e r  than a name produces an atomic item of the  simple 
form shown i n  Figure 3 .  

Figure 3.  1 n t e r n a l  Item Corresponding t o  I n t e g e r  Data I tem.  

The most genera1 allowable inpu t  l i s t  w i l l  be made 
up ou t  of narnes, d a t a  i tems, and subrout ines  i n  the  fol lowing 
manner. A s t r u c t u r e  having t h e  form 

( a l  a2 

where a l ,  a2, ..., an a r e  a l 1  e i t h e r  names, i n t e g e r  o r  
r ea1  nwnbers, c o n s i s t i t u t e s  an  elementary inpu t  l i s t .  
A s t r u c t u r e  of t h i s  same form i n  which a l ,  a2, . . . , an a r e  
e i t h e r  names, rea1  o r  i n t e g e r  cons tants ,  o r  composite inpu t  
l i s t  s t r u c t u r e s ,  i s  a composite input  l i s t  s t r u c t u r e .  A l 1  

i npu t  t o  t h e  LISP system i s  requi red  t o  have t h e  form of 
a composite l i s t  s t r u c t u r e ,  Moreover, t h e  composite l i s t  
s t r u c t u r e s  which may be used a s  LISP i npu t  a r e  requi red  t o  
have t h e  p a r t i c u l a r  form shown i n  

(12) f ( a i  a2 ... an) 



I n  (12 ) ,  we require  t h a t  f be a simple name, rind t h a t  
a l ,a2 ,  ..., an be composite input-list structures. The 

input routine au torna t ica l ly  transforms t h e  list s t r u c t u r e s  
shown in (12) above i n t o  t h e  rnodlfled i n p u t  s tmic tu re  shown 
i n  (13) below. 

(13) (f (quote  a l )  (quote  a2) . . . (quo te  a n ) )  

I n  (13), "quote" 1s a predefined atom, whose va lue  is  
the i d e n t i t y  machine code prefunct ion  with t h e  t r i v i a l  
a lgori thm shown i n  Table 11. 

Table  11. Algorithm f o r  the "quote" f u n c t t o n  . 

func t l o n  quote xl - f ront  ( a l )  
r c t u r n ( f r o n t ( a 1 )  ) 

The i n p u t  s t r u c t u r e  shown i n  (13) iv then t r a n s f o r m e d  
i n t o  an  i n t e r n a l  l i s t  a t m c t u r e ,  a:: f'ollows. Each atomic 
n m e  and c ~ n a t a n t  occurrj-ng i n  s t r u c t u r e  (13) i 3  t r a n s l a t e c i  
i n t o  in t e rn31  f o m  ir t he  manner exp la incd  above. Thc wbole 
stri?cti,ire ir. t h e n  t r m s l a t d  i n t o  i r i t e ~ ~ l  fem by a recursj.vc 
pn~ced i i r e  w!llch may be deac r i bed  ss fol lows.  Designate 
t k e  i . ? t r t rna l  torm of a struct!ire by placinz a ber ove r  thc 
str l icturcs,  SO t b a t  5 d+signates th-  i n t e m a l  form of t h e  

i n y t  s tr iwtiirr ,  8. T h m  ve d e f i n c  the  i n t e r n a l  form of' t h e  

p n c r a l  compoeite i np i i t  s t r t i c tum 

( ! l ! . )  ( a ?  a 2  . . .  m) 

( q2 . . . an)  (a?, . . . , a n ) )  



(91 i2 . . .  a n )  = T.  (Z* . . .  ( Z i a  nii)) 

IR) - ...- ( 2  nii) 3 

...) 

,m' - -- ((a n i i )  nii) O , 

xm = ( ( ( Z 0 n i . l )  'niì) l n ) ,  . . .  ; 

(!SI ( ( ( 2  b)) (C d )  ) = ( ( 2  ( h  o 311)) n i l )  ((C (d enil)) .n=) , 

T3 repeai;: inpi.:t 1 s  prcs ,ented t 9  t h e  LISP system i.n t h e  

t o ~ m  ( 3 2 ) ;  i.t t u  at once t r m s f o m c d  by tbc  LIUP systeml. 
f r s m  t'?? frm (12) t o  ti2 f o m  (3.3) ; the strutture (13) 

I s  c ~ n v e r t n d  t o  ? . ts  i n t e r n a 1  rnpr r i sen ta t ion  accord!.ng t o  
i b c  ?bovn m l - e ~ ,  nnd t>le f u m t i o n  rvaluef appl led  to i.t. 

ApppV.c?tion of t v~ l . i i e  i n  tbts manncl may of  ccrilrne i n i t i a t e  
cnnsi.dcr;iWe aivx7nt  of p r o c e s s i n g .  Mcroover,  s i n c e  t h i s  

procrssing msy d n ~ l - ~ ~ d e  cl,ell-s on r o v t i n c s  like 'setval.':zrhich 

nffecl;  permctnent changes i n  t h e  d a t i  s t r u . c t u r e s  m a i n t s i n e d  

hy t h c  LISP sgztern, t h e  i n t e r n a 1  l i s t  strutture o r  which 

t h e  LTSP processar 1 s  awarc may bc considerabl-y  changed by 

th-e o p e r a t i o n s  s e t  i n  t r a i n  by i n p u t  of' a LISP i n p u t  i tern.  
Output from thc LISP system i s  accomplished by a p ro -  

grarnrned ' p r i n t  ' irunction . Th-is f i i n c t h n  n o m a l l y  produccs  

ou tpu t  I d e n t i c a l  In fomn w t t h  vrhat ha3 above been ca l l ed  

t h e  composite i n i ~ u t  structvre. Whcre ou tpu t  in t h i n  form 
is i.niposcible, oi t tput  i s  normal3.y I j r i n t ed  I n  a n o t a t i o n  
de r ived  fron the 'dotr n o t u t i o n  used on t h e  right hsnd 
s tdns  of (16)~ (17) and (18). 

Onci  t h e  i n p u t  and ou tpu t  convent ions  o u t l i n c d  above 

n r e  est'blished, LISP becomes a usable programrning langua ge, 

a l l  S u t  one  which i s  unpleasantly homogeneous i n  appearance. 



I n  what follows, we s h a l l  make use of t h e  s tandard 

exposi tory convention i n  terms o f  which i n t e r n a 1  LISP l i s t s  
a r e  represented i n  the  above " input"  form, or ,  ss it i s  

sometimes ca l l ed ,  the l i s t  no ta t ion .  This w i l l  a t  l e a s t  give us 

a  n o t a t i o n  i n  which l i s t s  may be w r i t t e n .  Note h w  ever  t h a t  t h i s  

n o t a t i o n  i s  incomplete: i t  shows t h e  manner i n  which a  l i s t  i s  

put  toge ther  i n  terms of atoms, but  does no t  give any information 
concerning the  property l i s t s  of the  atoms which occur i n  t h e  l i s t .  

Concerning t h e  l i s t  n o t a t i o n  we observe i n  t h e  f i r s t  p lace  t h a t  

(19)  j o i n ( ( a  b  c  d ) ,  ( e  f g h ) )  = ( (a b C d )  e f g h )  

Let us ,  i n  order  t o  explore  our n o t a t i o n a l  conventions, c a l c u l a t e  

the  value of a  l i s t  of the  form 

where, f o r  the  sake of d e f i n i t e n e s s ,  we suppose t h a t  "a" has the  

value "quote". The l i s t  (20)  may be w r i t t e n  i n  dot -nota t ion  a s  

(21 )  ( ( ( a  ( b .  n i i ) ) .  n i ì ) . n i i )  . 
According t o  the  algori thm of Table I, the  value of (21)  i s  t h e  

same a s  t h a t  of each of t h e  sequence of l i s t s  

( (a ( b  n i l )  ) ( n i l .  n i ì )  ) , 
(a ( (b n i l )  ( n i l  nil) ) ) , 

i . e . ,  i n  l i s t  no ta t ion  

(23)  ( ( a  b )  ( n i l ) )  and ( a  ( ( b )  n i l ) )  . 
Since a  h a s  the  value "quotef' ,  the  value of ( 2 3 )  i s  ca lcu la t ed  
a s  t h a t  of 

(24) (quote ( ( b )  n i i ) )  

according t o  the  algori thm of Table I; s i n c e  quote i s  a 
p refunct ion  with t h e  algori thm shown i n  Table 11, we obtain 



a s  t h e  value of (20) .  

The fl inction _ -  lambda, an a l g o r i t h  f o r  whtch ts 
giveq in Tahle IIT, 1s a?-mos% 8 s  bas ic  t o  the opera t ion  of 

t h ~  1,ISP system as t he  va l i re  func t ion  defined by Table 1. 
Vhj-s f i inc t i o n  perf orms the  b a s i c  opqeat ion of attaching 

t m p o r a r y  va lues  t o  atoms f o r  use 9 the va lue  f i inc t ion  of 
T i b l e  I .  Since t h e  LISP system i required t o  be f u l l y  7 reci1rn!.ve, Iambda n l so  saves the/ o l d  va lye  of every atom 
f o r  whtch it si ippl ies  t h e  new value,  and restorea these 
o l d  va lues  hefore  i t  returns. Thf? s p e c i f i c  conventlona used 

by .l arnbda a r e  as fo?.lows. It receives a s ing le  arppment 
wblch 1s res i t red  to be a l i s t  item referencjmg a l i s t  of 

trro p a r t s ,  whose f r o n t  part is however, a l so  a two-part 
list. The 3 items ment ioned above a r e  a l 1  used by lambda 

i n  an e s s e n t i a l  way. Let al. be the  argument suppl ied to 

lambda: write xl = , f r o n t ( ( f r o n t ) a l ) ,  x2 = b a c k ( f r o n t ( a 1 ) )  

and x2 = back(a1) .  Then x l  is requi red  to be a l i s t  item 
re fe renc ing  a l i s t  of atoms while x2 i s  requ.ired t o  be a 

l i s t  item re ferenc ing  a l i s t  of expressions.  Lambda saves 
t h e  values of al]- the atoms on the l i s t  xl and supp l i e s  t o  
each of these atoms a s  i t s  new value the  value of the  corres-  
pond ing  item on t h e  l i s t  x2. After t h i s ,  "atom value 
s i ~ b s t i t u t i o n "  opera t ion  has been pe r fomed ,  lambda c a l l s  
t h e  value func t ion  of Table I, supplying the item x3 a s  
its argwnert and obta in ing  a  



fwrction lambda 

x2=back(al) 

al=back(front(al)) 

xl=front(front(al)) 
x3=front(xl);x4=front(x2) 
x5=nil 

bind: x0=f ront (x3) push 
xbident (x3); push 
xO=repf ront (x3X vai (f ront (x4)) 

unbind 

x3=back(x3); x4=back(x4) 
x5=incr (x5) 
if(x4) bind 
xbident (x5) ; push 
al=val (al) 
x3=valtop; pull . 
xl=valtop; pull 
x2=valtop; pull 

x0=repf ront (x2,xl) 
x3=decr (x3) ; if (x3)unbind 
function(a1) 

x2=back(al) 

xl=front(al);al=back(xl) 

xl=f ront (xl ) 
x3=front(xl); x4=front(x2) 

x5=nil 
xQf ront (x3) ; push 
x~=idont (x3) ; push 
x&f ront (x4 ) xbval (x0) 
xO=repf ront (x3, x0) 
x3=back(x3) ; x&=back(x4) 
x5=incr (x5) 
if(x4) bind 
xbident (x5) ; push 
al=val(al) 
x3=valtop pull 
xl= valtop; pull 
x2=va:Ltop; pull 
xO=repf ront (x2,xl) 

x3=decr(x3) ; if (x3)unbind 
function(a1) 

Tsble 113. Algorithm for the Function 'lambdaf. 



2. The Snobol S t r i n g  Manipulation Language , 
SNOBOL i s  an i n t e r e s t i n g  s t r i n g  processing language 

organized around a concept of ' p a t t e r n  ma.tchingt. The 

language has developed through severa l  s tages,  i n  consequence 
of which various more o r  l e s s  general  versions ex i s t .  The 
p a r t i c u l a r  version of SNOBOL t h a t  w i l l  be described i n  the  

present sec t ion  i s  the SNOBOL-3 language a s  speci f ied  by 
D. J. Farber, R. E. Griswold and I. P. Polonsky, i n  
"The SNOBOL-3 Programming Langua.gett , Bel1 System Tech. Jour. ,  
voi.  XLV, NO. 6  (1966) 895-944. 

SNOBOL d i f f  e r s  cons iderably f rom the  languages of the  
FORTRAN-ALGOL-PL/~ a lgebra ic  c l a s s  both i n  the  nature  of the  
data with which i t  i s  concerned, and i n  the  nature  of the  
statements out of which complete programs a r e  composed. 

In  the SNOBOL language every datum and the  value of 
every var iable  i s  a  character  s t r i n g .  Only one bas ic  
statement, the  s t r i n g  matching-replacement statement, i s  

provided i n  the  SNOBOL language. The language provides t h i s  
statement both i n  a  fu11 and i n  severa l  degenerate versions 
which w i l l  be described i n  d e t a i l  i n  the  present sec t ion.  
The main data s t ruc tu res  maintained by the  SNOBOL processor 
may be described a s  follows. A l 1  s t r i n g  data  known t o  the  
SNOBOL processor i s  col lec ted  i n t o  one general body of BCD 

t ex t ;  t h i s  data body may be ca l l ed  the  comprehensive t e x t  

ar ray .  Each individua1 s t r i n g  known t o  the processor i s  - 
represented as  a  subst r ing of t h i s  t e x t  ar ray .  A named 
s t r i n g  of the  SNOBOL language i s  defined by a p a i r  of 
substr ings of the  t e x t  array,  the  f i r s t  of these substr ings 
being the name of the  s t r i ng ,  and the  second of these  
substr ings being the  value of the  s t r i n g .  Thus a named s t r i n g  
i s  represented t o  the SNOBOL processor by the  s e t  of four  
f i e l d s  indicated below: 



a " s t r i n g  desc r ip to r" .  In (l), Iname 1' i s  a po in t e r  t o  the  

(1) 

f i r s t  character  of t he  name s t r i n g  of t he  descr ip tor ,  and 
hame 2 '  i s  a po in te r  t o  t he  l a s t  charac ter  of t he  name s t r i n g  

A s e t  of f ou r  f i e l d s  a.s shown i n  (1) together  cons t i t u t e  

name 1 

of the  desc r ip to r .  Similar ly,  'value 1' and 'value 2' a r e  

pointers  t o  t he  f i r s t  and l a s t  charac ters  respect ive ly  of the  

name 2 

value s t r i n g  of t he  descr ip tor .  A l 1  of these  pointers  of 
course reference p a r t i c u l a r  charac ters  i n  the  comprehensive 

value 1 

t e x t  ar ray .  I f ,  a t  a given point  i n  a SNOBOL computation, 
any of t h i s  information has not  ye t  been esta.blished, t he  
corresponding f i e l d  i s  s e t  equa1 t o  zero. Thus, f o r  example, 
i f  no spec i f i c  value has ye t  been assigned t o  a named var iable  

i n  a SNOBOL program, the  va r iab le  i s  considered t o  have a 
nomina1 n u l l  s t r i n g  value, indicated by s e t t i n g  both f i e l d s  
Ivalue 1' and 'value 2 '  i n  i t s  desc r ip to r  t o  zero. 

As the  statements i n  a SNOBOL program a r e  successively 
executed, new va-lues may be assigned t o  a previously named 

SNOBOL var iable .  This i s  accomplished by changing t he  t va.lue 
f i e l d s  of the  unique s t r i n g  desc r ip to r  of the  var iable .  New 
var iables  ma.y a l s o  be defined and assigned values. This i s  
accomplished by s e t t i n g  up a new s t r i n g  desc r ip to r  with the  
proper lname1 and Ivalue1 f i e l d s .  Final ly,  add i t iona l  t e x t  
rnay be generated and added t o  t he  comprehensi.ve t e x t  a r ray .  

A SNOBOL program i s  organized a s  a sequence of statements,  
each of which spec i f i e s  t he  execution both of a bas ic  s t r i n g  
operation and of a (possibly degenerate) condi t ional  t r a n s f e r .  
The fundamental SNOBOL s t r i n g  operation i s  t h a t  of ma.tching a 
reference s t r i n g  t o  a pa t t e rn .  Any SNOBOL s t r i n g  may serve as  
p-- 

the  reference s t r i n g  f o r  such a matcliing operation. S t r i n g  
constants i n  SNOBOL a re  wr i t t en  by enclosing t h e i r  1 i t e r a . l  
s t r i n g  i n  quotations.  Thus, 



i s  an example of a SNOBOL s t r i n g  constant,  as i s  

( 3 )  I~THIS IS A SNOBOL STRING CONSTANT WITH SPACES" 

The simplest  form of SNOBOL pa t t e rn  i s  an in terspersed 

sequence of s t r i n g  constants  and s t r i n g  var iables .  A s t r i n g  
constant i n  a pa t t e rn  i s  wri t ten ,  j u s t  as  any other  s t r i n g  
constant,  by enclosing i t s  value i n  quotation marks. Severa1 
d i f f e r e n t  types of var iables  a r e  provided i n  the  SNOBOL 

language. The simplest of these  i s  t he  named general  var iable ,  
wr i t t en  simply by enclosing the  name of the var iab le  i n  a p a i r  
of a s t e r i sk s .  Thus *X*, *Y* ,*Z*, *XX*, *YY*, etc. ,  a r e  
SNOBOL named general  varia.bles. A SNOBOL pa t t e rn  involving 

the  f i r s t  t h r ee  of these var iables  i s  shown i n  (4) .  

I n  matching a. pa, t tern l i k e  (4 )  t o  a reference s t r i n g  l i k e  ( 2 ) ,  

one aktempts t o  match every p a r t  of the  pa t t e rn  t o  a p a r t  of 
the  reference. To match a constant occurring i n  t he  pa t t e rn  

requires t h a t  a p rec i se ly  iden t ica1  por t ion of t he  reference 
be found. A varia.ble i n  t he  pat tern ,  on the  o ther  hand, i s  

taken t o  ma.tch any n u l l  o r  non-null s t r i n g  of successive 
characters  i n  the  reference s t r i ng ;  i f  severa1 a l t e r n a t i v e  
matches a r e  possible,  a va r iab le  i s  always taken t o  match the  
sho r t e s t  possible subst r ing of t he  reference s t r i n g .  If a 
match of every element of a pa t te rn  t o  a corresponding p a r t  
of a reference s t r i n g  i s  possible,  the  pa t t e rn  match i s  

successful ,  and a system success- fa i lure  f l a g  i s  s e t  t o  
ind ica te  t h i s  f ac t .  Moreover, i n  case of a successful  match, 
every var iable  i n  the  s u c c e s s f u l ~ y  matched var iable  i s  assigned 
a new value, namely, the  p a r t  of the  reference s t r i n g  w'hich 



it matches . I f ,  on ' the  o ther  hand, not every element of the  
pa t t e rn  can be matched t o  a p a r t  of the  reference s t r i n g ,  t he  

attempted match i s  sa id  t o  f a i l ,  and t he  SNOBOL system 
success- fa i lure  f l a g  i s  r e s e t  t o  a " f a i l "  condition. In t h i s  

case, no new value i s  assigned t o  t he  var iables  occurring i n  
the  pat tern .  

As an example, we may cons ider . the  appl ica t ion of the  
SNOBOL matching process t o  t he  reference s t r i n g  ( 2 )  and the  

pa,ttern ( 3 ) .  The reader may ve r i fy  t h a t  i n  t h i s  case a match 
i s  possible.  The d e t a i l s  of t h i s  match a r e  shown i n  (5) : 

ma.tches matches ma.tches 
* x* * Y* * z* 

( 5 )  
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The successful  match shown i n  (5)  would assign the s t r i n g  

value "ISASNOB" t o  the  name "x", the s t r i n g  value 
"STRINGCONSTANT~~ t o  "Y", and the  s t r i n g  value t r ~ ~ ~ ' t  t o  t he  
name "z". 

In addi t ion  t o  the fundamental matching operation, whose 
main fea tu res  a r e  described above, the SNOBOL language admits 
s t r i n g  expressions and operations described by such expressions. - 
St r ing  expressions may be formed from s t r i n g  names and quoted 
s t r i n g  constants using e i t h e r  concatenation, which appl ies  t o  
a r b i t r a r y  s t r i ngs ,  o r  using the  ar i thmet ic  operations +, -, 
*, / , ** which apply only t o  s t r i n g  var iables  whose values 

represent va l id  integers .  ( ~ o t e  i n  p a r t i c u l a r  t h a t  ar i thmet ic  
i s  handled on a character  s t r i n g  bas is .  ) Concatenation i s  
s ign i f i ed  by t he  successive placement, separated by blanks, 
of the  s t r i n g  var iables  and s t r i n g  constants whose values a r e  
t o  be concatenated. A SNOBOL expression may a l s o  involve a 
c a l l  t o  a s t r i n g  funct ion of one o r  severa1 var iables  wr i t t en  
i n  the  ordinary p re f ix  s ty l e .  The following i s  a t yp i ca l  

SNOBOL expression: 



In the above expression t JIMf is a variable and F(I, J) is a 
function. By concatemting the value of the variable tJiM1 
and the vahe of the function F ( I , J )  with the preceding 
constants a.nd with the value of the arithrnetic subexpression 
"-3" * "2" + "7" (this value is of course the string Il1), we 

obtain the value of the whole expression. 

We have now described al1 the principal elements of the 

SNOBOL language, and can go on to describe the genera1 SNOBOL 
matching-replacement statement. 

The language provides this statement both in a fu11 and 

in severa1 degenerate versions. The fu11 matching-replacement 
statement consists of six parts: a label part, a string 

reference -3 a pattern, an equals sign, a replacement part, and 

a routing indicator part. 
1) The first of these six parts, the label, is optional. 

If presentj it labels the statement in which it occurs, so 

tha,t transfer may be made to the statement from other points 

in a. SNOBOL program. 

2 )  The string reference part is a string expression, 

evaluation of which is the first step in execution of a 

nondegenerate matching-replacement statement. Evaluation of 

the reference expression yields the string to which the 

remainder of the SNOBOL matching-replacement statement will 

refer for matching and for replacement; this string may 

appropriately be called the ref erence string. 

3 )  The pattern part of a matching-replacement 
statement consists of a sequence of string expressions and 

string variables. In executing a matching-replacement 

statement, the SNOBaL processor attemptsj in the manner 

indicated above and described in more detail below, to 
match the pattern against the reference string. A match 
attempt will either succeed or fail. Depending on 



t h e  outcome of an attempted match, a auccess-failure flag 
is s e t .  I f  t h e  match succeeds, t h e  match processar a l s o  
ass igna  new values  to any va r i ab lea  occurr ing  i n  the pattern. 
Additlonally, a success fu l  p a t t e r n  match d e f i n e s  a p a r t i c u l a r  
s u b s t r i n g  of t h e  r e fe rence  s t r i n g ,  to wit, t h a t  p a r t  of 
t h e  re ference  s t r i n g  which matches t h e  p a t t e r n .  T h i s  s l ibstr ing,  
def ined a t  t h e  conclusion of a successfu l  p a t t e r n  match, 
may be c a l l e d  t h e  - designated s u h s t r i n g  of t h e  re ference  s t r i n g .  

4) The replacernent po r t ion  of a  matchtng-replacement 

statement i s  an  expression which i s  evaluated fol lowing a 
success fu l  p a t t e r n  match and whose value r ep laces  the  
des iena ted  s u h s t r i n g  of the re ference  s t r i n g .  

5) The f i n a l  p a r t  ~f t h e  fu11 SNOBOL matchtng-replacemnnt 

s ta tement  1 s  t h e  rou t ing  p a r t  . T h i s  p a r t  is d e l i m i t e d  by 
a prefixed slash following which one o r  two l a b e l s  i nd i c r i t i ng  

the p o i n t s  t o  which t r a n s f e r  5 3  t o  be made on 'success o r  
on f a i l u r e  of  the  preccding steps o f  c a l c u l a t i o n  and matchtng. 

Some of t he  p a r t s  of the  complete rna tch inprep lacemont  
statement descr ibed  above a r e  op t iona l ;  hy o m i t t i n j  t h e  
var?ous  optional. p a s t s  we 0btai.q the  var ious  degenerate 
v e r s i m s  o r  the  s ta tement .  

i) The l a b e l  p a r t  of a SNOROT, atatement mag be 
orni t t,ed . 

<.i) The re ference  p a r t  of a s ta tement  may be omttted,  

l?ut o n l g  if tFe following p a t t e r n ,  e - i a l o  sio;n, and r ~ p l a c e -  

mcnb g a r t  a r e  al-so o r n l t t w l .  T n  t h i s  c a s e  the matching- 
replacernent  ~ t n t e m e n t  coqsi .ots on7y  of  a r o n t i n g  p o r t i o n  

m d  a c t s  as  a covd? . t lona l  GO T@ sta?ement. 
iii) Tf t he  reforenca IR mt ~ m i t t e d ,  the p a t t e r n ,  the 

rip ' lacerrient p a r t ,  and t h e  r o u t i n ~ ;  p a r t  may each e l the r  ho 

omlttcd o r  be pr-sent ,  ~ x c e p t  t h a t  i P  t he  cqual-sign 
s i p s w t i n g  t h ~  9 n t t ; e r n  and r cp l  scemcnt p a r t  3.s omittiid, 
t he  r e ~ l ~ a c r ? m e n t  p a r t  must a l s o  he orni-tted. TJP t h ~ !  cnpal-  

s i y  l..s ~ r e s m t  anA no erpl .Ccl t  replaccment p ~ r t  ocwi r s .  t h e  



SNOBOL processor will assime that the null atring i8 intended 
as the replacement part. Ornission of the pattern reduces 

the rnatching-replacement statement to a atring assignment 
statement followed bg a conditional transfer statement. 

iv) If the replacement part is omitted, pattern matching 

will still be carried out, and, on successful match, assign- 
ment of new values will be made to the varlablea occuring 

within the pattern. However, no replacement of the designated 
substring of the reference string will be made. 

v) If the routing part of the SNOBOL statement i8 
omitted the SNOBOL processor will, on completing executlon 
of the matching and replacement parts of the statement, 

pass irnmediately to execute the next following SNOBOL 

statement. 

The routing portion of a SNOBOL statement begins 
with a slash which separates it from the earlier portions 
of the SNOBOL statement. One or two routing expressions 
will follow this slash. The allowable routing expressions 
have the form 

The letter "Su has the semantic significance: transfer if 
the system success-failure flag is in the success condition. 
Similarly, "l?" requests transfer if the success-failure 
flag is in the failure state. The presennc of parentheses 
hut the absence of either of the letters S or F requests 
unconditional transfer. The expression occurring in 
parentheses in either (a), (b) or ( C )  above may be an 
arbitrary string expression. 

The following sample SNOBOL statementa will illustrate 
the above discussion. 

Statement (7) is a labeled SNOBOL statement. The value 
of the named string TEXT will be the reference atring during 



t h e  execution of s ta tement  (7) .  I n  case  of  success fu l  
match, t h e  deslgnated s u b s t r i n g ' w i l l  be replaced with a 
s i n g l e  blank, and t h e  s ta tement  l abe led  with the l a b e l  
G$T w i l l  be executed nex t .  If t h e  match i n  (7) f a i l s ,  
t h e  next  fol lowing s ta tement  i n  t h e  program conta in ing  
s ta tement  (7) w i l l  be executed.  

' Statement (8) con ta ins  no p a t t e r n ,  and hence reduces t o  
a  s t r i n g  assignment s ta tement .  The value of the  r e fe rence  
s . t r ing  STR becomes "F@JL BALL" . 

The syntax and t h e  semantics of t h e  SNOBOL expression 
a r e  both s t r a igh t fo rward .  A s  noted above, t h e  only  i n f i x  
opera t ions  provided a r e  t h e  b a s i c  a r i thmet i c  ope ra t ions  
and t h e  s t r i n g  concatenation ope ra t ion .  During t h e  
a c t i o n  of t h e  SNOBOL proeessor ,  every opera t ion  not  only  
retu.rns a  value bu t  s e t s  a  success - fa i lu re  flag which i s  
a v a i l a b l e  f o r  subsequent use by the  SNOBOL processor .  Thus, 
f o r  example, an attempt t o  apply an a r i thmet i c  operat ion 
t o  a p a i r  of s t r i n g s ,  one of vrhich has a value which is 
not  a v a l i d  i n t e g e r ,  a s ,  f o r  example, "~23456"  w i l l  s e t  the 
f a i l u r e  f l a g ,  terminate  eva lua t ion  of the  expression and 
c a w e  t h c  SNOBOL processor  t o  t r a n c f e r  t o  another  SNOBOL 

s ta tement .  Arithmetic expressions may be enclosed i n  paren- 
thcses .  A l e f t  p a r e n t h e s i s  beginning an a r i thmet i c  expression 
must always be preceded by a bl.ank space.  

The pref ixed  monndic dcllar s i g n  ope ra to r  ($)  is 
used t o  s i p i f y  i n d i r e c t  re? erence within a SNOBOL expression,  
i .e., $JIM des ignates  the  val i ie  of  t b c  va r i ab le  Wose  name 
is eqi.ial t o  the  value of the  v a r i a b l e  JIM* The t rzatment  

11 o f  %bis i n d i r c c t i o n  operator"  is b e s t  understood by re ference  
t o  t"le underlying opera t ion  of the  SNOEOL processor .  A t  

sny ~ i v m  noment t h c  SN0;SOL i n t e r p r e t e r  i .s aware both of a 
body o f  acci~mul-ated t e x t  contained i n  the t s x t  a r ray ,  ind 

of  a cornprehensive c o l l e c  t i o n  o f  s t r j . n ~  d e s c r i p t o r s  of the  
form shown I n  ( l ) ,  contained i.n a dynanitcally varying s t r i n g  
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d e s c r i p t o r  t a b l e .  I n  eva lua t ing  string expressions, and 
f o r  o t h e r  purposes a s  well, t h e  SNOBOL l n t e r p r e t e r  makes 

of a  b a s i c  l o c a t i o n  func t ion  DESCRIPT, which, given a 
s t r i n g  value,  f i n d s  a  d e s c r i p t o r  i n  t h e  d e s c r i p t o r  t a b l e  
whose name s t r i n g  i s  i d e n t i c a 1  t o  the given s t r i n g ;  if none 
such e x i s t s ,  DESCRIPT r e t u r n s  an i n d i c a t i o n  of t h i s  f a c t .  
( ~ h e  d e s c r i p t o r  t a b l e  i s  most appropr i a t e ly  maintained a s  
a hash t a b l e ;  a hashing technique i n c r e a s e  t h e  e f f i c i e n c y  
of the  b a s i c  DESCRIPT func t ion  above what i t  would o the r -  
wise b e ) .  The d o l l a r  s ign  r e p r e s e n t s  e x t e r n a l l y  what i n t e r n a l l y  
1s a c a l l  on t h e  basic funct ion  DESCRIPT. 

SNOEOL express ions  may a l s o  conta in  func t ion  ca l . l s ,  
w r i t t e n  I n  t h e  o rd ina ry  p r e f i x  s t y l e .  A func t ion  c a l l  i n  a 
SWOEOL expression c o n s i s t s  of a  name, followed without any 
in t e rven ing  space by a l e f t  pa ren thes i s ,  followed by a  
s t r i n g  of arguments, followed by a te rminat ing  r i g h t  
p a r e n t h e s i s  . 

Function c a l l s  a r e  r ecur s ive ,  and involve t h e  fol lowing 
conventions.  A c a l l  on a func t ion  must be preceded by a  
c a l l  t o  t h e  I SNOBOL 'DEFINEf func t ion .  This func t ion  c a l l  i s  

requi red  t o  have t h e  form 

I n  ( g ) ,  'namerl must be a e t r i n g  expression whose value 
has  the  f o n :  name(argument 1, argument 2, ...). 
The Btringlnamef i s  t h e  assigned name of t h e  funct ion  
being def ined;  argument 1, argument 2, e t c .  a r e  t h e  names 
assigned t o  t h e  argument v a r i a b l e s  of t h e  func t ion .  The 

e n t r y  '1-abell i n  (3)  i s  a  s t r i n g  expression whose value 
determines t h e  e n t r y  p o i n t  t o  t h e  code sequence which i s  
t o  be used f o r  c a l c u l a t i n g  t h e  func t ion .  The t l o c a l ' v a r i a b l e  
d e f i n e r '  which forms the f i n a l  p o r t i o n  of the  DEFINE 
statement  must, i f  preeent ,  be a s t r i n g  expression whose 
value i-s a  li& of v a r l a b l e  names whose va lues  are  to be 



saved on en t ry  i n t o  the func t ion  and r e s t o r e d  on r e t u r n  from 
t h e  func t ion .  However, t h e  l o c a l  v a r i a b l e  def iner 'may be 
omit ted.  The SNOBOL DEFINE func,tion 1s dynamic i n  t h e  sense 
t h a t  when executed i t  e i t h e r  causes a new e n t r y  to be made 
i n  a funct ion  t a b l e  ( c . f .  below) o r  causes  an o l d  e n t r y  i n  
t h i s  t a b l e  t o  be modified.  The use of t h e  genera1 form (3) 
i s  i l l u s t r a t e d  by t h e  fol lowing p a r t i c u l a r  examples: 

DEFINE ( "REVERSE(X) I', "REV" ) 

When a funct ion  i s  invoked, t h e  address  t o  which r e t u r n  
i s  t o  be made on completion of the  funct ion  c a l c u l a t i o n  i s  
saved on a  pushdown s t a c k .  The value of a l 1  t h e  funct ion  
argiunents and of a l 1  t h e  l o c a l  v a r i a b l e s  belonglng t o  t h e  

r func t ion  a re .  a l s o  s tacked .  The value of each of the  dec lared  
argliments of the  funct ion  i s  s i t  t o  the  value of t h e  
corresponding a c t u a l  argument; t he  value of each of tho  
dec lared  l o c a l  v a r i a b l e s  of t h e  funct ion  1 s  s e t  t o  t h e  n u l l  
s t r t n g .  Thc funct ion  ncme l s  t r e a t ~ d  a s  a v a r i a b l e  nnme, 
snd its value s e t  equa1 t o  t h c  nu.11 s t r i n g .  The l a s t  value 
assigned t o  t h c  funct ion  name before rn tu rn  from the subrout ine 
determines the  value reti irned by t h e  f u n c t i o r ~  . On completion 
of whatever !.nternal c a l c u l a t i o n  the  funct ion  i s  t o  p e r f o m ,  
r e t u r n  t o  the c a l l i n g  p o i n t  i s  accomplished a  nominal 
t r s n s f e r  t o  one of the  two durnmy l a b e l s  RETURN and FRETUIIN. 

E i t h e r  of these  nominal t r a n e f e r s  r e t u r n s  t o  t h e  l a s k  ' 

previous ly  s tacked r e t u r n  addrese. Nomina1 t r a n s f e r  t o  ths 
nominul RETURN l a b e l  s e t s  t h e  system success-wfailure flag 
to t% ~. ' icw-.so cor;d!. t i o n ;  corres;?cnd.ln;! trnnsf 'er  t o  the FRETURK 

13ke1 r a t e  ti12 s;'r,tcn succevs-f aLli1r2 f l . 2 ~  t o  t!:̂ f  ~ t ! . i ~ r ~  

!.aii~uzge : t h c  g m i r  a l  v c l r i n b l e ,  -- -- - t i i ~  _ _ -  p::rcritl?~s!.s-balanced __ P 

v a r i s b l e  and tha f i xed - l eng th  v a r i a b l e .  Any o r  a13 o? these  
- I - - -  - - 
v a r i a h l e  t y p e s  mny be used in f e r m i n z  a SNOTOL p a t t e r n .  T5-e 



I n  (12)  ' e x p r t  denc tes  a s t r i n g  express ion  which i s  t o  be 

eva lua ted  and whose va lue  d e f i n e s  t h e  name of  t h e  named v a r i a b l e ,  

The second form shown in (12)  is  t h e  form of  a null-named 

o rd ina ry  v a r i a b l e  . The form of a parenthes is -ba lanced  v a r i a b l e  i s  

Here aga in  ' expr '  i s  an express ion  whose e v a l u a t i o n  determines 
t h e  name of t h e  nanied q a r i a b l e ;  t h e  second form shown i n  (13)  
i s  t h e  form of  a null-named, parenthes is -ba lanced  v a r i a b l e .  
The form of  a s p e c i f i e d  l e n g t h  v a r i a b l e  i s  

I n  ( 1 4 )  ' expr  1' i s  an express ion  whose e v a l u a t i o n  determines 
t h e  name of t h e  s p e c i f i e d  l e n g t h  v a r i a b l e ,  w h i l e . ' e x p r  2 '  i s  

an express ion ,  whose va lue  must be a  s t r i n g  denot ing  a  v a l i d  
p o s i t i v e  i n t e g e r ,  which i n t e g e r  determines t h e  l e n g t h  of t h e  
s p e c i f i e d  l e n g t h  v a r i a b l e .  The second form of t h e  s p e c i f i e d  

l e n g t h  v a r i a b l e  shown i n  ( 7 )  i s  t h a t  i n  which t h e  name of t h e  

v a r i a b l e  i s  n u l l .  

The fo l lowing example of a  SNOBOL p a t t e r n  i l l u s t r a t e s  va r ious  

of t h e  p o s s i b i l i t i e s  d i scussed  above. 

(15)  "A" * * $BUMP *(JIM JgE + ' l f ) *  *JIM/J@E + "1"" 

The p a t t e r n  (15)  c o n s i s t s  of t h e  coded s t r i n g  cons tan t  A ,  

followed by a  n u l l  v a r i a b l e ,  followed by t h e  express ion  $BUMP 
which may be eva lua ted  by a s i n g l e  i n d i r e c t  r e f e r e n c e ,  
followed by a  p a r e n t h e s i s  balanced v a r i a b l e  whose name i s  

t o  be c a l c u l a t e d  by e v a l u a t i n g  a SNOBOL express ion ,  followed 
by a  s i n g l e  s p e c i r i e d  l e n g t h  v a r i a b l e .  

The matching of  a  p a t t e r n  t o  a r e f e r e n c e  i n  t h e  execut ion  
of  a  SNOBOL s ta tement  proceeds a s  fo l lows .  The express ion  
c o n s t i t u t i n g  t h e  r e f e r e n c e  i s  eva lua ted ,  If t h i s  e v a l u a t i o n  

f a i l s  a t  any p o i n t ,  a l1  f u r t h e r  execut ion  of t h e  matching- 
replacement s ta tement  i s  suppressed and t r a n s f e r  i s  



ro7M.nu  r>n r t l on  o f  t h c  replacement s t a t emen t .  If, on the 
7 ' "  

o tlm- hnnd , the r r r f c r ~ n c r  c m  ' be si.icce~st'i?Lijr w e l u a t e d ,  
C , , ;  * ' " 

. . 
-4 .: I ' i t 8  ' I 

I t s  v a h e  ddxmni.nee t l ~  namr! o f  the ~tring a p i n ' s t  &ich 



y q y t i o n  of' t h e  r a t c h i n g - r e p l a c e m e n t  s t a t e m e n t  t o  determlne 

n e x t  SNOPOZ. a tc . tement  t o  be exccu.ted. The s w x e s s f u . l  
co.nle.t;hm of 9 rnatch a l s o  defines t h e  desleriated s u b s t r i n g  
of' t h e  referencq string a$ t h a t  siibpsrt which i s  matched 
b:r a3-I thc p a t t a r n  elemcnts togcther .  If t h e  ma tch ing -  
w p l  acement statemerit c o n t a i n s  an equal-s ign,  the rep3 acement  
v p ~ e . j s t m  to.l..lowing t h e  e g ~ a l - s l g n  i s  t h e n  e v a l v a t e d .  Il? 

the systom' siic,cess-f ail1ire f'lag ts set  t o  f a i l i r e  a t  

any p o i n t  d v r 3 . n ~  t h e  e v a l u a t i o n  of thls replacement expression,  
t h e  r e p l a c e m e n t  ope ra t i c rn  is broken of f and the i n t e r p r e t e r  
proceeds a t  once t o  ~ x e c u t e  the rou t ing  p o r t i o n  of the 
matching-re~lacement stalement. If, on t h e  o t h e r  hand, 

e v s l u a t i o n  of t h e  replacement; expression 1s successful ,  the 
s t r i n s  v a l v e  of the replacernent expression replaces tk 
des i&ated  s u b s t r i n g  of' t h e  reference h r i n g ,  therebg 

ass igning  i new v a l v e  to the reference v a r i a b l e .  I n  this 

case  t h e  sirccess-failure flag i a  left set t o  the  success s t a t e  



and t h e  r o u t i n g  p o r t i o n  of the matching-replacement s t a t e -  
ment  i s  executed.  

Wc have next t o  c o n s l d e r  the  procedure employed by 

t h e  SNOBOL interpreter when i t  f i n d s  t h a t  a p a r t  of t h e  

p a t t e r n  W l c h  :-t C s  attempting. to match t o  a s u b s t r i n g  o f  
t h e  r ~ f e r e n c e  s t r i n g  cannot  be so matched.  When t h i s  occurs ,  

t h e  match p rocesso r  r e t u r n s  t o  the  l a s t  precedine p a t t e r n  
v a r l a b 3 e  and attempts to expand t h e  snbs t r ing  of the  

r e f w m x e  s t r i n g  t o  whicb t h i s  l a s t  p rccsd lng  v a r i a b l e  
h a s  bem matched.  Silch extension 1s logical.1.y p o s s i b l e  

?A' the v a r i a b l e  5.8 a genera1 or a  pnrenthesls-hai-anced 

v a r i a b l e :  t h e  genera1 varlable can be matched t o  a l o n g e ~ ?  
s u b s t r t n g  of the  r e f ~ r e n c e  s t r i n z  simply hy rnatciiing i t  t o  

n suhstring one  c 'qaracter  longer  than  h a s  been used f o r  
i t s  p r ~ c a d i n g  ma tch ; a paren thea i s -ba lanced  v a r i a b l e  may 

havc t o  bc matched t o  a sizbstx2inn; wh ich  i s  conaiderably 

3onc:er i n  o r d e r  t h a t  t h e  condition of parenthrsis balance  
be r e s p e c t e d .  (0f coimse, t h e  a u b s t r i n x  to which a f ixed  

len ,yth  v a r t a h l o  t s  matched cannot  b e  extended i n  l e n g t h )  . 
Exten,c;lon o t  t h e  subs t r ing  matched by a genera1 v a r i a b l e  
i K i . 3 .  be i m p o s s t b l e  o n l y  i f  the  p r e s c n t  match of the  v a r i a b l e  

G exteridz il1 t 'rir? v:r;y ,,o 'che cricl of t h e  referonce s t r i n g .  



in attcm-->tins t9 m a W .  t h e  fYmt $lernent  of' a p a t t e m .  I n  
1t ths umnchor"  mode, thp f i r s t  elernent of' t h e  p n t t e r n  tu 

zlloaed to matab  n s u h s t r i n g  of t hc  refercnce string 

bc=lnninc a t  nny c h r r s c t w  of t l ~ e  r e fe rwce  string. I n  
t b o  "anchorerl" m ~ d 2  the f i r s t  y a t t c r n  elcmerit I s  requlred 

to n a t c h  3 p o r t l o n  of the referenae s t r i n s  beginnlng 
a t  I t s  tirst c h a r a c t e ~ .  Thts mode switck 1s toggled by 

a p ? i r  of  diunmy string f u n c t i o n  calls, MODI~("ANCIIOR~')  and 
MODE("U~TANC:I"). In view of the frequency wi th  which 



L entry 
?or each 
~ a t t e r n  
~ a r t  

l-t last 
Il 

- - 
matched 

BE '~ .P)~  pattern 
element 

PATPART (M) BEGIN (M) 
= pattern parts stack = begin-of --match pointer stack 

Figure 1. Infomation stacks used by matching process 
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SNOROI, match process aZgorithm - _.. -. .- 

Siibroutine MATCYER(R~~, ~ o p a  t, P-atpart) 
Save  va l i i es  n f  al!. va r iab3es  in P a t p r t  
( ~ q - m t  = N m b m  of y a t t e r n  elements) 

NP = o 
Zero a3 1 s n t r i e s  in Fegin stack; ~ e ~ : l . n ( l )  - 1 



V . ~ . : I P  . ~ a t p n r t  (MP) - [TRW, T O ~ ]  ; go to S s t n e x t  

Tf ? P @ ~ ( M P + I )  =O, = R ~ ~ - L ~ ( M P )  anA 80 to S e t v l  
41se Top - ~ e y t n ( ~ ~ + l ) + l ;  so to Ove? 

a n l ~ :  ~f ( ~ c g l n  !MP+I ) =O) ~ < e g i n  (MP+I) = ~ e g i n  ( M P )  
T3i.ypr : Top = ~ e ~ i n ( ~ ~ + 1 ) + 1 .  Xf (TOP k n )  go to Nomatch 

~f ( ~ ~ A L A N C E D ( L O W ,  TOP) ) eo to ~ e t v l  
E l . se  yo to RIgger. 



The SNOROL i n t e ~ r e t e r  handles  the final or r o u t i n g  
p a r t  of  a matching-replacement staternent a8 follols. 

Ang s t r i n g ,  expression o c c i ~ r r l n g  i n  t h e  r o i ~ t i n g  p a r t  i s  

eva lva ted  . A f a i l i ~ r e  c o n d t t i o n  arising d i i r i n g  t h i s  evaluat ion 
1 s  considered t o  be a programmer er ror  and l eado  to thct 

p r i n t i . n y :  oP a dio[l;nost.f.c message and the t e r m i m a t i o n  of 

SNOROL -xeaiiticrn. Sf, on the q t h e r  hnnd, a l  l ~ x p r e s s i o n s  
c c c i i r i l . n ~  fn the r o u t i n g  p o r t l o n  of a SNOROL atatement a r e  





7.3 SIMSCRlPT - An Algebraic language adapted Por simulation. 

SIMSCRiPT i s  a spec i a l  purpose a lgebra ic  llanguage with 

added l i s t  processing and s t a t i s t i c a 1  fea tu res  intended to 
f a c i l i t a t e  the  wr i t ing  of simulation programs. 

The o r ig ina l  SIMSCRIPT system f o r  t he  IBM 7094 was 
developed by Markowitz, Hausner, and Kar r  of the  Rand 

Corporation. In what follows, we s h a l l  describe a version 
of the  SIMSCRIPT language agreeing with t h i s  o r i g ina l  system 
i n  most e s s e n t i a l  respects  but d i f f e r i n g  i n  the  d i r ec t i on  of 

genera l i ty  and s impl ic i ty  i n  some d e t a i l s .  
SIMSCRIPT i s  organized a round an i n t e r n a l l y  ma in ta ined 

l i s t  of timed fu tu r e  events. The simulated occurrence of 

successive events dr ives  the  SIMSCRIPT processar t o  i t s  various 
ac t ions .  I n  addi t ion  exogeneous events co l l e c t i ve ly  cons t i t u t -  
ing  an exogeneous event f i l e  may be referenced during simulation 
and e f f e c t  the  flow of t he  simulation process. 

The bas ic  s t r uc tu r e  of the  main SIMSCRIPT simulator  
rout ine  i s  a s  follows. The ordered l i s t  of fu tu re  events 
i s  referenced and the  time of the  next event, e i t h e r  exogenaus 
o r  endogenous, i s  determined. An in te rna1  simulation clock i s  

then s e t  t o  the  time of t h i s  next event. I f  the  event i s  
endogenous it must be described by an endogenous event rout ine 
of the  s o r t  which w i l l  be described below. I f  the  next event 
is exogenous the  d e t a i l s  of the event a r e  determined by reading 
the  exogenous event f i l e .  Any ac t ion  rorresponding t o  the 
next event, whether it be exogenous or  endogenous, i s  taken, 
following upon which the same bas ic  simulation s t ep  i s  repeated 
i t e r a t i v e l y  u n t i 1  no f u r t h e r  endogenous o r  exogenous events 
a r e  found. 

The events with which the SIMSCRIPT main rout ine deals  
belong, from the  viewpoint of the  genera1 s t ruc tu r e  of the  

SIMSCRIPT language, t o  a more genero1 c l a s s  of temporary 
e n t i t i e s .  A SIMSCRIPT e n t i t y  i s  a data element with a 
declared subf ie ld  s t ruc tu re .  Th3 necessary s torage f o r  an 



e n t i t y  i s  dynamically a l loca ted  when the  e n t i t y  i s  created 
within the  SIMSCRIPT sys tem, and i$ relea sed f o r  re-a l locat ion 

when the  e n t i t y  i s  abolished. 

I n  more d e t a i l :  the  SIMSCRIPT system i s  organized around 
a co l lec t ion  of bas ic  data types and logica1 e n t i t i e s .  These 
include : 
( a )  the simulated clock - each event taking place during a 
SIMSCRIPT simulation i s  associated with a  value of the  spec ia l  
sys tem var iable  TIME, which represents  a simula ted  in te rna1  
clock. The value stored i n  the  clock locat ion i s  automatically 

updated by t he  system bcfore each simulated event. 
( b )  e n t i t i e s  - a SIMSCRIPT e n t i t y  i s  a  s t r u c t u r d c o l l e c t i o n  
of named data f i e l d s ,  forming a contiguous block of words 

beginning a t  a  base address; t h i s  co l lec t ion  of words may be 
ca l led  the e n t i t y  descr ip tor ,  while the  individua1 f i e l d s  i n  
the  block a r e  ca l l ed  the  e n t i t y  - a t t r i b u t e s .  Eh t i t i e s  e r e  

divided i n t o  three  sub-types: temporary e n t i t i e s ,  permanent 
e n t i t i e s ,  and event not ice  e n t i t i e s .  The manner i n  which 
these th ree  types of e n t i t i e s  a r e  dist inguished,  and the  
s l i g h t  va r ia t ions  i n  the manner of t h e i r  use, w i l l  be described 
i n  d e t a i l  l a t e r .  Event no t ice  e n t i t i e s  a r e  t rea ted  i n  much 
the  same way a s  temporary e n t i t i e s ;  each such e n t i t y  i s  
referenced via the  address of i t s  desc r ip to r  block. Permanent 
e n t i t i e s  a r e  handled more l i k e  elements of FORTRAN arrays,  

and a r e  referenced by t h e i r  name and numbes. 
( C )  The SIMSCRIPT system incorporates p> s e t s  ac tua l ly  l i n e a r l y  
s t ructured l i s t s ,  of th ree  kinds. The th ree  types of s e t s  
provided a r e  dist inguished by t h e i r  use and strutture, as 
f  ollows : 
(i) Stacks o r  LIFO l i s t s .  Such a s e t  i s  maintained as  a  
u n i l a t e r a l l y  l inked l i s t ,  and the  system maintains a  reference 
t o  the f i r s t  element of the l i s t  only. 

(ii) Queues o r  FIFO l i s t s .  SIMSCRIPT queues a r e  maintained 
as unila  t e r a l l y  l inked l i s t s ;  the system maintains a  reference 



t o  the  f i r s t  and t o  the  l a s t  element of every queue. 
(iii) Ranked l i s t s .  I$nked l i s t s  a r e  maintained a s  

b i l a  t e r a l l y  l inked l i s  t s ;  the  system maintains a reference 
both t o  the  f i r s t  and t o  the  l a s t  elernent of every ranked 
l i s t  . 

Elements a r e  entered i n t o  s tacks  a t  t h e i r  top, and a l s o  
removed from the  top of s tacks.  Elements a r e  entered i n t o  

queues a t  t h e i r  bottom, but removed from the  top  of queues. 
En t i t i e s  a r e  entered i n t o  ranked l i s t s  a t  a pos i t ion  determined 
by the  numerica1 value of a ranking a t t r i b u t e ,  i n  a manner 
described i n  more d e t a i l  below. The SIMSCRIPT system provides 
f o r  the removal of elements from ranked l i s t s  e i t h e r  a t  the 
top of the l i s t  o r  a t  any intermediate pos i t ion  i n  the  l i s t ;  
i t  i s  f o r  t h i s  reason t h a t  ranked l i s t s  use b i l a t e r a l  l inkages.  

( d )  The SIMSCRIPT system maintains one spec i a l  ranked l i s t  
f o r  system use: the  main-timing l i s t  o r  endogenous event l i s t ,  

which i s  an ordered l i s t  of event no t i ce  e n t i t i e s .  Each of 
these e n t i t i e s  describes a f u tu r e  event, t o  occur a t  a 
d e f i n i t e  time. The time a t  which an event i s  t o  occur i s  - 

determined by i t s  TXME a t t r i b u t e ;  t h i s  a t t r i b u t e  i s  maintained 
by the  system as  one of a number of spec i a l  system a t t r i b u t e s  

per ta in ing t o  event not ice  e n t i t i e s  and recorded i n  the  f i r s t  
two words of the  desc r ip to r  of such an e n t i t y  (which words 
a r e  cunsequently unavailable f o r  programmer use)  . Except f o r  
the  spec i a l  reservat ion of t he  f i r s t  two words of i t s  desc r ip to r  
block by the  SIMSCRIPT system, an event no t i ce  e n t i t y  has the  
same strutture and usage as  does an ordinary e n t i t y .  

When, i n  the  course of a simulation run, contro1 re turns  
t o  the  main schzduling rout ine of the  SIMSCRIPT system, t h i s  
rout ine examines the main timing l i s t  t o  deterrnine the  next 
event t o  be simulated. A no t i ce  e n t i t y  describing t h i s  event 
w i l l  always be found a t  the  top of the main timing l i s t .  
This e n t i t y  may e i t h e r  describe an  endogenous o r  exogenous 
event; i n  which case i t s  data subf ie lds  w i l l  contain a l 1  



necessary parameters of the  event, o r  may describe an exogenous 

event, i n  which case i t  w i l l  merely give the  time and name of 
the  exogenous event. I n  t h i s  case, pararneters of exogenous 
events a r e  read subsequently from an ex te rna l  exogenous event 

tape . During i t s  opera t ion ,  t h e  master scheduling rout ine  uses 

the  TIME a t t r i b u t e  of the event no t i ce  e n t i t y  which i t  f inds  
a t the  top of the main timing l i s t  to update the  simulated 

clock loca t ion  TIME, and then t r ans f e r s  contro1 t o  whichever 
event rout ine corresponds t o  simulated event. ( ~ f .  below 
f o r  add i t iona l  d e t a i l s  concerning these rou-tines. ) 
Table I below describes the  strutture of the SXMSCRIPT main 
scheduling rout ine  i n  more d e t a i l .  

Table I. St ructure  of the  SIMSCRIPT main 
- 

s cheduling rout ine  . 
-----, Remove no t ice  e n t i t y  E from top of main 4- 

timing l i s t ;  Se t  TIME loca t ion  from ~ I b k  

a t t r i b u t e  of e n t i t y  E; Examine TYPE 

a t t r i b u t e  of e n t i t y  t o  determine whether 
endogenous o r  
/ 

exogenous u' . . 
endogenous 

De termine NAME of endogenous 
event rout ine corresponding 
t o  TYPE a t t r i b u t e  of e n t i t y  E; 

Se t  NAME = Address of e n t i t y  E; 

Call  appropriate  endogenous 
event rout ine;  

-Loop back; 

Call  appropria t e exogenous 
event routine; 

Read next exogenous event 

time and type from exo- 
genous event tap3; 

Using time and type of next 
exogenous event, s e t  up 
exogenous event desc r ip to r  
and i n s e r t  i t  i n  appropri-  
a t e  pos i t ion  on main timing 

1ist ;  

Loop back; 



( e )  The SIMSCRIPT system allows use of an exogenous event 

tape.  This tape  conta ins  a  sequence of records,  each such 

record desc r ib ing  a  s i n g l e  exogenous event wi th  a l 1  i t s  
parameters. The information on t h i s  tape  i s  maintained i n  

s tandard FORTRAN card image form, and i s  read both by t h e  
SIMSCRIPT system rout ines  and by simulation-programmer w r i t t e n  
rout ines  with the  use of norma1 FORTRAN conventions involv ing  
READ s ta tements  with FORMATs e t c .  The f i r s t  card of t h e  
record desc r ib ing  a  p a r t i c u l a r  event must contnin t h e  time 
of the  simulated event and an i n t e g e r  desc r ib ing  t h e  type 
of the  simulated event,  both i n  s tandard format. This card 
i s  read by t h e  SIMSCRIPT main scheduling rout ine .  The 
remaining cards  a r e  t o  be read by user -wr i t ten  rout ines .  
The associa  t i o n  between the  exogenous event numbers found 
on the  exogenous event tape and the  p a r t i c u l a r  exogenous events  
t o  which they r e f e r  i s  e s t ab l i shed  by a  spec i f  i c  d e c l a r a t i o n  of 
a form described somewhat below , 
( f )  Events, represented wi th in  the  SIMSCRIPT system by event 
n o t i c e  e n t i t i e s ,  a r e  simulated by a  c o l l e c t i o n  of endogenous 
and exogenous event rout ines  and t h e i r  subrout ines .  One 
event rout ine  must be provided f o r  e a z h  type of endogenous 
and exogenous event which i s  allowed t o  occur dur ing  a  given 
simula t i o n  run. When t h e  main scheduling rou t ine  decides  
t h a t  a  p a r t i c u l a r  event i s  t o  be simulated,  it t r a n s f e r s  
contro1 t o  the  assoc ia ted  event rout ine .  Event rou t ines  a r e  
n o t i f i e d ,  on being ca l l ed ,  of the  l o c a t i o n  of the  n o t i c e  
e n t i t y  descr ib ing  the  event which they a r e  t o  simulate;  by 
reading appropr ia te  f i e l d s  of t h i s  n o t i c e  enti . ty,  they a r e  
a b l e  t o  determine a l 1  t h e  parameters of t h e  event. ( ~ f .  

Table I above. ) Exogenous event rout ines  find t he  necessary 
parameters of the exogenous event which they a r e  t o  s imulate  
by reading t h e  exogenous event tape. 



( g )  The SIMSCRIPT sysatem i s  based upon FORTRAN. 
l e g a l  FORTRAN statement  may occur  - in  a SIMSGRIPT 

A w  
program; 

t h e  SIMSCRIFT statements  themselves have a d ie t ingu i sh ing  

syntax which enables  t h e  SIWCRIPT compiler t o  recognize 
them separa t e l y  f rom FORTRAN s tatements among which they 

may be embedded. The subrout ine  descr ip t ion-and-ca l l -  

conventions i n  SIMSCRIFT a r e  i d e n t i c a 1  with those i n  FORTRAN. 

I n  p a r t i c u l a r ,  any l e g a l  FORTRAN l i b r a r y  subrout ine may be 
c a l l e d  f o r  use  wi th in  a  SIMSCRIPT program. 

( h )  The SIMSCRIPT language allows t h e  use  of l o c a l  and g l o b a l  

v a r i a b l e  names f o r  the  s to rage  of a  s i n g l e  machine word of 

information; these  v a r i a b l e  names have much the  same use and 

a r e  sub jec t  t o  much the  same conventions a s  i n  FORTRAN. A 

l o c a l  v a r i a b l e  i s  used a s  i f  it were a  FORTRAN v a r i a b l e  l o c a l  

t o  the  p a r t i c u l &  subrout ine  i n  which i t  i s  mentioned; a  

g loba l  v a r i a b l e  i s  a c c e s s i b l e  from a l 1  p a r t s  of a  ~ C M S C R I P T  

program, and has much t h e  same usage a s  a  FORTRAN Cornmon 

va r i a b l e  . 
The f i e l d s  of a  ( temporary) SIMSCRIPT e n t i t y  a r e  r e f e r -  

enced by us ing  a  v a r i a b l e  ( o r  more genera l ly  expression)  a s  

an index, and p r e f i x i n g  i t  with t h e  name of t h e  f i e l d  i n  

ques t ione  Thus, e.g., i f  I i s  a  l o c a l  v a r i a b l e  conta in ing  
t h e  address  of an e n t i t y  E of a  type f o r  which Weight and 
Volume a r e  dec lared  a  t t r i b u t e s ,  then WEIGHT(I) Jand VOLUME(I) 

a r e  expressions whose values  a r e  determined by contents  of 
the  appropr ia te  data  f i e l d s  of E. An a t t r i b u t e  of one e n t i t y  
rnay be a  re ference  t o  another  e n t i t y ,  and, accordingly,  nested 

expressions re ferenc ing  some u l t ima te  da ta  f i e l d  a r e  allowed 

a s  i n  COST(HOUSE(OWNER(D@G) ) ) . I n  t h e  above example, t h e  
v a r i a b l e  DOG must conta in  a  v a l i d  e n t i t y  address.  

Permanent SIMSCRIPT e n t i t i e s  a r e  handled i n  a  s l i g h t l y  

d i f f e r e n t  way. When a  SIMSCRIPT permanent e n t i t y  type i s  

declared ( s e e  below Por d e t a i l s )  t h e  block s i z e  of t h e  
permanent e n t i t y l  s d e s c r i p t o r  block, toge the r  with t h e  manner 



i n  which t h i s  block 1s s t ructured i n t o  data fields, i s  s ta ted .  

A t  the  same time the  number of permanent entities of each 

type i s  staked (as  i n  FORTRAN ~imensioning);'. Storage f o r  

permanent e n t i t i e s  i s  a l located  s t a t i c e l l y  a t  compile time 
(whereas s torage f o r  temporary e n t i t i e s  i s  handled dynamically) . 
Thus permanent e n t i t i e s ,  as  well  as  the  data f i e l d s  which 
they contain, a r e  referenced by numerica1 indices,  and t rea ted  

i n  much the same way as  FORTRAN arrays would be t rea ted  
(except tha t  i n  the case of permanent e n t i t y  a t t r i b u t e s  these 
arrays a re  arrays of pa r t  words whose members a r e  regular ly  

but not necessar i ly  contiguously arranged i n  memory). A 

permanent SIMSCRIPT e n t i t y  may be declared t o  have one o r  two 

indices; a doubly indexed permanent e n t i t y  is re ther  s imi la r  
t o  a FORTRAN a r ray  of two dimensions. 

The genera1 SIMSCRIPT. construct  used f o r  reference t o  
a d a t a  f i e l d  i s  ca l led  a f i e l d  expression. .-e The ' syn tac t i c  

de f in i t i on  of t h i s  notion i s  a s  follows: 

i e n t i t y  loca t o r *  = <f i e l d  expression, 
-4nteger  quanti tyr= <integer  a lgebra ic  expression> 
<algebra i c  expression> -. gterm>.;addop><term>. . . <addop>-<term% 

I - ~ t e r m ~ < a d d o p > ~ t e r m z .  . . -wddop><term> I <term> 
gaddopz = -1-1 - 
iterm, = x f a c t o r ~  * <factor> + . . . w ~ f a c t o r r  1 <fac tor>  
i f a c t o r >  = <elementr / . . . / xeleinent* I <elefient> 
xelement - <f i e l d  expression>l (xalgebraic expression>) 

I <function c a l l *  
<f i e l d  expression> = <simple var iable  name> 

l itemporary a t t r i b u t e  names(<entity loca tor>)  
l ~permanent single-indexed a t t r i b u t e  namer 

( s in teger  yuanti tyz)  
I <perrnanent double-indexed a t t r f b u t e  name> 

(xinteger  quanti ty>,  4.nteger quanti ty>) 
s in teger  algebra i c  expressiom = ia lgebra ic  expressiow- 
crea1 algebraic expressionr = xalgebraic expression> 



Function c a l l s ,  which may occur i n  algebraic expressions,  

have the  fol lowing syntax.  

resembling t h a t  used i n  FORTRAN r a t h e r  c lose ly .  Rea1 expressions 

a r e  d i s t ingu i shed  from i n t e g e r  expressions by a  l e x i c a l  

f i r s t - l e t t e r -o f -name  convention i d e n t i c a 1  t o  tha t used i n  FORTRAN. 

The most nove1 f e a t u r e s  of SIMSCRIPT come from t h e  

i n t e r a c t i o n  between e n t i t i e s  and s e t s ;  we now t u r n  t o  descr ibe  

t h e  l o g i c a 1  r e l a t i o n s  involved. Each type of s e t  t o  be used 
.in a given s imula t ion  must be declared,  and i t s  b a s i c  

p r o p e r t i e s  spec i f i ed ;  whereas t h e  a c t u a l  d e c l a r a t i o n  s t y l e  

used i n  SIMSCRIPT employs a  fixed-format, t a b u l a r  s t y l e  of 

dec la ra t ion ,  a l o g i c a l l y  equivalent  l i n e a r  d e c l a r a t i o n  form 

might be descr lbed a s  follows: 

< s e t  d e c l a r a t i o n >  = DECLARE SETS dse t  d e s c r i p t o r *  

,..,, c s e t  d e s c r i p t o r >  

< s e t  d e s c r i p t o r >  = %name> ( x s e t  type d e s c r i p t o r i )  

< s e t  type d e s c r i p t o r s  = LIFO, < in tege r r l  FIFO,4.nteger> 

I vanked  s e t  d e s c r i p t o r >  
vanked  s e t  d e s c r i p t o r >  = RANKED, d n t e g e r r ,  <ranking 

a t t r i b u t e  names, <arder keyword> 

xorder keywords = INCREASING I DECREASING 

In  < s e t  type desc r ip to r ,  and Xranked s e t  d e s c r i p t o r >  above, 

the  < i n t e g e r >  which occurs may be e i t h e r  0, l-, o r  2, and 

descr ibes  the  nwnber of ind ices  required t o  i d e n t i f y  a  
s e t  of a  p a r t i c u l a r  type. A s e t  with no s u b s c r i p t s  w i l l  

always be referenced through a  g loba l  v a r i a b l e  having t h e  

same name as  t h e  s e t  and addressed by t h i s  name throughout 

the  wl-iole of a SIMSCRIPT code. Such a s e t  i s  the re fo re  used 
i n  "global"  fashion.  A s e t  wi th  a  s i n g l e  subsc r ip t  w i l l  

a lways 'be referenced e i t h e r  through a  f i e l d  (LIFO case)  o r  



through a p a i r  of f i e l d s  (FIFO and RANKED cases)  belonging 

t o  some other  e n t i t y  a s  a t t r i bu t e s .  Such a s e t  is therefore  

at tazhed t o  some o ther  e n t i t y  (temporary o r  p e m n e n t ) ;  
t h i s  e n t i t y  i s  the  -- owner of the  s ingly  indexed s e t .  A s e t  

with two subscr ip ts  w i l l  always be referenced through e i t h e r  

a  f i e l d  (LIFO case)  o r  through a p a i r  of f i e l d s  (FIFO or  
RANKED case)  belonging t o  a permanent e n t i t y  a s  a t t r i b u t e s ;  
note t ha t ,  s ince  a t t r i b u t e s  of permanent e n t i t i e s ,  l i k e  

permanent e n t i t i e s  themselves, a r e  addressed by numerica1 
subscr ip ts ,  a  doubly indexed s e t  i s  addressed using a p a i r  
of in teger  subscripts .  I f  a  temporary o r  permanent e n t i t y  
type is ever t o  be the owner of an indexed s e t ,  the  e n t i t y  

type must include among i t s  declared a t t r i b u t e s  an a t t r i b u t e  

ca l led  FNAME, which must be assigned a f i e l d  long enough t o  
contain an address; t h i s  f i e l d  i s  used by the  system t o  
reference the  f i r s t  element of the  s e t  NAME owried by t he  

e n t i t y .  ( F  i s  used conventionally f o r  "first element. 'l) 
In addit ion,  i f  the  s e t  i n  question i s  e i t h e r  nn FIFO queue 
o r  a ranked se t ,  any e n t i t y  owning the s e t  must include 
among i t s  a t t r i b u t e s  a second f i e l d  ca l led  LNAME ( l a s t  element 
ref erence) . These a t t r i b u t e s  of e n t i t i e s  owning se ta  should 
nortnally not be used e x p l i c i t l y  by the SIMSCRIPT programmer, 
but only imp l i c i t l y  via the  en t i ty - in -se t  operations which 
SIMSCRIPT provides . 

The ranking a t t r i b u t e  declared f o r  a ranked s e t  i s  used 
i n  a  manner t o  be described i n  more detail .  below in order  t o  
determine the posi t ioning of e n t i t i e s  within a se%. I f  a  
ranked s e t  i s  declared a s  INCREASING, i t s  elements w i l l  be 
arranged i n  increasing order of this a t t r i b u t e ,  and 
consequently elements with smaller valuec of the ranking 

a t t r i b u t e  w i l l  be plsced toward the beginning of the  s e t .  
I f  the s e t  i s  declared as  D E C R U S I N G ,  i t s  elem-ents w i l l  be 
arranged i n  the opposite order. 



A ranked s e t  declara t ion must always speci fy  the  
a t t r i b u t e  according t o  which t he  elements of the s e t  e r e  

t o  be ranked; every ent i ty-type which i n  the  cousse of a 
simulation may be assigned t o  the  ranked s e t  a s  a member must 
have an a t t r i b u t e  of t h i s  name. When an e n t i t y  of appropriate  
type i s  entered i n t o  a ranked s e t  a s  a member ( c f .  t t ~ I ~ ~ "  
statement below), it w i l l  be placed i n  the posi t ion  defined 
by i t s  rank. 

The spec i f i c  syn t ac t i c  form i n  which SIMSCRIPT makes 
reference t o  a s e t  i s  defined as  follows. 

<se t  expression> = xunindexed s e t  expressionsl ssingly 
indexed s e t  expression>l 4 o u b l y  

indexed s e t  express iom 
iunindexed s e t  expression> = <se t  nameì 
<singly indexed s e t  expression> = i s e t  name>(<entity locator*)  

I <se t  name>(iinteger quant i ty>)  
<doubly indexed s e t  expression* = <se t  name>(<integer quanti ty>,  

xinteger quant i ty>)  . 
Each of the  th ree  types of e n t i t i e s  provided by the SIMSCRIPT 

system, L e . ,  temporary e n t i t i e s ,  z e n t  no t ice  e n t i t i e s ,  and 

~ermanent  - -- - e n t i t i e s ,  must be declared together  with i t s  
a t t r i b u t e s .  The ac tua l  form of declara t ion used i n  the  
implemented SIMSCRIPT system i s  f ixed forma t end tabular ;  

a l og i ca l l y  equivalent l i n e a r  declara t ion form i s  a s  follows. 

itemporary e n t i t y  declara t ion> - DECLARE ENTITIES 4emporary 
e n t i t y  descriptor>, .  . . , demporary e n t i t y  desc r ip to r>  

xevent no t ice  e n t i t y  dec la ra t ionr  = DECLARE EVZNT ENTITIES 

<event e n t i t y  descriptor*,...,<event 
e n t i t y  de sc r ip to r r  

<permanent e n t i t y  declara t i onz  = DECLARE PERMANENT ENTITIES 

<permanent e n t i t y  descriptor*, ..., 
<permanent e n t i t y  de sc r ip to r ì  

[continued ] 



4emporary e n t i t y  d e s c r i p t o r s  = gname>(<record s i ze> ,  

<a t t r i b u t e  d e s c r i p t o r  l i s t  >) l marne>(<record 

s i z e r ,  < s a t e l l i t e  p a i r  l i s t ~ ,  g a t t r i b u t e  
d e s c r i p t o r  l i s t r )  

<record s i z e >  = 11 2141 8 
< s a t e l l i t e  p a i r  l i s t >  = < s a t e l l i t e  pa i r> ,  . . . , < s a t e l l i t e  p a i r >  
< s a t e l l i t e  p a i r >  = ( < s a t e l l i t e  block number>, <record s i z e s )  
< s a t e l l i t e  bìock nwnber> = 11 2 )  31 41 5 )  61 71 8 
< a t t r i b u t e  d e s c r i p t o r  l i s t *  = ~ a t t r i b u t e  d e s c r i p t o r r ,  . . . , 

<a t t r i b u t e  d e s c r i p t o r r  

If an e n t i t y  type i s  ever  t o  be assigned as  a  member of 

a  uni la  t e r a l l y  l inked s e t  (i. e., a  FIFO o r  LIFO queue) c a l l e d  

NAME, i t  must inc lude  among i t s  declared a t t r i b u t e s  an  
a t t r i b u t e  c a l l e d  SNAME, which must be assigned a f i e l d  long  
enough t o  conta in  an  address;  t h i s  f i e l d  i s  used by t h e  

system i n  order  t o  conta in  t h e  successor  l i n k s  s t r u c t u r i n g  
tha  s e t  NAME (S i s  used conventionally f o r  f 'successor l i n k f ' ) .  
I f  an e n t i t y  i s  ever t o  be assigned a s  a  member of a  b i l a t e r a l l y  
l inked  s e t  c a l l e d  NAME ( L e . ,  a  ranked s e t )  it must include 
among i t s  a t t r i b u t e s  a  p a i r  of f i e l d s ,  one c a l l e d  SNAME and 
t h e  o t h e r  c a l l e d  PNAME ("predecessor name"). These a t t r i b u t e s  
of e n t i t i e s  belonging t o  s e t s  should normally no t  be used 
e x p l i c i t l y  by t h e  SIMSCRIPT programmer, but  only i m p l i c i t l y  
via the  e n t i t y - i n - s e t  operat ions which the  SIMSCRIPT system 
provides . 

The bas ic  SIMSCRIPT cornmands r e l a t i n g  e n t i t i e s  and s e t s  
a r e  a s  follows: A cornmand 

CREATE x e n t i t y  type name> NAMED xf  i e l d  expression> 

i s  provided. This statement c a l l s  t h e  dynamic space- 

a l l o c a t o r  which is b u i l t  i n t o  the  SIMSCRIPT system t o  a l l o c a t e  
one o r  severa1  blocks of s to rage  f o r  an e n t i t y  0,4 t h e  type 
named. The address  of t h e  newly a l loca ted  e n t i t y  i s  placed 
i n  the data  f i e l d  addressed by t h e  f i e l d  expression occurr ing 



a s  the  l a s t  p a r t  o r  thestatement .  Another ec t ion ,  which- 

may be explained a s  follows, t akes  p lace  a t  t h e  sarne time. 
The SIMCCRIPT system a s s o c i a t e s ,  with each dec lared  temporary 
e n t i t y  type, a simple v a r i a b l e  of t h e  same name a c c e s s i b l e  

from a l 1  p a r t s  of the  SIMSCRIPT program wi th in  which t h i s  

e n t i t y  type i s  dec lared .  Thus, f o r  example, i f  an e n t i t y  
type named XXX has been declared,  a ce11 a l s o  nanied XXX 

i s  s e t  a s i d e ,  Whenever t h e  CREATE statement  i s  invoked t o  

c r e a t e  an e n t i t y  of type  XXX, t h e  address  of the  newly 
crea ted  e n t i t y  i s  placed i n  t h e  ce11 named XXX. This 

circumstance allows use of the  CREATE staternent ( a s  we l l  a s  
a number of o t h e r  SIMSCRIPT statements  t o  be descr ibed be1ow)in 
the  s h o r t  form 

CREATE Xentity type name, . 
This s ta tement  c a l l s  t h e  SIMSCRIPT space a l l o c a t o r .  t o  

a l l o c a t e  one o r  severa1  blocks of s to rage  Por an e n t i t y  of the  
type named, and p laces  t h e  address  of t h e  newly crea ted  e n t i t y  
i n  t h e  v a r i a b l e  having t h e  same name a s  t h e  e n t i t y  type,  a s  
j u s t  explained. Since no f i e l d  expression occurs i n  the  
s h o r t  form of t h e  CREATE statement,  no at tempt  i s  made t o  
p lace  a re ference  t o  the  newly c rea ted  e n t i t y  i n  any o the r  
p lace .  That i s ,  CREATE XXX i s  l o g i c a l l y  equiva lent  t o  
CREATE XXX CALLED XXX, A s i m i l a r  remark app l i e s  t o  t h e  s h o r t  
form of var ious o t h e r  of t h e  s ta tements  t o  be descr ibed i n  
the  next  f ew paragraphs . 

The opera t ion  inve r se  t o  t h e  SIMSCRIPT CREATE opera t ion  
i s  the  DESTROY operat ion,  which can be c a l l e d  e i t h e r  i n  long 
o r  i n  s h o r t  form, t h e s e  two forms being a s  follows: 

DESTROY<entity type neme> NAMED<f i e l d  e x p r e s s i o n ~  
DESTROY < e n t i t y  type name> 

Invocation oP e i t h e r  of these  s ta tements  r e tu rns  t h e  space 
occupied 5y t h e  referenced e n t i t y  f o r  reuse by t h e  SIMSCRIPT 
space: a l l o c a t o r .  If t h e  D S T R O Y  s ta tement  occurs i n  i t s  



long f o m ,  the  address of the e n t i t y  t o  be destroyed i s  
taken f rom the  f i e l d  expression occurring a t  the  end of 
the  statement; i f  t he  DESTROY statement occurs i n  i t s  shor t  

f o m ,  the  address of the  e n t i t y  t o  be destroyed i s  taken 
from the  vas iable  having the  same nane as  t he  e n t i t y  type, 

as  explained above. It i s  the  SIMSCRIPT prograrnmerl.s 

r espons ib i l i ty  t o  be sure t h a t  he never DESTROY s an e n t i t y  

t o  which subsequent reference i s  d i r e c t l y  o r  i n d i r e c t l y  made 
i n  the  course of a simulation run. I f  such an e r r o r  occurs 

i n  a program, inva l id  information may subsequently be 
supplied t o  r o u t i m  referencing an e n t i t y  a f t e r  t he  space 
which i t  occupies has been released f o r  rea l locat ion;  

t h i s  may lead .to various kinds of subsequent program f a i l u r e s ,  
including t r ans f e r s  t o  i r r e l evan t  locat ions.  In pa r t i cu l a r ,  

a n  e n t i t y  should never be destroyed while i t  i s  s t i l l  a 
member of any s e t .  

Eh t i t i e s  a r e  made members of s e t s  by the  SIMSCRIPT 

s t a  tement: 

F I L E  x f ie ld  expressionr I N  < se t  expression> . 
Invocation of t h i s  command i n s e r t s  the  e n t i t y  whose address 
i s  contained i n  the  data f i e l d  referenced by the  x f ie ld  
expression> forming the  f i r s t  p a r t  of the  statement i n t o  
s e t  addressed by the  xset expression> forming the  second 
of the statement. The e n t i t y  i n  question is inse r ted  i n  
proper pos i t ion  i n t o  the s e t ,  a l 1  necessary po in te r s  and 
ref  erences being automatically updated. I n se r t i on  w i l l  

the 
pa rt 

a t  the  -top of a s tack,  a t  the  Sottom of a queue, and i n  rank 
order i n  a ranked s e t .  

An ac t ion  inverse t o  t h a t  of the FILE statement i s  
provided by the  following statement : 

REMOVE FIRST < f i e l d  expression> FROM <se t  express iow . 
Invocation of t h i s  statement causes the  f i r s t  element of 
the  ce t  addressed by the  xset expressian> forming the  l a t t e r  



p a r t  of t h e  statement . t o  be removed from t h e  s e t ,  and 

causes t h e  address  of t h i s  e n t i t y  t o  be i n s e r t e d  i n t o  t h e  

~ f i e l d  expression> forming t h e  f i r s t  p a r t  o f  t h e  statement.  

This allows t h e  newly removed e n t i t y  t o  be addressed f o r  

o t h e r  parposes. For ranked s e t s ,  and f o r  ranked s e t s  a lone,  

another  r e l a t e d  command kiaving t h e  fol lowing form i s  ava i l ab le :  

REMOVE < I i e l d  expression* FROM s s e t  expression> . 
This s ta tement  removes the  s p e c i f i c  e n t i t y  addressed by t h e  

x f i e l d  expression% forming i t s  f i r s t  p a r t  from the  s e t  
addressed by t h e  < s e t  express ion ì  forming i t s  second p a r t .  

Since t h i s  type of element removal i s  allowed t o  a f f e c t  

no t  only the  f i r s t  but  an a r b i t r a r y  element of t h e  s e t  t o  

which i t  a p p l i e s ,  i t s  use i s  r e s t r i c t e d  t o  b i l a t e r a l l y  l inked ,  
L e . ,  ranked, s e t s .  

We have a l r eady  noted t h a t  the  SIMSCRIPT system maintains  

a - -  master -, t imino , --A.- l i s t  --- of event n o t i c e  e n t i t i e s .  Spec ia l  forms 
of t h e  above cornmands a r e  provided f o r  e n t e r i n g  event n o t i c e  
e n t i t i e s  i n t o ,  and d e l e t i n g  them from, t h i s  s p e c i a l  l i s t .  

These commands a r e  a s  fol lows.  The command, 

CAUSE event type namer CALLED x f  i e l d  expression> 

AT v e a l  a l g e b r a i c  expression,  

and i t s  a s soc ia t ed  s h o r t  form, 

CAUSE sevent type name> AT < r e a l  a lgebra ic  expression% 

e n t e r s  event n o t i c e s  i n t o  the  main t iming l i s t .  More 

p rec i se ly ,  t he  f i r s t  of these  s ta tements ,  when invoked, 

adds an event n o t i c e  e n t i t y  of t h e  type s p e c i f i e d  i n  t h e  

s ta tement ,  and which i s  referenced by t h e  contents  of the  
da ta  f i e l d  loca ted  by the  < f i e l d  e x p r e s s i o n ~  which t h i s  

statement conta ins ,  t o  t h e m s t e r  t iming l i s t .  The TIMF, 

a t t r i b u t e  of t h e  event n o t i c e  e n t i t y  i s  s e t  equa1 t o  the  
value of the  v e a l  a l g e b r a i c  expression> f orming the  l a s  t 
p a r t  of t h e  s ta tement .  I f  t h e  s ta tement  i s  invoked i n  



shor t  form i t  operates  i n  much t h e  same way, except t h a t  
t h e  n o t i c e  e n t i t y  added t o  t h e  main t iming l i s t  i s  

loca ted  via  the  g lobal  v a r i a b l e  having the  same name a s  

the  e n t i t y  type being added t o  the  l i s t o  O f  course, when 
an event n o t i c e  e n t i t y  i s  added t o  the  main t iming l i s t  
i t  i s  placed i n  t h e  p o s i t i o n  determined by i t c  TIME a t t r i b u t e ,  

e a r l i e s t  events being placed f i r s  t. 
The corresponding inverse  cornmand has  the  long and 

s h o r t  forms 

CANCEL <eTrent type namer CALLED < f i e l d  expression> 

o r  

CANCEL xevent type namez . 
The f i r s t  of these  s ta tements  uses  t h e  f i e l d  expression which 

i t  contains  t o  l o c a t e  an event n o t i c e  e n t i t y  of t h e  s p e c i f i e d  

type; t h i s  event n o t i c e  e n t i t y  i s  then removed from t h e  

b i l a t e r a l l y  l inked,  ranked main t iming l i s t .  The s h o r t  form 

statement operates  i n  much the  same way, except t h a t  i t  uses  

t h e  g loba l  va r i ab le  having the  same name a s  t h e  type of the  

event e n t i t y  t o  be remwed t o  l o c a t e  the  en t i - ty .  

In  add i t ion  t o  t h e  s ta tements  descr ibed above, which 

con t ro l  the  c r e a t i o n  and d e s t r u c t i o n  of e n t i t i e s ,  t he  
i n s e r t i o n  and removal o r  e n t i t i e s  i n t o  and from s e t s ,  and 
t h e  i n s e r t i o n  i n t o  and removal of n o t i c e  e n t i t i e s  from the  

main t iming l i s t ,  SIMSZRIPT contains  a v a r i e t y  of o the r  
s ta tements  which may be invoked t o  obta in  e f f e c t s  more 
nea r ly  resembling those f a m i l i a r  f rom experience with more 

common a lgebra ic  languages. Many of the  s ta tements  i n  

t h i s  l a t t e r  group may be supplied with a pos t f ixed  r e p e t i t i o n  

con t ro l  l i s t  i f  i t e r a t i v e  execution of a s i n g l e  staternent i s  

des i r ed .  Thus, f o r  exaxple, t h e  SIMSCRIPT -- LET statement ,  

whose s ign i f i cance  i s  much l i k e  t h a t  of the  F'ORTRAN --- assignment 

statement,  except t h a t  i t  allows assignment not  only t o  a fu11 

word but t o  a subf i e ld  of a word, has the  fol.lowing syntax.  



LET x f i e l d  expression>- Xalgebraic expression> 

I LET<f i e l d  e x p r e s s i o m  -= xalgebraic  express ionì ,  

c r e p e t i t i o n  c o n t r o l >  . 
The simple form of t h i s  s ta tement  s e t s  t h e  contents  of t h e  

f i e l d  addressed by i t s  f i r s t  p a r t  equa1 t o  t h e  value of t h e  

w l g e b r a i c  express ionr  forming i t s  second p a r t .  The compound 

form of t h e  LET statement  performs p r e c i s e l y  the  same a c t i o n ,  

but  performs i t  r e p e t i t i v e l y  under t h e  c o n t r o l  of t h e  

< r e p e t i t i o n  c o n t r o l >  element which forms the  f i n a l  p a r t  of 

a  compound LET statement .  The syntax of a  r e p e t i t i o n  c o n t r o l  

element i s  a s  f ollows . 
Krepet i t ion  cont ro l ,  = v e p e t i t i o n  phrase>, . . . , < r e p e t i t i o n  phrase> 
Xrepet i t ion  phrase> - <forpart>l<forpart>,<withpart> 
< f o r p a r t >  = FOR Xvariable name> = ( i i n t e g e r  q u a n t i t y r )  

( ~ i n t e g e r  quan t i ty>)  
I  FOR<va r i a b l e  namer = ( < i n t e g e r  q u a n t i t y s )  (dn tege r  q u a n t i t y r )  

( x i n t e g e r  q u a n t i t y z )  

I  <f orwords > ~ s i n g l e - s u b s c r i p t e d  permanent e n t i t y  name> 

Xvariable name, 
( <forwards> w a r i a b l e  narnes <ofwords> < s e t  express ionr  

<forwords> = FOR EACH I FOR ALL I  FOR EVERY 

<ofwords> = OF I I N I  ON I  AT 

Kwithpa rt > = WITH <boolean expression> 
~ b o o l e a n  expression> = <boolean term,, OR <boolean term>, . . ., 

OR <boolean termz I <boolean term> 

+oolean terrns = <boolean f a c t o r > ,  A N D  ~ b o o l e a n  f a c t o r s ,  . . . , 
AND <boolean f a c t o r >  I  iboolean f a c t o r >  

Kboolean f a c t o r >  = < r e l a t i o n >  I NOT < r e l a t i o n >  

c r e l a t i o n z  = (<a lgebra ic  express ion>)  < r e l a t i o n  ope ra to r>  

(<algebra i c  express ionr)  1 (Xboolean expression>) 

< r e i a t i o n  ope ra to r s  = G R I  G E I  E Q I N E I L S I L E  
A v e p e t i t i o n  c o n t r o l >  c o n s i s t s  of a  sequence of v e p e t i t i o n  

phrasesz separa ted by commas. Each <repe t i t io r i  phrases  causes 



a s i n g l e  " l eve l "  of r e p e t i t i o n ;  thus,  the occurrence of a 
whole sequence of r e p e t i t i o n  phrases causes a nested,  

i t e r a t e d  r e p e t i t i o n ,  working out from the f i r s t ;  r e p e t i t i o n  

phrase t o  t h e  l a s t  r e p e t i t i o n  phrase,  a s  i n  a  nested s e t  of 

FORTRAN DO-loops . Each r e p e t i t i o n  phrase e i t h o r  c o n s i s t s  

simply of a  FOR statement i n  one of f o u r  admissible  forms, 

o r  i s  a  compound c o n s i s t i n g  of a  FOR statement t o  which a 
boolean condi t ion  has been a t tached .  The syntax of the  
< f o r p a r t >  c o n s t i t u t i n g  t h e  f i r s t  piece of every < r e p e t i t i o n  

phrases  i s  given i n  t h e  t a b l e  above. Examples of the  f o u r  

options provided a r e  a s  fol lows;  

FOR I = (1) ( N )  ' 

FOR I = ( 1 ) ( ~ ) ( 2 )  
FOR mC!H PERMTHING I 
FOR EACH I OF GROUP(J) . 

Each of these  examples implies  an i t e r a t i v e  execution of 

whatever statement i s  a controlled statement by t h e  FOR- 
statement i n  quest ion,  during which i t e r a t i o n  t h e  v a r i a b l e  

I i s  sys t emat i ca l ly  var ied.  The f i r s t  two forms shown above 

resemble the  two forms of the  FORTRAN DO statement,  i n  t h a t  

they vary I i n  a r i thmet i c  sequence from a lower t o  an upper 
l i m i t ;  t he  second of these  forms implies an increment d i f f e r e n t  

f rom 1. The t h i r d  example shown above, i n  which the  va r i ab le  

name occurr ing i s  required t o  be a  zero-subscr ipt  perinanent 

en t ry  name a s  shown i n  the  preceding syntax t ab le ,  v a r i e s  I 

by s t eps  of one from an i n i t i a l  value of one t o  a  f i n a l  value 

equal  t o  the t o t a l  number of e n t i t i e s  of type PERMTHING 

declared.  The f i n a l  l i n e  i n  the  above group of four  examples 
shows i terati .cn w e r  the  members of a s e t ;  i n  t h i s  example, 
GROUP(J) i s  required t o  be a  s e t  expression,  and I i s  

success ive ly  s e t  equal t o  each of the  members of t h i s  s e t ,  

i n  order ,  during t h e  implied i t e r a t i o n .  The i t e r a t i o n  implied 

by  a  SIMS9HIPT FOR-clause can be conditioned i f  a  WITH-clause 
i s  a t tazhed t o  the FOR-clause. As noted i n  t h e  above s y n t a c t i c  





statement.  I n  addi t ion ,  a somewhat more f l e x i b l e  i t e r a t i o n  
con t ro l  s ta tement  i s  provided, having t h e  followLng syntax. 

The scope of such a DO T0 s ta tement  includes a l 1  s ta tements  

which l i e  between the  statement nwnber which it contains  and 

the  next fol lowing SIMSCRIPT statement labe led  wl th  t h i s  

s ta tement  number; a s  rnany r e p e t i t i o n s  of a l 1  these s ta tements  

a r e  executed a s  a r e  spec i f i ed  by t h e  r e p e t i t i o n  c o n t r o l  p a r t  
of t h e  DO T0  statement.  

The f  ollowing two statement forms a r e  provided f o r  

t e s t i n g  the  condi t ion  of a s e t .  

I F  xset  expression> IS EMPTY xany SIMSCRIPT s t a  t e m e n b  

o r  

I F  xset  expression> IS  NOT EMPTY <any SIMSCRIPT s ta tements  . 
The semantics of these  s ta tements  i s  obvious. 

To f a c i l i t a t e  f i n d i n g  e i t h e r  t h e  maximum o r  t h e  minimum 

of a c o l l e c t i o n  of numbers, SIMSCRIPT provides t h e  two 

fol lowing s ta tements .  

F I N D  xf i e l d  expression> = MAX OF xalgebraic  express iow,  
xextended r e p e t i t i o n  cont ro l> ,  I F  NONE 

xany SIMSCRIPT s ta tement r  

F I N D  <f i e l d  expression> = M I N  OF xalgebraic  expression>,  
<extended r e p e t i t i o n  cont ro l> ,  

IF  NONE Xany SIMSCRIPT s ta tementz . 
The syntax of t h e  extended r e p e t i t i o n  con t ro l  p a r t  forming 
the  l a s t  s e c t i o n  of a F I N D  MAX o r  FIND MIN statement i s  a s  

f  ollows . 
xextended r e p e t i t  ion c o n t r o l >  = <extended r e p e t i t i o n  phrase>, 

. . . , xextended r e p e t i t i o n  phrasez 

Xextended r e p e t i t i o n  phrase> - < r e p e t i t i o n  phrase> 
v e p e t i t i o n  phrasez <where c l a u s e  

~ w h e r e  clause,  = WHERE < f i e l d  expression> <comment> . 



Each wxtended r e p e t i t i o n  c o n t r o l >  i s  a  l i s t  of <extended 

r e p e t i t i o n  p h r a s e s y  eazh such phrase causes a s i n g l e  l e v e 1  

of r e p e t i t i o n ,  and a l 1  toge the r  cause a  n e s t  of i t e r a t e d  

r e p e t i t i o n s  working out  from t h e  f i r s t  extended r e p e t i t i o n  

phrase t o  t h e  l a s t  extended r e p e t i t i o n  phrase.  Each 
Kextended r e p e t i t i o n  phrase> i s  e i t h e r  a  simple < r e p e t i t i o n  

phrase> of t h e  type wi th  which we have a l ready become f a m i l i a r ,  
o r  i s  a  eompound c o n s i s t i n g  of a  stmple g r e p e t i t i o n  phrasez 

t o  which a  ~ w h e r e  c l a u s e s  i s  appended. A <where c l ause>  

c o n s i s t s  of t h e  keyword WHERE and a  < f i e l d  expressLon>, t o  

which a n  a r b i t r a r y  sequence of SIMSZRIPT words may be appended. 

The occurrence of a  WHERE c l ause  i n  an extended r e p e t i t i o n  

phrase wi th in  a  F I N D  M i N  o r  FIND MAX s ta tement  causes t h a t  

value of an i t e r a t i o n  v a r i a b l e  belonging t o  the  maximum o r  

rninimum eventua l ly  found t o  be saved, apd t o  be i n s e r t e d  i n t o  

the  f i e l d  expression occurr ing wi th in  t h e  WHERE c lause .  This 

allows f o r  the  determinat ion not  only of the  maximum of an 
a l g e b r a i c  expression,  but  simultaneously f o r  a  determinat ion 

. . 

of the  pa rameters f o r  which t h i s  a l g e b r a i c  expression reaches 

i t s  maximum. Thus,, f o r  example, i f  we w r i t e  

FIND X = MAX OF C ~ S  ( ~ 1  ( I )  + Y ~ ( J ) ) ,  FOR 

I = ( 1 ) ( 1 0 0 ) ,  WITH ( K ( I ) ) G T ( M I N ) ,  WHERE I B I G  

I S  MAXIMIZING I, FOR ALL J I N  GROUP, 

WITH (TYPE(J))EQ(NEEDED),  WHERE J B I G  I S  

Y A X I M I Z I N G  J, IF  NONE GO T0 100 

The ind ica ted  maximum w i l l  be ca lcu la  ted  and the  values  of 

t h e  parameters I and J f o r  which t h i s  maximum i s  a t t a i n e d  

w i l l  be placed i n t o  the  f i e l d ,  I B I G  and JBIG.  The cornrnent 
provided a s  p a r t  of the  WHERE c lause  has no program s i g n i f i -  

cance, but  i s  only intended t o  improve program l e g i b i l i t y .  

Every FIND MAX o r  FIND M I N  statement occurr ing i n  a  SIMSCRIPT 
program ends with the  two key words I F  NONE followed by some 

a r b i t r a r y  SIMSCRIPT s t a  tementi i f  bhe i t e r a t i v e  search implied 

by t h e  FIND MAX o r  FIND M I M  statement d iscovers  no elements 



sa t i s fy ing  the  boolean conditions contained i n  the extended 
r epe t i t i on  contro1 p a r t  of the  statement, then the termina1 
<statement> which forms a p a r t  of the  FIND MAX o r  FIND MIN 
cornrnand w i l l  be executed, 

A modified form of the  above statement i s  provided i n  
the  SIMSCRIPT language i n  order  t o  make the  i t e r a t i v e  searching 
ac t i on  of the F I N D  statement ava i l ab le  i n  s i t ua t i ons  i n  
which an  i t e r a t i v e  search is t o  be performed but i n  which no 
a lgebra ic  expression i s  t o  be minlmized o r  maximized. This 
statement has the  form 

F I N D  FIRST <extended r epe t i t i on  c o n t r o b ,  

IF  NONE <any SIMSCRIPT statement> . 
This statement searches i t e r a t i v e l y  over a l 1  t he  elements 
implied by the  <extended r e p e t i t i ~ n  con t ro l s  port ion which 
i t  contains; the  f i r s t  time .al1 the boolean conditions 

contained within t h i s  <extended r e p e t i t i o n  control* a r e  
s a t i s f i e d ,  the  i t e r a t i o n  i s  broken off .  A t  t h i s  point ,  the  
value of any i t e r a t i o n  parameters mentioned i n  WKERE clauses 

will have been made avai lable .  I f  the  i t e r a t i v e  search 
implied Sy a FIND FIRST statement i s  unable t o  s a t i s f y  the 
s e t  of boolean conditions which i t  contains,  s o  t h a t  no 
element within the  scope of the i t e r a t i v e  search i s  ac tua l l y  

found, the  I F  NONE clailse which cons t i tu tes  the  f i n a l  por t ion  
of a F I N D  FIRST statement i s  executed. 

The SIMSCRIPT system incorporates a small s t ; a t i s t i c a l  

package which i s  accessed through a SOMPUTE statement having 
the  following f'orm, 

COMPUTE < f i e l d  expression l i s t*  = < s t a t i s t i c a 1  quant i ty  l i s t r  
OF < r e a l  a lgebra ic  expression>, v e p e t i t i o n  con t ro l r  . 

The syntax of the  various elements comprising a ZOMPUTE 
statement a r e  a s  follows. 



<f i e l d  expression l i s W  - < f i e l d  expression>, . . . , 
<f i e l d  express ionr  

<s ta  t i s t i c a l  quan t i ty  l i s t p  = < s t a t i s t i c a 1  keyword>, . . . , 
< s t a t i s t i c a 1  keyword, 

ss t a t i s  t i c a l  keyword> = NUMBERI SUMI MEANI SUM-SQUARES 1 
I MEAN-SQUARE I VARLANCEJ STD-DEV 

The f i r s t  element of a COMPUTE statement  i s  a l i s t  of 

i f i e l d  expression>s,  and t h e  second element i s  an equal ly  

long l i s t  of < s t a t i s t i c a 1  key word>s. The two f i n a l  po r t ions  

of a COMPUTE statement  a r e  a < rea1  a lgebra ic  expression> and 

a < r e p e t i t i o n  c o n t r o l >  determining a s e t  of values over which 

t h i s  v e a l  a l g e b r a i c  expression* Ls t o  be ca lcu la t ed .  By 

repeated c a l c u l a t i o n  of a r ea1  a l g e b r a l c  expression,  a f i n i t e  

c o l l e c t i o n  of r e a 1  numbers i s  determined; the  s t a  t i s t i c a l  

q u a n t i t i e s  l i s t e d  i n  t h e  COMPUTE statement  a r e  then c a l c u l a t e d  

f o r  t h i s  c o l l e c t i o n  of r e a 1  numbers, and the value of each 
s t a t i s t i c a 1  q u a n t i t y  i n s e r t e d  i n  t h e  corresponding f i e l d  a s  

determined by the  i f i e l d  expression l i s  t+  which t h e  COPPUTE 

statement  conta ins  . The s t a t i s t i c a 1  q u a n t i t i e s  provided 

wi th in  the system a r e  a number of b a s i c  l i n e a r  and quadra t i c  

func t ions  of a da ta -co l l ec t ion ;  t h e  mean, variante, s tandard 

dev ia t ion ,  e t c .  
A s tatement convenient f o r  t h e  expression of groups of 

add i t ion  opera t ions  of a form cornrnon i n  s imulat ion programs 

i s  provided by ACCUMULATE, whose syntax i s  a s  fol lows.  

AGCUMULATE<field expression l i s t >  INTO~fie ld  expression l i s t p  

SINCE ~ a l g e b r a i c  expression l i s t r  

I ACCUMULATE<f i e l d  expression l i s  t INTO<f i e l d  expression l i s t  > 

SINCE galgebraic  expression l i s  t*, <pos t-add l i s t >  
I ACCUMULATE<f i e l d  expression l i s t >  INTO-<f i e l d  exprecsion l i s t >  

ALL SINCE < r e a l  a lgebra ic  expression> 
I  ACCUMULATE<^^^^^ expression l i s  t INTOxf i e l d  expression l i s t z  

ALL SINCE v e a l  a l g e b r a i c  expressionr ,  epos t-add 1is-b 



The s y n t a c t i c  def i n i t i o n s  of var ious of t h e  sub-elements 

occurr ing i n  an ACCUMULATE statement a r e  a s  follows. 

Xalgebraic expression l i s  t>  = < r e a l  a l g e b r a i c  expressionz,  . . . , 
v e a l  a lgebra ic  e x p r e s s i o m  

<post-add l i s t >  = <post-add clause>,  . . . , epos t--add c lause*  

xpos t-add c l a u s e r  = POST < r e a l  a lgebra ic  express ionr  

I A D D  < r e a l  a lgebra ic  expression> a 

I n  i t s  s imples t  form, t h e  ACCUMULATE statement c o n s i s t s  of 

t h r e e  p a r t s ,  a l 1  of which a r e  l i s t s  required t o  be of equa1 
length.  The elements of t h e  f i r s t  and second l ì s t s  a r e  

Xfield expression>s,  the  elements of the t h i r d  l i s t  a r e  

~ a l g e b r a i c  expression>s.  Each i a l g e b r a i c  express ion ì  i s  
added t o  the  value he ld  i n  t h e  f i e l d  addressed by t h e  
corresponding x f i e l d  expression> i n  t h e  f i r s t  l i s t  contained 

i n  an ACCUMULATE statement,  and the  r e s u l t s  of t h i s  a d d i t i o n  
i n s e r t e d  i n t o  the  f i e l d  addressed by t h e  c o r r e ~ p o n d i n g  
< f i e l d  expression> i n  the  second l i s t  of t h e  ACCUMULATE 

statement .  If t h e  key phrase ALL SINCE occurs i n  p lace  

of t h e  phrase SINCE, then the  ACCUMULATE statement conta ins  
a s i n g l e  4algebraic  expression> r a t h e r  than a l i s  t of 

a lgebra ic  expressions;  i n  t h i s  case,  the value of the  

<a lgebra ic  expression> occurr ing i s  added t o  t h e  value of 

every f i e l d  addressed by an element of t h e  f i r s t  ~ f i e l d  
expressiow- l i s  t contained i n  the  ACCUMULATE s ta tement ,  and 

the  r e s u l t i n g  value entered i n t o  t h e  f i e l d  addressed by t h ?  

corresponding ~ f i e l d  expressionr  i n  t h e  second l i s t .  An 

ACCUMULATE statement may a l s o  be compound, and inc lude  a 

l i s t  of xpost-add c l auses>  a s  i t s  f i n a l  p a r t a  If  n such 

c lauses  occur, t h 2 i r  e f f e c t  i s  a s  follows. Each c lause  
conta ins  a r ea1  a lgebra ic  expression.  If t h e  n- th  oT these  
c lauses  contains  the  key word POST, t h e  value of t h e  r e a 1  
a lgebra ic  expression contained .in t h e  c l ause  i s  ca lcu la t ed  

snd -p- i n s e r t e d  i n t o  t h e  f i e l d  addressed by the n-th member of 



the  f i r s t  i f i e l d  expression>- l i s t  contained i n  the  ACCUMULATE 

s tqtement .  If the n- th  po$t-add c l ause  conta ins  the  keyword 

ADD t oge the r  with a r e a 1  a l g e b r a i c  expression,  the  value of 

t h e  r e a 1  a l g e b r a i c  expression i s  c a l c u l a t e d  and -.- added t o  t h e  

value contained i n  t h e  n - th  f i e l d  addressed by t h e  n- th  element 

of th.3 f i r s t  x i i e l d  expregsion> l i s t  contained i n  t h e  ACCUMULATE 

statement;  t h e  sum i s  then $nser ted  i n t o  t h i s  f i e l d .  

As a l ready noted,  prime r e s p o n s i b i l i t y  f o r  t h e  

simula t i o n  of ea ch exogenous o r  endogenous event belongs t o  a 

uniquely determined exogenous o r  endogenouc event subrout ine i  
it i s  t he  r e s p o n s i b i l i t y  of t h e  programmer t o  supply such an 

event rou t ine  f o r  every event t y p ~  which i s  allowed t o  a-- L L U ~  

dur ing  a given s imula t ion  -run. The header  card of an endogenous 

event rou t ine  h a s  the  form 

WDOGENOUS EVENT <name> ; 

t h e  header  card of an exogenous event r o u t i n e  has Che 

corresponding form 

EKOGENOUS EVENT <name > . 
Note t h a t  these  rou t ines  a r e  subrout ines  c a l l e d  by the  

SIMSCRIPT master t iming rout ine ;  they have howeves no e x p l i c i t  
parameters,  s i n c e  while a n  endogenous event, rou t ine  f i n d s  i t s  

parameters i n  the various f i e l d s  of a corresponding event 

n o t i c e  e n t i t y  whose address  i s  qupplied Oo i t  by the  master 

t iming rou t ine ,  an exoge12ous event rou t ine  always reads 
any necessary parameters from the exogenous event tape.  

@ogenous event e n t i t i e s  a r e  s e t  up us jng  information 

conta ined on th r  exogenous event tape; t h e  p a r t i c u l a r  
exogenous event which a given record on t h e  eKogenous event 

t ape  represents  i s  always s ignaled  t o  t h e  main t iming rou t ine  

by a numerica1 parameter read from t h e  exogenous event tape,  

a s  explained e a r l i e r  i n  t h e  present  section. .  The co r res -  
pondence between exogenous event subrout ine names and t h e  

i n t e g e r  parameters founq on t h e  exQgenous e v e ~ t  tape  i s  



es tab l i shed  by a n  exogenous event dec lara  t i o n ,  whose syntax 

i s  a s  fol lows,  

DECLARE MOGENOUS EVENTS <expa i r  >, . . . , <oxpa i r> , 
where 

xexpair* = (-mame>, <integer*) 

This d e c l a r a t i o n  conta ins  a  l i s t  of p a i r s ,  t h e  f i r s t  member 
of each p a i r  being t h e  name of some exogenous event,  and 

t h z  secand member of t h e  p a i r  being t h e  intege:r  s e r i a l  

number assigned t o  t h i s  exogenous event i n  i t s  r ep resen ta t ion  

on t h e  e x t e r n a l  tape.  
Input and output a r e  provided i n  t h e  SIMSCRIPT system 

through the  FORTRAN READ, WRITE, and FORMAT statements  which 

i t  contains;  a  s p e c i a l  convention, according t o  which a  READ 
statement  with no t ape  number r e f e r s  i m p l i c i t l y  t o  t h e  

exogenous event tape ,  i s  employed. If  an exogenous event 

rou t ine  i s  t o  read data  from the  f i r s t  card of an exogenous 

event record,  L e . ,  f  rom t h e  card containing the  s e r i a 1  
number and time of t h e  exogenous event,  which, a s  explained 

previously,  i s  read a l s o  by t h e  master t iming rou t ine ,  a  

s p e c i a l  statement 

i s  provided. 

the  po in te r s  

The e f f e c t  of t h i s  statement i s  t o  r e a d j u s t  

i n  t h e  i n p u t - ~ u t p u t  b u f f e r  s o  a s  t o  make t h i s  

f i r s t  card a v a i l a b l e  f o r  re-reading by an exogenous event 

rou t ine ,  

The o r i g i n a l  SIMSCRIPT sys tem a l s o  incorpora tes  a  
" repor t  generator"  f e a t u r e  allowing the  se tup  of output i n  

e legant  t a b u l a r  form and us ing  a t a b u l a r  format d e s c r i p t i o n .  

For s impl i c i ty ,  we s h a l l  omit this f e a t u r e  from the  vers ion  
of SIMSCRIPT descr ibed here .  



-p---- p- -. - 6 4. Thz l i s t  _àocessing l a n g u a ~  L . 
6 L i s  a n  e l egan t  small  l i s t  process ing  language 

developed by K. C .  Knowlton of Bel1 Telephone LaSorator ies  
6 ( c f .  Knowlton, A Programmerfs Descr ipt ion of L , CACM 9 - 

(1966) 516-623). The b a s i c  data  i tem i n  L~ i s  t h e  .., data  block 

c o n s i s t i n g  of a  s e t  of 2n machine words, where n = O,?. Thus, 
a da ta  block c o n s i s t s  of e i t h e r  1,2,4,. . . ,lB words. (s ince 
the  concept of "machine word" e n t e r s  a t  s o  fundamental a l e v e 1  

6 i n  i t s  d e f i n i t i o n ,  t h e  L language i s  not  machine independent.)  
6  A data  block i n  L may be divided i n t o  s u b f i e l d s  of a r b i t r a r y  

s i z e ,  except t h a t  each s u b f i e l d  must be a  por t ion  of  a  

machine word. A s u b f i e l d  i s  def ined by spec i fy ing  a  p a r t i c u l a r  

word i n  a block, and, wi th in  t h i s  word, the  le f t -most  and 

the  right-rnost b i t  of t h e  subf i e ld .  Each s i n g l e  c h a r a c t e r  

and s i n g l e  d i g i t  i s  t r e a t e d  by L~ a s  the  name of a f i e l d ;  

thus,  t h e  L~ processor  i c  aware a t  any time of 35 d i f f e r e n t  

f i e l d s ,  one corresponding t o  each of t h e  cha rac te r s  

A , ,  . . . O . . . 9 .  That i s ,  f o r  each of these  cha rac te r s  
and d i g i t s  a  corresponding e n t r y  i n  a f i e l d  d e f i n i t i o n  t a b l e  

6 i s  maintained by the  L processor .  The e n t r i e s  i n  t h i s  

t a b l e  have the  form shown below . 

I n  (l), W re ferences  a  c e r t a i n  word i n  a  block; t h i s  word 

may be e i t h e r  the  zero-th,  f i r s t ,  ..., 127th word i n  a  block. 

Thus the  f i e l d  W must conta in  7 Q i t s .  The e n t r y  F i n  (1) 

re ferences  t h e  f i r s t  b i t  of a  f i e l d ;  t h e  en t ry  L references 

t h e  l a s t  bit of a f i e l d .  The necessary s i z e  o f  each of  

F and L i s  of course determined by the  s i z e  of t h e  machine 

word i n  any given L~ system. ( ~ h e  type of a d d i t i o n a l  

information which may u s e f u l l y  be contained i n  the  ex t ra  

f i e l d  shgwn i n  (1) w i l l  be descr ibed below.) The e n t r i e s  

c o n s t i t u t i n g  the  f i e l d  d e f i n i t i o n  t a b l e  a r e  used t o  access  

the f i e l d s  t o  which they r e f e r .  Each of the  35 f i e l d  



d e f i n i t i o n  t a b l e  e n t r i e s  may be redefined dynamically dur ing  

a  run under t h e  system. Thus, t h e  f i e l d  a s soc ia t ed  wi th  

every cha rac te r  may be redefined dur ing  t h e  m. Fie lds  e r e  

allowed t o  overlap.  Suppose, f o r  example, t h a t  t h e  c h a r a c t e r  

A corresponds t o  t h e  f i e l d  i n  word zero  of a  block, b i t s  0-15; 

t h a t  t h e  c h a r a c t e r  B corresponds t o  the  f i e l d  i.n word zero  

of a  block, b i t s  7-30; and t h a t  t h e  cha rac te r  C de f ines  a  
f i e l d  i n  word t h r e e  of a  block, b i t s  16-32. Then t h e  

d i s p o s i t i o n  of t hese  f i e l d s  i n  an  L6 data  block cons ic t ing  

of 4 words appears a s  follows. 
A B 

The contents  of a  f i e l d  may be t r e a t e d  by t h e  L 6 

processor  a s  alphanumeric information,  a s  a  non-negative 

in t ege r ,  a s  a b i t  p a t t e r n  t o  be manipulated by l o g i c a 1  

operat ions,  o r  a s  a  p o i n t e r  t o  another  L~ block. The type 
of information contained i n  a  f i e l d  is defined i m p l i c i t l y  

by t h e  way t h a t  an L' prograrn uses  it. T h ~ s ,  t h e r e  i s  no 
6 need t o  i d e n t i f y  a  f i e l d  t o  the  L system as ,  f o r  example, 

conta in ing  a po in ter ,  containing an in t ege r ,  e t c .  

Twenty-six log ica1  base - _ _ . _ _  f i e l d s  o r  bases a r e  provided 

i n  t h e  L6 system. Each is assoc ia t ed  with a given c h a r a c t e r  

A,B,. . .,Z. The instantaneous value of each base is deterrnined 

by t h e  contents  of an assoc ia ted  machine word; t h e  26 machine 
words reqa i red  t o  s t o r e  t h e  value of a l 1  t h e  bases make up 

t h e  base . - _ -  values  t ab le .  _ The contents  of a base a r e  referenced 

in-lFcoding by w r i t i n g  the  nane of the  base (cons ic t ing ,  of 
course, of a  s i n g l e  cha rac te r ) .  More complex f i e l d  re ference  
i s  ind ica ted  by t h e  concatenation ~f names. Thiis, t h e  



composite name ABlCOD r ep resen t s  the  con ten t s  of t h e  f i e l d  

obtained a s  follows. F i r s t ,  g e t  the  contents  of base A; 

t r e a t i n g  t h i s  quan t i ty  a s  a p o i n t e r  determining a  c e r t a i n  

block address ,  t ake  t h e  contents  of t h e  B f i e l d  of t h i s  

block. Trea t ing  t h i s  quan t i ty ,  i n  % u n ,  a s  a  p o i n t e r  deter-  

mining a  block address ,  t ake  t h e  contents  of t h e  l - f i e l d  of 

t h i s  block, . . . , e t c .  S y n t a c t i c a l l y ,  a  narne o r  composite name 

i n  . . L ~  i s  any s t r i n g  af l e t t e r s  and d i g i t s  beginning with a '  

l e t t e r .  Semantically,  and i n  the  sense explained above, any 

such name references  t h e  content  of a  c e r t a i n  f i e l d  i n  some 
6 L data  block. 

6 Tne f i e l d  can ten t s  referenced by L composite names a re  
6 used i n  L programming by t e s t s  and by operat ions.  During 

t h e  execut ion 3f an elementary L~ operat ion,  and depending on t h e  

p a r t i c u l a r  opera t ion  i n  quest ion,  the f i e l d  referenced by the  
opera t ion  may e i t h e r  be loaded only, be s to red  only, o r  

6 be both loaded and s to red .  The L language provides a  

v a r i e t y  of bas i c  f i e l d  comparison t e s t s  ( e q ~ a l i t y ,  i nequa l i ty ,  

r e l a t i v e  s i z e ,  e t c . )  and b a s i c  f i e l d  manipulation opera t ions  

(copying, add i t ion ,  sub t rac t ion ,  boolean operat ions,  s h i f t s ,  

e t c . ) .  Operations aad t e s t s  a r e  assigned one o r  two cha rac te r  
mnemonics and w r i t t e n  .in a  p r i m i t i v e  i n f i x  f o m .  An 

exhaust ive account of the  L~ operat ions and t e s t s  w i l l  be 

presented below. Here we mention only t h a t ,  f o r  example, 

(AX,E,BXY) i s  t h e  forrn i n  which an L~ t e s t  comparing t h e  

contents  of the  f i e l d  AX and BXY f o r  equa l i ty  i s  wri t t en ,  
while (AO,A,BXYZ) i s  the  form i n  which we w r i t e  an L 6 
opera t ion  adding the  contents  of t h e  f i e l d  BXYZ t o  t h a t  of 

t h e  f i e l d  AO, and rep lac ing  t h e  contents  of t h e  f i e l d  A 0  by 
t h e i r  sum. 

The genera1 L~ s ta tement  i s  constructed of t e s t s  and 

operat ions of the  above kind aiid has the  f ~ l l o w i n g  s t r u c t u r e  

(3)  ~label~<condition-keys<tes ts>THEN<opera t i o n s  >xexi t  - l a b e l >  



a s  i n  t h e  f ollowing example: 

THEN 

Various p a r t s  of t h e  genera1 L6 statement may be ornitted 

t o  form degenerate staternents a s  explained i n  d e t a i l  below. 

The second argurnent of c e r t a i n  L6 operat ions ( spec i f i ed  

i n  more d e t a i l  below) can be a l i t e r a l  r a t h e r  than a f i e l d  name. 

L i t e r a l s  of t h e  t h r e e  types Hol l e r i th ,  decimal, and o c t a l  a r e  

provided i n  the  system. A H o l l e r i t h  l i t e r a l  i s  any s t r i n g  of 

cha rac te r s ,  d ig i t s , and  per iods.  Operations and t e s t s  which 

permit a  H o l l e r i t h  second argurnent a l s o  r equ i re  a  H o l l e r i t h  

second argurnent, s o  t h a t  H o l l e r i t h  l i t e r a l s  a r e  always 

d is t inguished  frorn L~ composite narnes by the  c m t e x t  i n  

which they occur. A decimal l i t e r a l  i s  a  s t r i n g  of d i g i t s .  

An o c t a l  l i t e r a l  i s  a  s t r i n g  of d i g i t s  no t  inc luding  8 o r  9. 
The adrn iss ib i l i ty  of a decimal o r  o c t a l  l i t e r a l  a s  t h e  second 

argunient of an IL6 argurnent i c  deterrnined by t he  operat ion,  
these  two p o s s i b i l i t i e s  excluding earh o ther .  Thus t h e  

i n t e r p r e t a t i o n  of a numerica1 l - l t e r a l  i s  always unique 
i n  context .  

Th? code sequence generated by the  occurrence i n  L 6 

codz of a  composite name depends on whether the  corresponding 

f i e l d  i s  t o  be loaded o r  t o  be s to red .  The code sequence 
generated by t he  name ABC.. .DE i n  case of a load  i s  shown 

i n  (5)  below. I n  t h e  code seq-dence (5)  we assume t h e  ex is tence  

of two l o g i c a l  r e g i s t e r s  X1, X 2  and t h r e e  s e t s  of a d d i t i o n a l  
l o g i c a l  r e g i s t e r s  YOO, Y01; Y 1 ,  Y11; Y 2 0 ,  Y21. The f i r s t  

of each of those p a i r s  will be used t o  conta in  the  l o c a t i o n  

inforrnation f o r  a  given f i e l d ;  t h e  second elernent of th,3 

p a i r  w i l l  be used t o  contain the  contents  of t h a t  f i e l d .  

The p a r t i c u l a r  p a i r  t o  be used w i l l  be spec i f i ed  a s  a  
parameter i n  eash c a l l  t o  the  code generat ion rout ine  which 

generates  sequences of t h e  form (5), and w i l l  be determined 

by knowledge of tho p a r t i c u l a r  ( f i r s t ,  second, o r  t h i r d )  



argument of t h e  t e s t  o r  opera t ion  which i s  t o  be loaded 

o r  s to red .  (AS i nd ica ted  i n  more d e t a i l  below, a  few L 6 
upera t i o n s  have t h r e e  arg&ents. ) 

(5)  X l  = A 
x2 = FD(B) 

c a l l  g e t f  i e l d  
x2 = FD(C) 
c a l l  g e t f  i e l d  

.o . 
x2 = FD(D) 

c a l l  g e t f i e l d  
+ Y10 = X 1  ( o r  Y20 = X 1  o r  Y30 - ~ 1 )  

x2 = FD(E) 

c a l l  g e t f i e l d  

Y 1 1  = X 1  ( o r  Y21 = X1 o r  Y31 = ~ 1 )  

I n  (5)  FD(J) i s  t h e  J-th element of t h e  fie1.d d e f i n i t i o n  
t a b l e  descr lbed i n  t h e  preceding pa ragraphs . The subouutine 
g e t f i e l d  ---- f e t ches ,  i n t o  the  l o g i c a 1  r e g i s t e r  X 1 ,  t he  f i e l d  

contents  s p e c i f i e d  by t h e  block p o i n t e r  contained i n  X1 a t  

t h e  time t h a t  g q t f i e l d  i s  c a l l e d ,  and by iihe f i e l d  d e f i n i -  

t i o n  t a b l e  en t ry  contained i n  X 2  a t  t h e  time t h a t  g e t f i e l d  

i s  c a l l e d .  

When code f o r  t h e  f i e l d  s t o r e  opera t ion  corresponding 
t o  a given name i s  required,  then t h e  sequence (5)  down t o  

but not  inc luding  the  l i n e  i n  (5) marked wi th  an arrow i s  

generated,  and placed exac t ly  where the  f u l l  code sequence 
(5 )  would otherwise be. Then, when the  quan t i ty  t o  be 
s tored  has been ca lcu la t ed ,  t h e  code sequence 

(6) X ~ = Y ~ O  ( o r  X ~ = Y ~ O  o r  x 1 = ~ 3 0 )  
x2 = FD(E)  

c a l l  s e t f i e l d  

6 is executed. By conventioq a l 1  L operat ions w i l l  l eave  their resul-& 



i n  a l o g i c a 1  r e g i s t e r  known t o  t h e  subrout ine s e t f i e l d ;  

t h i s  rou t ine  f i n d s  a block p o i n t e r  i n  X 1  and t h e  cor res-  

ponding f i e l d  d e f i n i t i o n  t a b l e  e n t r y  i n  X2. Using t h i s  

informa t i o n ,  i t  perf  orms the  required f i e l d  s t o r e  opera t ion .  

The rou t ines  g e t f i e l d  and s e t f i e l d  may be coded very d i r e c t l y  

and simply; they requ i re  f o r  t h e i r  opera t ion  only the  

information contained i n  the  f i e l d s  W, F, L of (1). 

Al te rna te ly ,  and f o r  th?  sake of e f f i c i ency ,  1;he addresses  

of e f f i c i e n t  f i e l d  e x t r a c t i o n  and i n s e r t i o n  rou t ines  may 

be contained i n  t h e  por t ion  of t h e  f i e l d  d e f i n l t i o n  i tem (1) 

marked "add i t iona l  information". In t h i s  case,  g e t f i e l d  

and ---- s e t f i e l d  may c a l l  d i r e c t l y  i n t o  t h e  load ond s t o r e  

subrout ines  whose beginning addresses c o n s t i t u t e  t h i s  

"add i t iona l  information".  I f  t h i s  procedure is followed, 

s u i t a b l e  f i e l d  load and f i e l d  i n s e r t i o n  rou t ines  must be 

cornpiled dynarnically by the  processar every time a new 

subf i e ld  p a t t e r n  i s  a s soc ia t ed  wi th  m e  of t h e  q u a n t i t i e s  

A Such dynamic compilation can produce h ighly  

e f f  i c i e n t  t a r g e t  code. 



The APL or Iverson Language. 

APL is an interesting and successful programming 
language developed at the IBM Corporation by Iverson and 
Falkoff. It is distinguished by the syst@~tic and re- 
cursive use of arrays as basic data elements; these arrays 

may be of dimension 1, 2, 3, or more. APL is a basically 
interpretive system in which such fundamental attributes 
of data elements a.s their dimension are treated dynamically; 
this yields a system of great power which may however for 
certain problems be of low efficiency. As with LISP, the 
use of compound structures as basic data elements obviates 
the need to introduce functions or subroutines with large 
numbers of arguments, and in fact APL only provides functions 
with 1, 0, and 2 arguments. -APL extends acalar operatlons 
in s systematic component-by-component manner to vectors, 
matrices, and higher dimensional arrays; vector operations are 
similarly and systematically extended to 2-dimensional 

matrices, etc. These implicit conventions give APL inherent 
power and conciseness. APL's conciseness is further en- 
hanced by the systematic use of special symbols for built-in 
functions. A very remarkable economy of expression is ul- 
timately attained, a fact especially welcome and impressive 
in connection with the use of AFL from a console. 

While it is our principal intent to discuss the APL 
language and the structure of its interpreter, it is worth 
mentioning some of the features of the supervisor under 
which APL runs which gives it much of i t s  flavor. APL is 
available as an interpretive, time-sharing, remote termina1 
system. Supervisor commands are segregated from statements 
belonging to the APL language itself, so that the language 
maintains its simplicity unencwnbered by system complications. 
The APL system may be considered to operate in response to 
invocation messages from the user; thus, a work session may 
be described as a series of invocation-response pairs. An 



invocation will normally be an APL language expression; 
the response consists of the value of the APL expression. 
Alternatively, an invocation may be a stage in the defi- 
nition of a function; in this case, the response consists 
merely in a request for the next line of the same defini- 
tion. Finally, an invocation may be a supervisor command. 
Supervisor commands are distinguished from APL language 
cornmands by an initial right parenthesis followed by key 
words and identifiers. 

The APL console executive associates a "1I.brary" with 
each system subscriber, and provides numbered "pubìic 
libraries" in addition. Each llbrary is divided into 

t1 workspaces," which may consist not only of symbolically 

stored user-defined functions but also of a complete set 
or tables àescribing the rnomentary status of an APL run. 
This allows APL sessions to be freely suspended and resumed. 
Within a given work space, defined functions are acessible 
through their symbolic names, in terms of which they may 
be copied from one work space to another. Defined functions 

and APL variables may also be united into symbolically 
I I 11 nmed groups, and entire groups may be copied using a 

single supervisor-leve1 ACS command. A t  any time during 
execution of an APL program, contro1 may be returned to 
the supervisor leve1 by transmitting an appropriate break 
signal from the console; execution interrupted in this way 
may subsequently be resumed. 

An APL console is always considered to be in one of 
two states, command state, in which statements are received 
for immediate execution, and function definition state, in 
which text is being received f'or subsequent execution as 
part of a function. The system is toggled from one state 
to another by the symbolp. When the console is in command 

state, entry  of any v a l i d  APL expression causes the 
system to print out the value of that expression. Integer 

and/or real numbers are printed in a standard format: vectors 



are printed by arranging their elements in standard se- 

quence; two dimensional arrays are printed by arranging 
their elements in a standard two dimensional format; 
higher dimensional arrays are printed as a sequence of 
two dimensional arrays. 

Al1 simple APL statements are composed of data terms 
and function terms. The basic data forms are numeric con- 
stants (indistinguishably either fixed or floating point), 
boolean constants, and character constants. In output, 
the elements of boolean or numeric arrays are printed 
with separating blanks, the elements of character arrays 
without separating blanks. An APL name specifies either 
an array or a function name. 

A large number of built-in system functions are pro- 
vided; in addition, user def ined functions are allowed. 
Functions are distlnguished as monadic (one srment ,  al- 
ways immediately to the left of the function term) dyadic 
(two arguments, one to the immediate right, the other to 
the left); ocassional no-argument functions are allowed. 
The simple function concept is applied within APL to a 
maximally wide variety of processes. Both to provide 
standardized treatment for a wide varietyd' cases and to 
provide simplified parsing, a strict right to left Polish 
convention is employed. Thus, for example, the APL expression 

A C B - F N C X D  E 

is equivalent to 
A I(B - FN ( C X  (D 2 E))). 

Wherever possible, function symbols do double duty as 
monadic and as dyadic operators. This is the case with - 
(minus) in many languages; in APL, this convention is 
systematically extended, so that Por example, t P denotes 
the reciproca1 of P, )( T denotes the signum of T, etc. The 
following rule avoids ambiguity in this double uae of function 
characters: If the 'lexical entity to the left of a f'unction 
term in a statement is a datum, interpret the function 



dyadically,  otherwise i n t e r p r e t  i t  monadically. 

APL t r e a t s  the  assignment operator, designated by a 
l e f b a r d  point ing arrow, as an ordinary binary operat ion 

having the  value of i t s  r i g h t  hand s ide  but having the  
"side e f f ec t "  of giving i t s  l e f t  hand s ide  the  a t t r i b u t e s  
and value of if;s r i g h t  hand side. This allows mul t ip le  
assignment operations t o  oocur as p a r t  of a composite APL 
expression; as usual  f o r  APL, operations a r e  executed i n  
a s t r i c t  r i g h t  t o  l e f t  fashion. Thus, far example, the  
expression 

A % A  - A % A  4-0 3 
i s  per fec t ly  l ega1  and has the  value 81; i t  han a l s o  the  
s ide  e f f e c t  of assigning 9 a s  the  f i n a l  value of the  
var iable  A. If ,  however, the  leftmost operation of an 
APL expression i s  an assignment operation, the value of 
the  expression is not pr in ted  a t  t he  console when the  ex- 
pression i s  evaluated. O f  course, i n  t h i s  case, the  value 
may be obtained by separately entering the  name of the  
var iable  occurring a t  the  extreme l e f t  of the  assignment 
expression. Thus, f o r  example, i f  the  expression 

B e-- A x A  ( - 0  A % A  e-- 3 
were entered a t  the  console, no r e s u l t  would be typed. 
However, A would be assigned the  value 9 a s  a s ide  e f f ec t ,  
and B the value 81. If the  s ing le  symbol B wese subse- 
cpently typed i t s  value 811would be printed. 

The b u i l t  i n  dyadic s ca l a r  funct ions provided i n  APL 

a r e  addit ion,  subtract ion,  mult ipl icat ion,  division,  maximum, 
exponentiation, logarithm t o  a speci f ied  base, residue, bi- 

nomial coeff ic ient ,  a s e t  of c i r c u l a r  functions, the logica1 
and, or, nand, nor operations, and the r e l a t i o n a l  operators 
less  than, not greater ,  equal, not l e s s ,  grea ter ,  and un- 
equal. 
binary 
simp ly 

Monadic operators a r e  associated w i t h  many of these 
operators;  t h i s  associa t ion i s  of ten  defined very 

1 t by subs t i tu t ing  an appropriate implied u n i t  quàntity ' t  



in place of a missing left operand. This implied unit is 

O in case of addition and subraction, 1 in case of division, 
e in case of exponentiation, etc. In cases where this 
procedure is not appropriate, some other plausible signifi- 
cance is associated with the monadic form of a normally 

dyadic operator. Table 1 below, reproduced from the APL 
programmeris manual, gives detailed information an the built- 
in scalar operators provided in APL. 



Monadio form fB 

Def i n i t i o n  
o r  example 

- - - 

+B 4-+ O t B  

- B  ++ O-B 

xB ++ ( B > O ) - ( B < O )  

+B ++ 1 + B  

! O  ++ 1  
! B  ++ B x ! B - 1  
o r  ! B  ++ Gamma(B+1) 

?B ++ Random choice 
from t B 

oB +-t B x 3 . 1 4 1 5 9 . .  . 
-1 ++ O -0 ++i 

Arcsin B  
Arccoa B  
Arctan B  

( - 1 + ~ * 2 ) * .  5 
Arcsinh B  
Arccosh B  
Arctanh B  

Plua 

Negative 

Floor 

Magnitude 

Pi times 

Not 

AOB 
( 1 - B * 2 ) * . 5  
Sine  B  
Cosine B  
Tangent B  
( 1 + B * 2 ) * .  5 
Sinh B 
Cosh B 
Tank B  

Table o f  Dyadic o Functione 

Wadio fonn A ~ B  

Plus  

Minus 

Time s 

Divide 

Maxiniun . 

Minimum 

Power 

~ o g a r i t h m  

R e 8  idue 

Binomial 
coef f i c i e n t  

And 
O r  
Nand 
Nor 

Less 
Not g r e a t e r  
Equal 
Not less 
Greater 
Not Equal 

Definit ion 
or example 

2 - 3 . 2  ++ 1 . 2  

2 ~ 3 . 2  h+ 6,4 

2 + 3 . 2  ++ 0 , 6 2 5  

3 r 7  ++ 7 

3L7  ++ 3 

2 * 3  ++ 8 

A ~ B  ++ Log  B base  A 
AeB ++ ( @ B ) + @ A  

A Mixed Function (See 
Table 3 , 8 )  

Case 
A * O  

See Table at l e f t  

A IB 
B - (  ( A ) X L B + I  A 

Rela t ions  
Resul t  i s  i i f  t h e  
r e l a t i o n  holds ,  0 
if it does not :  

3 s 7  ++ 1 
7 s 3  ++ O 

Table I: PFUMiTIVE APL SCALAR FUNCTIONS 
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Any l i s t  of constants separated by spaces defines an APL 
vector. Thus, f o r  example, if we wri te  

then when A i s  typed the value of A w i l l  be printed as 
2 1 o. 

Note that ,  typ ica l ly  f o r  APL, the  above assignment s t a t e -  
ment s e t s  the  value and the  dimension of A simultaneoualy. 

Character vectors a r e  input  by typing the individua1 
characters  which c o n a t u t e  t h e i r  elements, i n  u n i n t e r n i e d  
sequence and surrounded by quote marks. Thus, i f  w e  en te r  

A e-- 'ABCDEF~ 

A becomes a character  vector, and i f  we then type A the 
response 

ABCDEF 

w i l l  appear. 

Every sca la r  operator i s  a t  once generalized within 
t he  APL langmge t o  apply t o  arrays  of a r b i t r a r y  dimension 
and s i ze  on a component-by-component basis .  This requires,  
however, e i t h e r  t h a t  the two operands of a dyadic operator 
be of the same s i z e  and dimension, o r  t ha t  one of the  oper- 
ands be e i t h e r  a simple constant o r  an array containing but 
a s ingle  element. Wadic combination of a s ingle  element S t  

w i t h  an array combines S' separately with every element of 
the array. I n  tems of t h i s  convention and the  standard 
APL conventions regarding assignments, we see tha t  the input 

A % A  <-- 1 2  3 4 
will produce the output 

i 4 9 16; 
the input 

1 2  3 4 s 2  
w i l l  produce the output 

2 4 6 8 ;  



while the input 

1 2 3 4 x 5 6  
will produce an error diagnostic. 

Three other mechanisms by which scalar functions 
may be extended to arrays are provided. These are re- 
duction, inner product, and outer product. If S is a 
built-in APL scalar f'unction and V a vector of length m, 
then the formula f/V denotes the f-reduction of V, and 
has the value 

~[l]f~[2]f...fV[n]; 

if n=l, then f/V has simply the value V[1]. If V is a 
two dimensional array, f/V is the vector U whose J th 

element is 

v[l;jlfl[2;jlf.. .fv[j;nI, 
and similarly f or higher dimensional arrays. Reduction 

along other than the first dimension of a multi-dimension- 
al array is specified by attaching an integer specifying 
the desired dimension of reduction enclosed in brackets as 
a so-called qualifier following the slash mark specifying 

reduction; thus, in the above circumstance f/[2]~ is the 
vec tor whose th component is 

~[j;l]fV[j;2]f...fV[j;n], 

while f/[l]~ has the same value as f/V. 

The APL generalized inner product and other product 
provide two additional mechanisms for extending scalar 
functions to arrays. If f and g are two dyadlc APL scalar 
functions, while A and B are arrays, then the outer product - 
C+--+ AC.gB is the array whose typical element is 

'(il, *.*>i,)g~(i~+~, 
If in this circumstance we assume that the last dimension 
of A is equa1 to the first dimension of B and let D be the 
array whose elements are c(il, i2, . . . , i,, i,, im+l,. . . 
the inner product Af.gB may be defined in terms of pre-  

ceding concepts as f/[m]~. Note that A+.xB then denotes the 

ordinary matrix-matrix or matrix-vector product. 



I n  add i t ion  t o  b u i l t - i n  s c a l a r  operat ions and t h e i r  
various extensionsto arrays,  APL admits an i n t e r e s t i n g  
family of mixed operators,  i. e., operators  producing 
vectors  from sca la r s ,  s ca l a r s  from vectors,  o r  more gen- 
e r a l l y  a r rays  of a c e r t a i n  dimension from ar rays  of a 
d i f f e r en t  dimension. One of the  most basic of these i s  
the indexing function. If C FS a vector  and I an in t ege r  
conctant, then C [ I ]  denotec the element of C. APL 
genera l izes  t h i s  f ami l i a r  not ion i n  various i n t e r e s t i ng  
ways. If I i s  a vector  of in tegers  r a the r  than a s ing le  
in teger ,  the  kth element of I being i(k) while the ith 

element of C i s  c(i), then c[I] denotes the  vector  whose 
components are c ( i ( k )  ). Similarly,  i f  I i s  an nàimension- 
a l  a r ray  of in tegers  whose elements are i(kl, ... kn), C[I] 

denotes the  a r r ay  whose elements a r e  C (i (kl, . . . , kn) ) . If 
C i s  an m -dimensi.onal a r ray  wi t h  elements C (il, . . . , i,), 
and Il, IZ, . . , l;n a r e  a r rays  with elements i j  (kl,. . ., k ) 
then CII1; Is; ...; I,] is the  a r ray  whose elements are 3 

c(il(kl,. . . ,k3 ) , i 2 ( k C  + l , . . . , k ~ l + ~  ),... ) Elis ion of 
a coordinate s h e c t s  a h  indices  alogg t h t  coordinate; 
thus, f o r  example, i f  A is a two dimensional array,  A ( I )  i s  
the  vector  whose J~~ coordinate i s  A ( I ;  J )  . 

Besides i t s  fundamental indexing operations, APL pro- 
vides severa1 add i t iona l  b u i l t - i n  mlxed functions,  The* 
monadic operator i converts an in teger  n i n t o  the  vector  
consis t ing  of the first n in tegers .  Thus i 5  has the  value 
1 2 3 4 5. The monadic operator P. applied t o  an array,  
gives t he  vector  oP dimensions of the array. The monadic ravel opera 

v 

designated by a cornma, makes any a r ray  A i n t o  the  vector  ,A a t o r  

of a l 1  the elements of A arranged i n  standard sequence. 

The spbolf  may aìso be used dyadical ly a s  t he  Vpa, 
where V is a vector  of dimensions and A an a r b i t r a r y  array;  
the  value of VfA cons i s t s  of the  elements of A, taken i n  



natura1 arder, Wt arranged as an a r r ay  of the  dimensions 
speci f ied  by V. If the elements of A do not suffice t o  
f i l i  out an array of the indicated dimension, they are 
cyc l i ca l l y  repeated as of ten  as necessary. Thug f o r  ex=- 

ple,  the  value of 

The cornma may also be used as a dyadic operatcr;  as such, 
i t  denotes vector  concatination. A dyadic -- index function 
V i S  is provided, with the  followlng significarice. If V 

i s  a vector  of n elements, then VIS yie lds  the  pos i t ion  of 
the  e a r l i e s t  occurence of S i n  V, o r  n+l  i f  there i s  none 
such. If S i s  an a r r ay  with elements S[I], then V i S  is the  
array whose elements V~S[ I ] .  The dyadic membership f'unction 
AeB gives 1 i f  the  s ca l a r  A belongs t o  the  array B, other- 
wise 0; i f  A i s  an array, i t  y ie lds  t& obvioiis a r r ay  of 
zeros and ones having t h e  same dimension as A. 

The take funct ion VTA i s  defined as follows. V i s  
a vector of in tegers  whose length m does not exceed the  
dimension of A.  I f  the e n t r i e s  of V are posi-tive, VtA i s  
the*array whose e n t r i e s  are 

A(+ i2, . . . , imy 1, l, . . $1) , 14ils ~ ( 1 )  . . , l5irnS ~ ( m )  
Any negative element ~ ( i )  se l ec t s  the  last I v ( ~ ) (  r a t h e r  

than the f i r s t  ~ ( i )  lndices  i n  the corresponding dimension. 
The drop f'unction V&A i s  defined analogously, except t h a t  an 
indicated number of elements a r e  dropped ra ther  than Irept. 
I f ,  f o r  exainple, E is a 4 by 3 matrix, then 3 -2 E is the  
s m e  as -1 1 E. The grade ue and grade e d ~ v ~ n  functlons, 4, A 

and A respecti.vely, produce t h e  perinutations which would 
order the vectur  A i n  ascending (resp.  descending) order. If  

A is an a r ray  of dimension higher than 1, they a c t  on t h e  
f Trst dimension of A u-nless wr i t t en  i n  qualifyed f orm as 4 [N] A 
or \?/ [N] A ,  i n  which case they a c t  on the  coordinate of A. 



The compress func t ion  V/A is defined as follows. If V 

i s  a vector o r  length N, V/IN FS the vector consist ing 
or a l 1  in tegers  J f o r  which V[J]  is non-zero; V/A is I 

- - 

A[V/IN;] . The same 'kelection" ac t ion  may be applied along 
the  dimension of A by writ ing v/[N]A. The re la ted  
expand function V\A is defined by the condition tha t  v / V \ A  

i s  A, and t h a t  al1 the elements of V A  which do not corres- 
pond t o  elements of A are 0. 

The fol lowing table,  reproduced from the APL pro- 
~rarnrner's manual, siunmarises the APL operations. In t h e  
examples glven i n  this table,  the fo l lowing  arrays are used:  

X = F  F G H 

I J K L  



:a tena  te ' I 

1 

tndex 
genesatora 

G r a d e  downs5 

compre ss5 

D e f  i n i t i o n  o r  exampleg . 
p P - 4  pE  ++ 3 4 p 5  ++ a 0  

~ e s h a p e '  A to dimeneion V 3 4 p i 1 2  4-c  E 
,492pE ++ 112 OpE ++ a 0  
, , A '  +-C ( x / P A ) P A  ,E  ++I 1 2  p 1 5  ++ 1 

P . 1 2  ++ 2 3 5 ? l 2 'T' , ' f l I S '  C+ 'THIS1 

Name 

S i z e  

Reshape 

R a v e l  

V t A  

[ / # A  
bA 

VA 

V C A ]  l '  P[ 2'1 ++3 PC4 3 2 1 3  4'7 5 3 2 

1 MCA ; A l  
P 

F 

s igni  

P A ' 

VPA 

.A , 

0 .  

V , V  

Transpose 

i Membership 1;;; , 

D e c o d e  

E C I ; ]  ++ 1 2 3 4 A B C D  
I E[;1] ++ 1 5 9 ABCDEPGHIJKL'  C E ] .  ++ EFGH V t.,- 

1 4  
0 N l J K L  

F i r s t  S in tegers  i 4 ++ 1 2 3 4 
\ I I i O ++ an empty vector 

Least I imdex of A  I Pi 3 -2 5 1 2 5  
i n  V, o r  l + p V  l a P IE !  ++ 3 5 4 5 

- - c c  

4 4 1 4  ++ 1 3 3 3 3  

l Take or td rop  I V C I I  firat l I $ 2  3 t X  ++ A B C  
( V C I I r O )  o r  last (v[ I )<o)  l 

EFG 
elements of coordinate I -$!+P' +-i 5 7 
T h e  permutation which 4 3 5 3 2 - 4 1 3 2  
woula order A  ( a s c e n d -  
ing  o r  d e s c e n d i n g )  I e 3 5 3 2 - 2 1 3 4  

1 3  
1 O 1 O / P  ++ 2 5 ' ' l 0 '  1 O/E ++ 5 7 

9 11 
1 O 1 / [ 1 ] E  ++ 1 2 3 4 ++.l O I j E  

9 1 0  il 1 2  
A BCD 

1 O 1 \ 1 2  +-i 1 O 2 1 O 1 1 i \ X  t+ E FGH 
l I .I J K L  

D C B A  IJKL 
$ X  4+ HGFE 4[1]X ++ 8 X  4+ EFGH 

LK JI @ P - 7  5 3 2 ABCD 
B CDA 

C o o r d i n a t e  I of A  $ 1  l I 2 1 @ X  t-, B F J  
b e c o m e s  coordinate CGK 
V C I ]  o L  result 1 1 Q E  ++ 1 6  11 DHL 

! 

T r a n s p o s e  l a s t  two coordinates QE ++ 2 1 4 E  
0 1 1 0  

Encode VTS 2 4  60  6 0 ~ 3 7 2 3  4, 1 2 3 ,  I I I 60 6 0 ~ 3 7 2 3  ++ 2 3 
~ e a ì 3  S?S W?Y ++ Random dea1 of W e lements  from I Y  

T a b l e  I1 : PRIMITIVE APL MIXED FUNCTIONS 
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The binary dea1 function (whose name i s  taken from 
gambler s pa-rlance ) makes a s tochas t i c  element ava i lab le  
wi th in  APL. It has the  form M?Ny and s e l e c t s  a vector  
of length M a t  random from iN, the  vector  being se lec ted  
from iM without replacernent. The monadic r o l l  - funct ion 
?N s e l e c t s  a random element from iN. The binary decode 
function V A  U gives the  value of the vector  U i n  the  

number system whose radices are given by the  components 
of the  vector  V; the  encode funct ion V T  U gives t h e  rep- 
resenta t ion of a s c a l a r  U i n  the  number system having the  
components of V as radices,  and gives i t  t o  a s  many places 
as V has components. A binary r o t a t e  Qunction @?C i s  pro- 
vided, and is defined as follows. If K 1s a sca l a r  o r  one 
element vector  and X i s  a vector,  then KQX i s  a cyclic ro- 
tation of X, ro t a t i ng  X K places t o  the  lef't i f  K i s  posi- 
t i v e  and K places t o  t he  r i gh t  i-f K iss.  negative. If X i s  
an m dimensional ar ray ,  then the coordinate J along which 
ro t a t i on  i s  t o  be performed may be speci f ied  by wri t ing  
the  qualifyed operator  K$[J]X. Moreover, K may be an a r r ay  
whose dimensions must equal the  dimensions of X l e s s  i t s  
J~~ dimension; i n  this  case, each vector  along the  J th 
coordinate of X i s  ro ta ted  as speci f ied  by the  correspon- 
ding element of K. K is a l s o  allowed t o  be a sca la r ,  i n  
which case every vector  along the J~~ coordinate of X i c  
ro ta ted  K places. The monadic operator $DX corresponding 
t o  the  dyadic ro t a t i on  operator reverses the coordinates 
of a vector.  It may be applied t o  an array of more dimen- 
sions by wri t ing  i t  i n  qual i f ied  form a s  @[J]x, i n  which 

case X is reversed along i t s   co coordinate. The general- 
ized transpose operator V 0 X is defined as follows. V 
is a vector  of length N equal t o  the number of dimensions 
of X; the coordinates of V cons t i t u t e  some permutation of 
the f i rs t  m in tegers ,  with repetitions allowed. The value 
Y o r  V (0 X i s  the  a r ray  of m dimensions defined by 

'(il, "*,im) = ~ ( i ~ ( ~ ) , i ~ ( ~ ) ,  H 0, iq(n)) ; 
i n  t h i s  formula, each index i has the  maximum range of 3 



va r i a t i on  allowed by the expression on the right hand 
s ide  cf the  formula. The corresponding monadic operator  
OX may be defined as 

(1 2 . . . n-2 n n - l ) O X ,  

where w e  assume t h a t  X i s  an array having n d i f f e r e n t  
dimensions; note tha t  i f  X is an ordinary matr3.x t h i s  

operation givea the  transpose of X. 

APL admits an i n t e r e s t i ng  fom of indexed assignment 
statement. The element imrnediately t o  the left of an 
assignment arrow may be an ar ray  A supplied wi th  indices  
i n  square brackets;  the pattern of indices  which occurs 
must be such as t o  unambiguously designate some subarray 
B of A. The subarray B w i l l  have c e r t a i n  dimensions; the 
expression on the  r igh t  of the  assignment srrow must define 
e i ther  an ar ray  C of these same dimension o r  a scalar .  
This being the  case, each element of the  subarray B within 
A i s  replaced by the  corresponding element of C ( o r  by the 
value of C i t s e l f  i f  C i s  a s ca l a r ) .  

APL makes use of a simple convention providing stan- 
dard-format input and output. Nwnerical input  required 
within an APL expression is indicated by using the  l4square 
box" symbol . On encountering t h i s  symbol, the  APL 

in t e rp re t e r  w i l l  h a l t  and require the  input  o r  a s ing le  
numerica1 quanti ty from the keyboard. A s  soon as t h i s  is 
supplied,  i t  w i l l  re lace  the  occurrence of a w i t h  t h e  l? 
quanti ty supplied an$nterpretation process w i l l  continue. 
If the symbolO occurs t o  the  l e f t  of an  assignment arrow, 
i t  designstes output. To request symbolic o r  alphabetic  
i npu t ,  t he  symbol  m i s  used instead of Ci . 

T h i s  completes our account of the APL i n t e r p r e t e r  i n  
its execution mode. A s  has already been rnentioned, APL 

admits input i n  a second mode, the so-called subroutine- 
de f i n i t i on  mode. kJhen Ln this mode, t ex t  i s  received f o r  
subsequent execution a s  p a r t  of a user  defined subroutine. 
A d e f i n t t i o n  t s  opened by typing t h e  symbol v . On comple- 



tion of a subroutine defintion, the definition is closed 
by typing once more. The symbol beginning a new sub- 
routine definition is followed imrnediately by a subroutine 
definition header. The header can have one of a number of 

2- 

foms. At its simplest, it consists solely of a name a, 
which subsequent to the completion of the subroutine defi- 
nition body which follows the name becomes the name of the 
newly defined subroutine. If a is followed in the function 
header by  a second name f3, the subroutine is monadic (hav- 
ing a single argument, the argument being represented by p) ,  
and on each subsequent invocation of the subroutine, an 
argument is required. If three names occurred , a, in 
sequence, the subroutine 1s recognized as having two argu- 
ments; and f3 are the argument names, and the middle name 
a 1s the subroutine name. If the header occurs in the fonn 
Z c A  F B (this form may also occur without one of the 
argments A or R ) ,  the subroutine is designated as a function; 
in this case, Z 1s the output value (possibly array) for 
the function. Variables occurring within a function defi- 
nition will normally refer to the same logica1 object as 
identica1 symbolic names occuring elsewhere, which is to 
say that al1 variable names are ordinarily global. This 
is sometimes inconvenient and a mechanism is provided t o  

designate names occurring within a f'unction as being local 
to the function. To so name, one appends the name preceeded 
by a sernicolon to the basic function header. 

Successive statements in an APL subroutine are num- 
bered and referred to by their nkmbers. AI?L statements 
in a subroutine may be the targets of transfers. A trans- 
fer operation in APL is indicated by an arrow ( 4) follow- 
ed by an arbitrary expression. The expression is evaluated 
yielding an integer, and transfer is made to the statement 
having the appropriate number. Return from within an APL 
subroutine is indicated as a nomina1 transfer to any state-  

ment nwnber not actually occurring in the subroutine. It 
is sometimes inconvenient to refer to a statement by its 



e x p l i c i t  number, especial ly i f  the body of the  funct ion 

within which i t  occurs i s  t o  be rnodified. For t h i s  reason, 
a l a b e l  option i s  provided within APL. If a statement 

occurring i n  the  body of a funct ion de f in i t i on  is pre- 
faced by a name and a colon, then at the  end of the  def in i -  
t i o n  the  name i s  assigned a value equa1 t o  the statement 
number. Using t h i s  l a b e l  name following a t r ans f e r  arrow, 
even a s  p a r t  of some more complex expression, allows one 
t o  avoid the annoyances t h a t  might r e s u l t  from t h e  d i r e c t  
use of numerica1 expressions, APL routines may be cal led 

recursively;  the system uses an i n b r n a l  s tack t o  handle 
t h i s  recursion, 

Relevant d e t a i l s  concerning the inner  workings of the  
APL function-defini t ion mechanisms a r e  as follaws, Indivi- 
dual state,ments a r e  s tored i n  a l ex i ca l l y  analyzed but not 
syntactically reordered fom. Statement bodies are stored 
s ingly  i n  the  APL a r ray  area. A subroutine i s  defined by 

an ordered vector V referencing the  successive statements 
belonging t o  i t .  This vector V i s  establ ished when the 
subroutine de f in i t i on  i s  closed; while it  FS open, pointers  
t o  the statements comprlaing a subroutine a r e  rnaintained as 
the  successive elements of a l i s t ,  allowing easy Fnsertion 
and de le t ion  of statements. The vector  V defining a sub- 
routine i s  prefixed by a f i e l d  giving such addi t iona l  in-  
formation concerning the subroutine as i t s  t race  and stop 
vectors  (see below) and i t s  modification lock. A s tored 
subroutine R may be reopened f o r  modification by typing R. 

Some few words contatning the name-scoping rules  used 
i n  APL a r e  i n  order,  Names are global  unless speci f ied  
as being loca l  t o  a subroutine. A name F used globally 
as a funct ion  may not be used global ly  as a vaziable, but 
may be used loca l ly  as a var iable  within a subroutine G. 

If t h i s  is done, the function F becomes unavailable once 
the subroutine G i s  entered. Labels a r e  t rea ted  a s  l o c a l  
variables within the  subroutines where they occur, but a re  
s p e c i a l l y  f lagged to prevent t h e i r  values (es tabl ished when 
the Puncti-on def in i t ion  i s  closed) from being changed. 
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The symbol  t a b l e  e n t r y  de f in ing  a subrout ine conta ins  
f i e l d s  specifying such information concerning t h e  subrout ine 
as its length,  t h e  v a r i a b l e s  l o c a l  t o  t h e  subroutine,  t h e  
s u b r o u t i n e r s  arguments, e t c .  With each statement i n  a sub- 
rou t ine  APL a s s o c i a t e s  a stop bFt and a t r a c e  b i t ,  these 
bits taken f o r  a l 1  t h e  statementsof' a subrout ine c o l l e c t i v e -  
ly c o n s t i t u t i n g  t h e  stop v e c t o r  and t r a c e  vec tor  f o r  the  siib- 

rout ine .  If the s t o p  b i t  a t t ached  t o  a statement i s  on, ex- 
ecu t ion  w i l l  be suspended and c o n t r o l  re turned  t o  the  key- 
board whenever i n t e r p r e  t a t i o n  reaches t h e  sta tement i n  
quest ion.  II the t r a c e  b i t  a t t ached  t o  a statement i s  on, 
a repor t  g iv ing  subrout ine name and statement number w i l l  

by typed whenever i n t e r p r e t i v e  c o n t r o l  reaches t h e  s ta tement .  
The c u r r e n t  value of the s t o p  vec to r  a s soc ia t ed  with the  
subrout ine F may be accessed by using i t s  s p e c i a l  symbolic 
name S A F  I n  an APL expression;  s imi la r ly ,  t h e  s top  b i t s  

inay be modified by making a normal APL assignrnent t o  t h e  
pseudo-variable S h F .  The t r a c e  vec to r  is referenced i n  
siinilar fash ion  as TGF.  

Various o the r  APL f e a t u r e s  used i n  t h e  d e f i n i t i o n  and 
debugging of APL subrout ines  and as genera1 conveniences 
a f f e c t  the  d e t a i l e d  s y n t a c t i c  d e f i n i t i o n  t o  appear below. 
If the  d e f i n i t i o n  of a func t ion  FS  opened by t h e  s p e c i a l  
symbol p r a t h e r  than  t h e  normal v , o r  c losed us ing  
i n  p lace  of V , t he  func t ion  i s  locked and subseqiiently 
the func t ion  d e f i n i t i o n  may not  be displayed o r  modified, 
nor may the  trace o r  s top  vec to r s  a s soc ia t ed  with t h e  
func t ion  be changed; this f e a t u r e  i s  u s e f u l  i n  p ro tec t ing  
prograrnmed exe rc i ses  intended f o r  cla.ssroom use.  A locked 
func t ion  may, however, be erased;  but  only by t h e  owner of 
t h e  l ibrary t o  which it belongs. APL assists the  e d i t i n g  
of unlocked func t ions  i n  var ious  ways. An e x i s t i n g  func t ion  
F may be reopened f o r  modif ica t ion  by typing  [ N ] ,  where N 

i s  1 more than i:he number of s ta tements  comprising F, in -  
d i c a t i n g  t h a t  i t  i s  ready t o  accept  a new l i n e  t o  be appended 
a t  t h e  end of F. Typing [ I l ]  w i l l  d i sp lay  a l1  of F and 



cause the system to await entry of an addiaonal line; 

typing [n N] will display al1 statements from N onward 
and cause the system to await replacement of the last 
statement of Typing [NLJ] will display statement N 
and cause the system to await replacement oP this state- 
ment . Typing [N L 1 M] invokes a special mechanism f or 
characer-by-character editing of statement N; the reader 

is refered to the APL Programmer's Manual for t;he details 
of this mechanism and the conventions associateci with it. 
If [N] is typed, the system awaits insertion or replacement 
of line N; use of a decima1 for N allows insertion. When 

a function is closed its statements are appropriately order- 
ed and successively renumbered. Function definition or 

display may also be reques-ted on a single line,, Thus, for 
example, typing V F [3] X * - - ~ + l ' % f  opens the def inition of F, 
enters a new third line consisting of the statcment X<--X+l, 
and closes the function F, locking it. 

The APL system monitors the activity of programs 
running under it, thereby accumulating information of 
potential dynamic interest to system users; various dynamic 
iterns of program status information may similarly be of use. 
Such information may be accessed using one of a limited 
number of system pseudo-variables having such forms as 119, 
129 ,  etc., in APL expressions. The information made avail- 
able in this way includes such quantities as the time of 
day, the date, the amount of centra1 processor tirne used 
in the current session, the vector of statement nwnbers 
belonging to the current status indicator, the number of 
the next statement to be executed, etc. 

APL statements, whether belonging to prestored user -  
defined subroutines or received directly via keyboard trans- 
mission, are stored in a lexically analyzed b u t  not syntacti- 
c a l l y  reordered form. This assures compact storage and allows 
the syinbolic version of any statement to be reconstr~cte~ 

f i-om Tts stored form. 

-618- 



The APL lnterpreter embodies conventions facilitating 
the suspension and resumption of program rum. The exe- a 
cution of/function F may be stopped before completion in a 
v a r i e t y  of ways: by an error report, by sn attention sig- 
nal, or by the action or the stop bits comprising the vec- 
t o r  S A F  mentioned above. No matter how stopped, status 
i n f o m a t i o n  on the function is still act ive and Punction 
execut;ion can later be reswned. In this state the function 
1 s  said to be suspended. Entering a transfer --cK w i l l  
cause execution of the syspended function to be resuni-d, 
beginning with statement K. The possibility of fully 
dynamic suspensFon and resumption is based upon the avail- 
ability within the interpreter,of complete dynamic program 
status information. (See below tor a more detailed discussion.) 

In the suspended s t a t e  of any function, APL statements 
ìntended for immediate Interpretation may Preely be entered 
a t  the console; these staternents may c a l l  on additional APL 

i'unctions, which may in turn lead to new function suspensions 

and to the entry of a d d i t i m a l  staternents from the keyboard. 
Statements a entera for enrecution from the keyboard are 
called keyboard statements. Note tha-t on completing the in-  
terpretation or" a keyboard statement a entered from the con- 
sole during suspension of some particular funcf;ion F, we 
return once more to the  suspended state of F. Suspension of 
F will only be dissipateci when a transfer is interpretively 
executed from t h e  keybarod at the leve1 of F. 

As has been noted, pointers defining those portions 
of the contro1 and grgument stack that correspond to the 
interpretation of the most current APL statement are avail- 
able at a l1  times. If an error occurs during interpretation 
of this statement, the corresponding stack section i s  cleared, 
and execution suspended just prior to next following state- 
ment. In addition, the availability at al1 times of complete 



status information allows a diagnostic trace of the set of. 
subroutines momentarily activated to be given upon system- 
leve1 request at any time during the suspended sta te  of an 
APL run. 

Ekpressionq within APL are written in what is essen- 
tially right-to-left Polish form, a fact simplifyin@; certain 
aspects d' the APL syntax. Table I11 below giv'es the syntax 
of APL in the generalized Backus metalanguage, while Table 1-V 

contains a summary account of the lexical types and the gen- 
erator routines occurring in Table 111. In order to dea1 

effectively with the right-to-left execution order of the 
APL expression, we have segregateci the syntactic definitions 
comprising Table 111 into two logica1 sub-parts, a first 
part detecting system commands and handling subroutine defi- 
nition and editing statements, and a second part defining t.he 
APL expression interpreter. We suppose the tokens for syn- 
tactic analysis to be provided by a simple - token emmiter 
routine containing an ernission-order switch; the first part 
of ow syntax assumes a left-to-right emission order for /' 
tokens, while the epxression-interpreting portion of the 
syntax table assumes that the token emitter has been switched 
over to right-to-left emission. The necessary reversal of 
scan order i s  to be accornplished in the generator routines 
forward (see below) urhich switches to the keyboard-oriented 
forward scan, and reverse, which goes to the reverse scan. 
The routine forward serves in addition for initial keyboard 
input of a statement, unlocking the APL keyboa.rd to permit 
reception of a l ine ,  waiting for thic line to become avai lable ,  
and c a l l i n g  a lexical scanner to break a newly received l i n e  
into tokens. Two principal syntactic entry points corresponà 
50 our diyis ion of the APL syntax into a forward-scanning 
keyboard-input section and a backward-scanning expression 
evaluator; these appear in Table I11 a s  the syntactic types 
4ransmsns and .<expr>. 



<f head > 

<f taih 

<f def > 

cfdefs, 

Table 111. APL Syntax 

<-basic syntactic definition separating system commands, 
function definitions, and statements* 

. f orward ) .csyscommand*. . transmsn/. . comnderr 
V'. lock(o) cfheads. . fdef/. transmsn. synerr 
'V7. lock(1) <fhead>. .fdef/. transmsn. synerr 
4 s  tmnt >/. synerr 
e-syntactic definitions applying to subroutine head* 
<*name > 1 e-- .- t . result (l) <mame>. . f tail/. synerr. . synerr 
. result (O). . ftail/ 
~rnarne>+name~. oklocal~localsì*~. testlocs.. . synerreedge* 
.post(2). . . synerr. .fdef/. .dubfn. synerr 

<-name>.newtest .,. oldedit.oklocal~locals~~.testlocs...synerr 
-%edge>.post(0). . . synerr.fdef/. synerr 

<- name name~.oklocal~locals~. testlocs.. .synerr<$edge> 

. p  ost(1) ... synerr..fdef/.synerr 
.operi.. .synerrf [f4istail>. .fline/. .synerr 
+*dge>. setlength. . fdef s/. synerr 
; +name>/. b. locerr 

. errnote/ 
e-s:r?tactic def initions applying to subroutine body> 
. startnmbr.. fdef s 
.newnmbr.forwardf)f~syscommand~.numback..fdefs/..comnderr 

[ <distail*. . fline/. . synerr 
vf . nwnback. close. . transmsn/. 
'vf. lock(1). close. . transmsn/. f line 
<nondel*> 'pf-Wedge>.enter.close..transmsn/..synerr 

a~ndeln>~@ qedge>. lock(1). enter. close.. transmsn/. . synerr 
<-nondel#>+edge>. enter. . f def s/. synerr 
'O' '1 .display/.nobox. 
4- p<&integers ] I. lineset.display/.b.b 

<*integer> C1 wntegerrf ] I .  . linef ix/. b. boxless. . b 
<-i.nteger~>~] .lineset.disline.numback. .fdefs/.b 
( ~ e  shall not show the action required here. cf. APL 
programmerfs manual for details) 

cinteger* ] lineset.. f line/. b 
qm&me>/. 
<+integer>/. 



<f symb > 

= d*real>/. 
= *(guote>/. 
= *kfsymbol>/ 
= *sysname>/. 

*-syntactic definitions defining the APL expression 
interpreter, 

= .reverse..expr/ 
= *name>.testvar...fsymb..midexp/. 

= qector*. .midexp/. 
= +quote>. .midexp/. 
= 1) t *expr>' ( . .midexp/. . synerr. synerr 
= (1  t~subs~*~[~~name~.subscript.dsmerr..midexp/..synerr.synerr 
= t~t.numin..midexp/. 
= 'n'.symbin..midexp/. 
= ycsysname*. sysval. .midexp/. expend 

= <labpart edge>. clean. print . cleanup. . . transmsn. . expr/. synerr 
= :'e namez/. .synerr 

= < f symbolrl. .< f symbol~4eftpart~. doinr.. . domerr. .midexp 
/.notsym.nodot..synerr 

- - <-.fsymbol~~ol~leftpart~.doutr ... domerr..midexp/.synerr.synerr 
= <-f symbol*4ef tpart >. dodyad. . . domerr. .midexp/. 
= .domonad..domerr. .midexp/ 

= ] t eexpr>t [ l / '  4 f symbol>. doredn(1). . . synerr. .rnidexp 
/. . synerr. synerr. qualop. selec ta 

= 4 f aymbol>. doredn(0) . . . synerr. .midexp/. . selectb 
= 4 name>.testfn(~)..moncall ~leftpart>.call(2) ... transmsn 

,.expr /. .synerr 
c-the next few lines describe the APL indexed assignment* 



<lef part > 

ebac kup > 

<syserr, 
cdomerr, 

= '-,l-< nane>. testvar.. .mayfn.simpasin. .midexp/.maygo. 
= <-+->'l '<subs sr  [ < name*. indxasin.. .domerr. .midexp 

/. .synerr. synerr. synerr 
= - - l . output . .midexp/. aynerr 

- the next line describes the APL transfer statementr 
= t - I eLabpart M edge >. clean. dogo. . . transmsn. retval 

... expend..rnidexp/.expend.synerr 
= 'A '  l'T1. testfn(3). . . synerr.asintvect. .midexp/.synerr 
= <- names Is'. testfn(3). . . ~ynerr~asinsvert. .midexp/. synerr 

= . testfn(1). . . synerr.call(1) ... transmsn. .expr/ 
= v' . order (down) . . mi.dexp/. 
= &'. order(up) . .midexp/. 
= fl . elefpartr. dorot . .midexp/. expand. 
= e -#[q] vab. dorev. .midexp/ 
= 4 -/[q] vabelef tpart>. doselect.. . domerr/. synerr 
= -/val~.putslash~leftpart~.dodyad.. .domerr. .midexp/.synerr 
= 4- [q] val>I elefpart>. doexpand.. domerr. .midexp/. synerr 

= name>. testvar. .f sym/. 

= -wector> /. 
= .c quote> /. 
= ')'.cexpr>'(' /..synerr.synerr 
= '1 '<subs >l['< name>.subscript. ..domerr/..synerr.synerr 

= L.1 . numin/. 
= EP.spbin/ .  
= <)sysname>. sysval/. 

= %um(l, f.) S. makevec t/. 

= e integers/. 
= < real>/. 

= l A' t T'. testfn(3). . . synerr. tvector/. backup. 
= <- ~namer 'SI. testfn(3). . . synerr. svector/.backup 
= .backl/ 
= . errout. . transmsn/ 
= .errout..transmsn/ 

<syscommand> = ( ~ h e  syntax of the APL system leve1 commands 1s not shown, 
See the APL programmer's manual for detai l s . )  
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Implicit in the syntax shown in the above table 

is the strutture of APL as an interpretive system. The 
APL features playing a centra1 role in this regard have- 
a significance for interactive interpretive systems lex- 

tneding beyond the boundaries of the APL language itself, 
and are worth additional comment. The generator routines 

basic for this aspect of APL are dogo, cleanup, call, and 
errout, detailed algorithms for which are given below in 
Tables V through VIII. We note the following highlights. 

i. Both a subroutine definiton mode and an 
execution mode are provided; the language interpreter 

gets ìts string of tokens indirectly either f r a  the 

keyboard or from a prestored statement. 
li. A statement entered in execution mode from 

the keyboard is immediately classified either as a system- 

leve1 command for immediate execution, as the begiming of 
a new function definition, or as an expression actualìy to 
be interpreted. On detecting the beginning of a new defini- 
tion the system toggles into input status, in which status 
it reinains u n t i 1  a special definition-close signal returns 
it to execution status. 

iii. Transfers within and calls among pre-stored sub- 
rou t ines  are executed interpretively, using a vector' of 
statement addresses for transfers and using a hash-addressed 
master symbol table for calls. Transfers are handled simply 
by intonning the systeui token emitter routine cf the next 

statement to be executed, calls by stacking the system status 
information described below and passing the location of the 
first statement oP a called subroutine to the token emitter. 

iv. Interpretation of APL statements involves repeated parsing;  

the parser wlll use a recursion contro1 stack and an argu- 
rnent-and-operator s tack. The momentary state of any s ingle- 
statement parse w-ill be defined by the state of these two 

stacks and a small amount of additional information, such 
as the identity of the statement being executed, the last 

symbol in this statement which the parser has reached, etc. 
Since APL is interpreted rather than compiled, the most 



Table IV. Lexical types and generator routines 

for APL syntax. 

A. Lexical types. 

B. Generator subroutines associated with keyboard input and function 
def inition. 

forward- unlocks keyboard to receive transmission, awaits transmission, 
calls lexical scanner, signals token emitter for forward scan; 

lock(yesno)- posts flag indicating lock/unlock of subroutine; 
result(yesn0)- posts flag indicating result/noresult for subrmtine; 
oklocal- drops local argument error flag; 
testlocs- tests local argument error flag; 
errnote - sets local argument error flag; 
post(n) - posts definition of new subroutine with n arguments, checking 

on legality of name and correctness of local variable se- 
quence; 

n-wtest- returns 'no1 if name designates existing subroutine; 
open- opens subroutine for correction, tests for legality of opening; 
setlength-sets input line number to end of current subroutine; 
startnmbr-initialises input line number to 1; 
newnmbr- prints and increments input line number; 
numback- decrements input l i n e  number; . . 

close- closes subroutine def inltion, posts lock; 
enter- enter a,new l i n e  into a function definition body; 
display- display al1 lines from current position to end of subroutine, 

advance input line counter to end of subroutine; 
lineset- establish specified input line number; 
disline- display a single line of a subroutine; 

C. Generator subroutines associated with the interpretation of APL 
expressions. 

reverse: signal the token emitter to begin reverse scan; 
testvar- -test a name for validity as a variable; 
subscript-carry out subscript expression interpretation, checking on 

validity o f  arguments ; 



numin- 
symbin- 
sysval- 

tvec tor- 
svector- 
mi sdim- 

testfn(n)- 

cail(n) - 
clean- 
print- 
C leanup- 

doinr- 
doutr- 
dodyad- 
domonad- 

await and accept numerica1 input; 
await and accept symbolic input; 
make value of ~ystem-dependent f'unction available on argii- 
ment stack; 
make value of subroutine trace vector avallable as argument; 
make value of subroutine stop vector available as argument; 
post missing dimension pseudo-argument indicator on argwnent 
stack; 
test name for validity as subroutine name, either with given 
number or with unspecified number of arguments; 
subroutine call interpreter routine; 
removes edge indicator and labels from top of argument stack; 
prints value of interpreted expression where appropriate; 
terminates interperetation of prior statement, initialises 
for interpretation of next following statement, signals for 
keyboard or subroutine input through syntactic fyesnol flag; 
executes inner product proceas, checking on argument validity; 
executes outer product process, checking on argument validity; 
executes dyadic operation, checking on argument validity; 
executes monadic operation, checking on argument validity; 

doredn(yesno)executes reduction process in qualified or unqualified form, 
checking on argument validity; 

simpasin- 
indxasin- 

output- 
dogo- 

retval- 

execute non-indexed assignment operation; 
execute indexeà assignment operation, checking on argument 
and index range validity; 
print value of expression; 
interpreter of APL transfer statement; 
check subroutine for returned value, setting 'yesnof flag 
and value-print flag accordingly; 
make assignment to function trace vector; 
make assignment to function stop vector; 

order(updown)calculate permutation ordering quantities in specified manner; 
dorot- execute rotation operation in qualified form; 
dorev- execute reversal operation in qualified form; 
doselect- execute kompressl operation in qualified form; 
putslash- put dyadic slash operator at top of argument stack; 
doexpand- execute 'expandf operation in qualified form; 
makevect- assemble string of numerica1 constants into a constant vector; 
backl-  back up one token in input string; 
errout- issue diagnostic, terminate interpretation of current statement. 
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c h a r a c t e r i s t i c  generat ive act ions  taken by the APL parse r  
will cons i s t  r a the r  in the  i n t e rp re t i ve  execution of a 
l o c a l  code fragment than i n  the  emission of code. I n  
connection with such an action one will typ ica l ly  remove 
an operabor and a p a i r  of argwnents from the argument- 
and-operator stack, replacing them wi th  a reference t o  
an operat ion resul t .  Calls on user-def ined functions F, 

however, must be treated somehwat differently. I n  inter-  
p r e t i ~  such a ca l l ,  the following act ions must be carried 
out. 

a.) Record at the top of the con t ro l  s tack any in- 
formation required by the  interpreter  which has not already 
been stacked. T h i s  will include: 

ai.) The name of the subroutine containing the  s t a t e -  
ment currently being executed; 

a i i . )  The number of the cur ren t ly  executing statement 
withln t h i s  subroutine; 

a i i i . ) ~ h e  pos i t ion  i n  the  current  statement of the 
last symbol scanned by t he  parser;  

a iv . )  The length of the con t ro l  s tack and a r p e n t  
stack segrnents associated w i t h  the cur ren t ly  executing 
statement. 

T h i s  information may appropr ia te ly  be ca l l ed  the  invo- 
cat ion information belonging t o  a pa r t i cu l a r  en t ry  of control  
into a function Fa 

b . )  On enter ing a subroutine F, r e i n i t i a l i z e  a l 1  non- 
argument v a ~ i a b l e s  local to F by stacking refer- 
ences t o  the p r i o r  values of these varia .bles  and by ref lagging 
the  var iables  a s  having undef ined values. Initialize the 
arguments of F by stacking references t o  their p r i o r  values 
and causing each argument var iable  t o  reference a newly 
created copy o.f whatever argwnent values a r e  transmitted t o  
F from the po in t  at which it is cal led .  

C. ) Establ ish  new current  s a  rout ine  and statement in-  
f ormation, as f ollows : 

c i .  ) Current subroutine i s  F; 

cii.) Current statement nwnber is 1; 
c:ii.)~ast symbol scanned by pa r se r  i s  O; 
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c iv . )  Current con t ro l  stack top pointer and argument 
stack top pointer  a r e  recorded. 

v , )  On returning from a called subroutine F, one 
merely unstacks the previously preserved s t a t u s  information, 
re tu rns  any output argument, r es to res  al1 F-local  
var iables  t o  t h e i r  p r io r  values, and recommences i n t e r -  
p re ta t ion  a t  the point  from which the subroutine was orig-  
i n a l l y  ca l led .  A very s imi la r  meclianism 1s used t o  re tu rn  
control  t o  the  keyboard on a stop o r  e r r o r  condition and t o  
resume operation subsequently. The occurrence of a system 
e r r o r  or  s top s igna l  s tacks a l1 necessary s t a t u s  information 
and re turns  control  t o  thc keyboard which is placed i n  execu- 
t i o n  s ta tus .  Note t h a t  by t r e a t i n g  ca l l s  on undefined func- 
t i o n s  as e r ro r s  we allow p a r t i a l l y  p r o g r m e d  co l lec t ions  of 
subroutines t o  be executed and give the system user  a chance 
e i t h e r  t o  define a missing subroutine when i t  FS ca l l ed  or t o  
provide the subroutine r e s u l t  manually by d i r e c t  entry. This 
scheme f o r  t r e a t i n g  calls a l s o  foms the basis f o r  the  flexible 
and convenient diagnostic t r ace s  and pauses used i n  APL. 

A s  has been noted, the syntact ic  signal which re turns  
control  f rom the  keyboard t o  a suspended subroutine is tk 
occurence oi a t rans fe r  statement. Such a stwtement i s  i n  
effect  t reated as a re tu rn  from the keyboard t o  a suspended 
subroutine, followed at once by a transfer to the indicated 
des t inat ion within the  fornierly suspended subroutine. ( c f .  
Table V ior additional d e t a i l s  of t h i s  mechanism.) 

v i . )  When the  i n t e rp re t a t i on  of a statement I s  e i t h e r  
completed normally o r  terminated on the  occurence of an 
e r ro r ,  al1 temporary information,whether contained i n  the 
pazse-contro1 stack, the argument stack, o r  elsewhere, i s  
erased before control  i s  passed e i t h e r  t o  the keyboard or  
t o  the next prestored statement t o  be in terpre ted .  

Table IY 1 i s  ts the  l e x i c a l  types and describes the  gen- 



Note in connection with 

tion signal transmitted from 

f l a g  within the APL system. 

ever i n t e rp re t a t i on  of a new 

the above table that an atten- 
the keyboard w i l l  set  a stop 
This f l a g  i s  consulted when- 
statement is to begin; if it 

1 s  found to be s e t ,  the action appropriate f o r  a statement 
bearing a s top b i t  i s  taken, and the &op flag dropped. 



erator routines which occur in the syntactic definition 
of APL given in Table 111. The lexical types which occur 
are rather standard : Symbolic names, symbolic integers and 
rea1 numbers, quoted character strings handled internally 
as character vectors, specially prefixed system function 
names, special symbols f o r  bu i l t - i n  APL fu-nctions, q d  a 
special mark representing either the left- or right-hand 
boundary of a statement a re  admitted. The lexical analysis 

necessary to break character strings into these tokens is 
straightforward, and we shall not describe it in any addition- 
al detail. On the completion of lexical analysis, the tokens 
representing a lexically analyzed input string are either 

stored as part of a subroutine or passed direct;ly to a token 
e i n i t  ter f or subsequent syntactic analysis. 

Table IV groups the APL generator routines into two 
main subsets, namely those routines associated with subroutine 
definition and a forward scan, and those routlnes associated 
w i t h  statement interpretation and a backward scan. In many 
cases, the action of a generator w i l l  be clear from the 
brief desc r ip t ion  found in Table IV. In connection with the 

subroutine definition generator group, note that flags indi- 

cating whether a subroutine is to be locked on closing and 
whether the subroutine w i l l  re tu rn  a value are set up by 
lock  and r e su l t  respectively; these flags are then used by 
_I__ 

close, and in the case of a new subroutine by post, vurhich 
between them accomplish most oI' the labor of subroutine defi- 
n i t i o n .  The subroutine post is invoked jus t  after the header 

l i n e  of a new subroutine has been syntactically analyzed; it 
checks the received infomat ion concernìnj subroutine name 
and local variables Por seniantic admissibility and goes on 
t o  establich a subroutlne data strutture i n t o  which the 
successive lines of a subroutine doby rnay be Lncorporated 
a s  received. Note tiiat the syntactic as distihnct from the 
seinantic v a l i d i t y  of a l o c a l  v a r i a b l e  l.ist appended to a 
subrou t ine hesder is establf shed by the elementary jo in  t 

nct?on of the thrce rout inec  okaylocal, errno&, and testlocal. 
W i t h  the excep-t;ion of the t w o  Rey routines o p e n  and close, 
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both of wliìch perf onn f'undamental ope ra t ions  i n  connection 
w i  t h  subroutine def in i tbn ,  most of the  remaining generator 
rout ines  ol t h e n r s t  s e t  a r e  elementary and serve t o  d isplay  
1i.nes of a subroutine e i the r  singly o r  i n  groups, t o  manip- 
u l a t e  a pos i t ion  counter defining the next pos i t ion  a t  
which a subroutine l i n e  FS t o  be received, e tc .  Additional 
detai ls  concerning t he  open and close subroutines a r e  given 
below as p a r t  of an account of the two s l i g h t l y  d i f l e r e n t  
da ta  s t ruc tu re s  used t o  represent  subroutines during def i -  
mion and during execution. 

Many of the  in terpre ter -associa ted  generator rout ines  
shown i n  Table I V  are of straigiitforward action. One sub- 
group, consls t ing  of subscript ,  doinr, doutr, dodyad, domo-d, 
doredn, dorot, dorev, doselect,  doe4xpand, and ordey, imple- - 
ment the  various bas ic  dyadic and monadic operat ions of' the  
APL system. Most of these rout ines  a l s o  check t h e i r  arguments 
f o r  va l i d i t y ,  and w i l l  s e t  the syn tac t i c  e r r o r  f l a g  on en- 
countering inva l id  arguments. Note t ha t  a var iable  whose 
value is undefined w i l l  normally be an inva l id  argument. 

A second subgroup of generator routines,  numin, syrnbin, 
tvec tor ,  svector,  and sysval  dynamically c rea te  argument 
values i n  s l i g h t l y  non-standard ways, e i t h e r  receiving key- 
board input, supplying values from f i e l d s  maintained within 
the i n t e r p r e t e r  i t s e l f ,  o r  making up b i t  vectors  from the 
t r ace  and stop information associated with subroutines. Note 
t h a t  the APL implementation a t t aches  the  t r ace  and s top b i t s  

associated with t h e  subroutine d i r e c t l y  and individual ly  t o  
the  subroutine statements, so tha t ,  f o r  example, the inser-  
t ion  of add i t iona l  statements i n t o  a subroutine w i l l  not 
change t he  meaning o r ig ina l l y  belonging t o  a pa r t i cu l a r  
t r ace  bit. The numerica1 input rout ine  numin w i  11 i t s e l f  
i s sue  a diagnost ic  and wait f o r  corrected input on receiving 
input i n  i l l e g a l  format. 

The generator routines simpasin, indxasin, a s in tvec t  



perform various types of value assignment operations; indxasin 
also checks its arguments for validity and sets the syn- 
tactic error flag if necessary. The routines asintvect and 
asinsvect set the trace and stop bits aasociated with 

the statements of a subroutine. The two routines print and 
output are responsible f o r  APL standard form output. The 

second of these routines is unconditional and s t r a i g h t f o m a r d ;  
the routine print, however, which is called on completing the 
interpretation of an entire APL l i n e , i s  called only condi- 
tionally. It wi-ll output the calculated value of the line 
provided thct the I a s t  executed operation i n  the l i n e  is 
not either an assignment or a function call no* returning 
a value. The print condition flag necessary for t h i s  pur- 
pose is manipulated as follows. In beginning the inter- 
pretation of a new statement, the flag is set to its print 
condition, elther by the routlne forward, or by the routine 
testvar. The execution of any operat ion returning a value 

will again s e t  the print flag; the execution either of an 
assigmnent operation or a function call not returning a value 

will drop the flag. The necessary flag manipulation action 

is accomplished by simpasin, indxasin, asintvect, asinsvect, 
and output. 

The four rautines call, cleanup, dogo, errout play b a s i c  

roles in thr logica1 flow of the APL interpretation; the i r  

action, represented Ln d e t a i l  in the  f o u r  tables which 

f ollow imrnediately below, ha.s been survey in preceeding 

paragraphs. The generator misdim is called during the 
synta.ctic analysis  of an APL subscripted expression to 
supply a marker to be stacked in place of a missing index 
when such cases as 

M;J;;). 
are encountered. The interpreter subrout-ines subs-cript and 
indxasin will subsequently take appropriate Interpretive -- 
action according to whatever pattern of explicit and nomina1 
i n d i c e s  is supplied. The subroutine clean i s  used in a.uxiliary 
fsshion to remove from the syntactic arguinent stack the edge 



inarker and a string of l a b e l s  wlzich may appear on the ar- 
gument stack during the termina1 scanning of the extreme 
left hand portion of an APL statement. The subroutfne 

makevect assernbles a string of numerica1 constants into 
a consta.nt vector; note t h a t  in a stored APL statement the 
successive components of a constant vector are represented 

simply by t he  succession of integers representing these 
components. Note a i . ~ ~  that it 1 s  only within the body of 
a constant vector  thnt a blank can be used to represent 
ccncatenation, 

The few generator routines appearing in Table IV but 
not discussed in the foregoing brief survey al1 have ele- 
mentary acti-ons which are described sufficiently well by 

the summary given in Table I V .  

We conclude the present section with an account of -t;he 

principal interna1 data structures used by APL and their 
role in APL interpretation. Aside from the basic symbol 
table, these data s truc tures m e  generally arrays . APL 

arrays are kept contiguously in storage blocks allocated 
dynamically; each array is prefixed by a descriptor word 
giving its size, i t s  type (logical, numerical, character, or 
stored text), and relevant additional attrlbutes, and con- 
taining a live-dead bit indicatjng whether or not the  array 
has prlssed out of use. In addltion, t h i s  descriptor wgrd 
points to the s p b o l  table entry of the temporary or pro- 
gramrner variable having the given array as i t s  value. I n  
tkiose cases in which an array which is already the value of 
one progrmer variable is assigned as the value of a secon:!. 
such variable, a second copy of the entire array is created. 
Thus, a single array is never the vlaue of more than one 
mriable. This permits the f ollowing very simple garbage 
collection scheme to be employed. A pass over the  whole 
array storage area i s  made. Space is repac.ked by moving 
arrays to eliminate dead arrays. When an a r r ay  i s  moved, 
the unique symbol table entry referencing it (and which it 
references) is reset to show its new position. 



Table V. Algorithm for the APL transfer interpreter. 

insub : 

t onex t : 

stop : 

trace: 

key : 

subroutine dogo 

if current statement is at keyboard level, go to key; 
if transfer target is not integer, go to error 
if transfer target is out of current subroutine range, go to 
POPUP ; 
post number of next statement to execute; 

do current statement cleanup operations; 
if trace bit for next statement is on, go totrace; 
if stop bit for next statement is on, go to stop; 
if stop flag is on, drop it and go to stop; 
transmit location of new statement to ernitter routine; 
set syntactic yesno 
return; 

set syntactic yesno 
return; 
print Iunction name 
go to tonext; 

flag to 'yed state; 

f lag  to Inor state; 

and statement number; 

do current statement cleanup operations; 
do subroutine return unstacking operations; 
if subroutine returns a vlaue, place this value on top of stack; 
post flag to indicate whether subroutine returns a value; 
return; 
erase current statement; 
do current statement cleanup operations; 
if control stack is empty, go to error2; 
do control information unstacking operations; 
go to insub; 
issue diagnostic 'invalid transfer targett; 
post zero as number of next statement to execute; 
do current statement cleanup operations; 
go t0 stop; 
issue diagnostic 'transfers i l l e g a l  when no subroutine calledt; 
go t0 stop; 

- end of subroutine algorithrn - 



Table VI. Algorithm for the APL end-of-statement interpreter. 

subroutine cleanup; 

if current statement is at keyboard level, go to key; 
construct statement number n by incrementing current statement 
nwnb e r ; 
place this statement number on stack top; 
call dogo; 
return; 

key : erase current statement; 
do current statement cleanup operations; 
set syntactic pesno flag to 'no1 state; 
return; 

- end of algorithm - 

Table VII. Algorithm for the APL subroutine call interpreter. 

subroutine call (n) ; 
stack information on current state of parse; 
s tack values of l o c a l  variables; 
for each subroutine statement which contains a label, find the 
labels which it contatns and set each label's value; 
bringin external values of any subroutine arguments; 
inittalise al1 information descriptive of subroutine; 
post 1 as nwnber of next statement to execute; 
if trace bit for first statement is on, go to trace; 

tofirst: if stop bit for first statement is on, go to stop; - - 

signal ernitter routine on location of new statement; 
signal emitter routine Por reverse emission; 
set syntactic yesno flag to lyesl state; 
re turn; 

stop : set syntactic yesno flag to 'nor state; 
return; 

trace: print function name, statement number is 1; 
go to tofirst; 

- end of algorithm - 
-635- 



Table VIII. Algorithm f o r  APL error-handling subroutine. 

subrout ine  errout  

i ssue  appropriate diagnos t i c ,  indicat ing point  of e r ro r  
within current  statement; 

i f  current statement i s  a t  keyboard level ,  go t o  key; 
p r i n t  current  subroutine name and statement number; 

post current  statement number as number c f  next statement 
t o  execute; 

do current  statement cleanup operations; 
s tack contro1 infomat ion;  

key : 

return; 
erase current s,tatement; 
do current  statement cleanup operations; 
return; 

- end of algorithm - 



A symbol t a b l e  e n t r y  has the  form shown i n  Figure l. 
- -  I_---- 

name dimens ion  ha s h  
q o i n t e r  l e n m  o i n t e r  I pme r. ='--rpOi.t'er -.- - L a i n  1 

Figure l. APL symbol t a b l e  f i e l d s .  --- _C__ -.--v_. --.- 

The nanie -- - ~ i n t e r  ---- f i e l d  i n  each symbol t a b l e  en t ry  re ferences  

a  l o c a t i o n  i n  a packed c h a r a c t e r  a r r a y  a t  which the  e x t e r n a l  

form of the  symbol i s  s to red ;  t h e  l eng th  f i e l d  daf ines  t h e  - 
e x t e n t  of the symbol. The -- value p o i n t e r  l o c a t e s  t h a t  a r r ay ,  -- 
i n  t h e  APL a r r a y  area ,  conta in ing  t h e  c u r r e n t  value of a  

symbol, or ,  i f  the symbol has no cu r ren t  value, i s  blank; 

the  dirnension po in t& s i m i l a r l y  l o c a t e s  t h e  a r r a y  of 

dimensions of an APL quan t i ty .  A s c a l a r  quan t i ty  w i l l  have 

a blank dimension f i e l d .  The hash cha in  f i e l d  i s  used t o  chain 

toge the r  a l 1  symbols sha r ing  a common hash address .  
A symbol t a b l e  e n t r y  r ep resen t ing  an APL subrout ine name 

r a t h e r  than an a r r a y  has s i m i l a r  f i e l d s ,  but thece f i e l d s  have 

a  somewhat d i f f e r e n t  significante. In t h i s  case,  t h e  value 

p o i n t e r  re ferences  a  vec to r  d e f i n i n g  t h e  successive s t a  tements 

compris i n g  a subrout ine,  while t h e  dimension p o i n t e r  r e f  erences 

a  vec to r  d e f i n i n g  the  va r i ab les  l o c a l  t o  the  subrout ine.  

An APL a r r a y  i s ,  headed by a  s e t  of f i e l d s  having the  

form shown i n  Figure 2. 

type length  symbol t a b l e  e n t r y  
P. - ---r1-- 

a r r a y  word 1 
-I_----- 

a r r a y  word 2 
- P. -- 

Figure 2. -- An APL a r r a y  with i t s  header f i e l d s .  

The l i v e  b i t  i s  used i n  t h e  manner ou t l ined  above t o  cont ro1  

garbage c o l l e c t i o n .  The a r r a y  length i s  given i n  bytes .  

The type of an  a r r a y  w i l l  be one of t h e  following: r e a l ,  i n t ege r ,  
l o g i c a l ,  charac ter ,  statement def i n e r ,  l o c a l  va r i ab le  de f ine r ,  s e t  



of s ta tements .  Set-of-statement a r rays  and local.  v a r i a b l e  

d e f i n e r  a r r a y s  a r e  referenced by symbol t a b l e  en tx ies  

represent ing  user-defined subrout ines;  s ta tement  d e f i n e r  

a r rays  a r e  r e f  erenced through set-of  -s tatement a r rays  . 
The symbol t a b l e  e n t r y  f i e l d  of an  a r r a y  header e i t h e r  

def ines  t h e  symbol t a b l e  e n t r y  having the given a r r a y  a s  

value o r  dimension a r ray ,  o r  i n  c e r t a i n  cases descr ibed i n  more 

d e t a i l  below, some o t h e r  field through which the a r r a y  i s  

loca t ed ,  

The a t t r i b u t e  f i e l d  assoc ia ted  wi th  an a r r a y  has a 
significante t h a t  v a r i e s  wi th  t h e  type of t h e  a r ray .  In 
t h e  case  of a l o g i c a 1  (packed b i t )  a r ray ,  t h e  a t t r i b u t e  

f i e l d  contains  an  i n t e g e r  between O and 7 desc r ib ing  t h e  
number of unused b i t s  i n  t h e  l a s t  by te  of t h e  a r ray .  An 

i n t e g e r  a r r a y  of l eng th  1 may have the  s p e c i a l  a t t r i b u t e  

"unmodif i ab le l '  indica t i n g  tha t i t  represents  t h e  value of 

a l a b e l .  
The symbol t a b l e  en t ry  corresponding t o  an APL 

subrout ine w i l l  r e f  erence an a r ray  of s t a  tement-set type 

and a n  a r r a y  of l o c a l  va r i ab le  d e f i n e r  type. The f i r s t  of 

these  a r r a y s  w i l l  have an open-closed a t t r i b u t e  and a 

locked-unlocked a t t r i b u t e ;  t h e  l o c a l  v a r i a b l e  def i n e r  a r r a y  

w i l l  have a returned-value a t t r i b u t e ,  and an i n t e g e r  a t t r i b u t e  
desc r ib ing  the  number of arguments of the  a s soc ia t ed  subrout ine.  

Wen a subrout ine i s  closed,  t h e  assoc ia ted  statement s e t  

vec tor  w i l l  have- the  form shown i n  Figure 3 .  

Figure 3. The statement s e t  vec tor  of a subrout ine closed fom. 
-.- . - - - , ,  . ,A . - - -  



This form of the  s ta tement  s e t  vec to r  i s  appropr i a t e  

f o r  the  e f f i c i e n t  i n t e r p r e t a t i o n  of APL t r a n s f e r  s ta tements  

occurrJng wi th in  a subrout ine . 
When t h e  same subrout ine  i s  opened, e i t h e r  dur ing  i t s  

i n i t i a l  d e f i n i t i o n  or  f o r  modif icat ion,  the  s ta tement  s e t  

vec tor  i s  put  i n t o  a v a r i a n t  form i n  which statement r e f e r -  

ences and symbolic s  tatement i d e n t i f i e r s  a l t e r n a  t e .  This 

o en form of a s ta tement  s e t  vec to r  i s  shown i n  Figure 4. P v--- 

------- -- ---- 
b a t e r n e n t  setr lengthlsymbol  t a b l e  e n t r y  l i v e  b i t  open 

I l i n e  i d e n t i f i e r  O 
---- ----p 

l o c a t i o n  of l i n e  O 
-p--- f -------p. -p-.-..-- 

l i n e  i d e n t i f i e r  1 
-p- 

l o c a t i o n  of l i n e  1 
------p--,--- p- 

Figure 4.  The s ta tement  s e t  vec to r  of a subrout ine,  open form. --- --- 

A s  l i n e s  a r e  added t o  an open subrout ine,  whether i t  be f o r  

i n s e r t i o n  o r  a s  replacement l i n e s ,  they a r e  success ive ly  
added, toge the r  with t h e i r  l a b e l s ,  t o  t h e  end of the  open 
s ta tement  s e t  vec tor .  T h l ~ s ,  t h e  l o g i c a 1  body of an apened 

subrout ine can be defined a t  each moment a s  t h e  c o l l e c t i o n  

of i t s  l i n e s  appropr i a t e ly  reordered i n  terms of t h e i r  
i d e n t i f i e r s ,  and where the  l a t e s t  of any group of l i n e s  a l 1  

having the same i d e n t i f i e r  i s  t o  be kept while t h e  o thers  

a r e  t o  be el iminated.  The implied " s o r t  and comb" a c t i o n  

w i l l  be performed automat ica l ly  whenever a whole sequen t i a l  
s e c t i o n  of the  subrout ine i s  displayed;  t h i s  same a c t i o n  i s  

performed again  whrn t h e  subrout ine i s  closed,  a t  which time 

t h e  statement i d e n t i f i e r s  occurr ing i n  the  open f o m  of a 
s ta tement  s e t  vec tor  a r e  e l iminated,  p u t t i n g  the  statement 

s e t  vec to r  i n t o  i t s  closed form. The APL subrout ine c lose  



rou t ine  a l s o  examines a l 1  the  l i n e s  comprising a  subrout ine,  

d e t e c t i n g  a l 1  l a b e l s ,  adding them to t h e  l o c a l  v a r i a b l e  

d e f i n e r  vec to r  f o r  t h e  subrout ine,  appending t h e  appropr ia te  

value t o  each l a b e l ,  and checking the  use of l a b e l s  f o r  

semantic cor rec tness .  Figure 5 below shows the form of a 
l o c a l  v a r i a b l e  d e f i n e r  vec tor .  

.-.p- 

l o c a l  
._. 

symbol t a b l e  p o i n t e r  1 
_ _ I _ - - - -  + ---p-- -- -- 

symbol t a b l e  p o i n t e r  2 
--p--.- ---m . - -  -p-.- 

e . .  

-----C----.----c-.lI_----- ---p 

symbol t a b l e  p o i n t e r  n  ( f o r  l a b e l )  
----.-p --- ---.v- -m---- P 

l o c a l  value 

Table 5. 

A-vi ordinary 

simply by a 

l o c a l  va r i ab le  i s  flagged a s  such, and represented 

p o i n t e r  t o  the  v a r i a b l e l s  symbol t a b l e  entry;  a 

l a b e l  i s  s p e c i a l l y  flagged, and the  corresponding symbol t a b l e  

p o i n t e r  i s  followed by f i e l d  containing the  value of t he  

l a b e l .  
An APL statement i s  represented by a n  a r ray  of the  form 

shown i n  Figure 6 .  

symbol po in te r  number 1 



Each statement d e f i n e r  po in t s  t o  the  s ta tement  s e t  en t ry  

re ferenc ing  i t .  The two a t t r i b u t e s  of a  statement d e f i n e r  

a r e  the  s t o p  b i t  and t r a r e  b i t  of t h e  corresponding s ta tement .  

Keyboard s tatements a r e  referenced through a  s p e c i a l  s ta tement  

s e t  vec tor  which may be c m s i d e r e d  t o  de f ine  t h e  members of 

a  nomina1 (keyboard) subrout ine . 
The s y n t a c t i c  argwnent s t a c k  i s  used t o  s t o r e  the  

information which must be preserved dur ing  an APL subrout ine 
c a l l .  Figure 7 snows the arrangement of information i n  the  

s e c t i o n  of t h i s  s t ack  corresponding t o  a  p a r t i a l l y  i n t e r p r e t e d  

s ta tement  S dur ing  a  per iod when t h e  i n t e r p r e t a t i o n  of S has 

been in t e r rup ted  by a  c a l l  t o  a  subrout ine.  A l 1  t he  var ious 

types of s t a c k  e n t r i e s  shown i n  Figure 7 bear  d i s t i n g u i s h i n g  

f l a g s ,  a l lowing t h e  rou t ines  which process 'them to t ake  

appropr ia te  a c t i o n  i n  every case.  
s t a c k  area used f o r  

top  of s ta tement  pa r s ing  of s ta tements  
S a rea  I n  c a l l e d  subrout ine .  

b i o c a t i o n  of 
s ta tement  S area I- 1 I statement  number of S I 
conta in ing  S 
cu r ren t  scan p o i n t e r  t- l value f o r  S parse  

p r e - c a l l  values  of 
va r i ab les  l o c a l  t o  
subrout ine 

--n a rgument re ferences  

t-- ----i\ s tacked dur ing  
pars ing  of S. 

bottom of 
s ta tement  S . 
a rea i s t a c k  area used f o r  

subrout ines  a t 
h ighe r  l eve1  than SI. 

Figure 7. Layout of a  rgument-s t ack  informa t i o n  d u r i n g  
a  c a l l  from a statement t o  a  subrout ine.  



The same remark appl ies  t o  the  e n t r i e s  i n  the  corresponding 
con t ro l  s t ack  sec t ion ,  shown i n  Figure Note tha t, 

the  ca l l -associa ted  information is kept i n  t he  argument 

r a the r  than the  con t ro l  s tack,  t he  con t ro l  s t ack  contains a 

smaller  va r i e ty  of f i e l d s  than the  argu 

top of 
s t a  tement bottom of 
S area 1 statement S area 

bottom of 
s t a  t e r n e n t j t  
S area.  

nent s tack .  

f contro l  s t ack  area 
used f o r  pars ing  of 
s t a  tements i n  ca l l ed  
subroutine 

I con t ro l  s t ack  area 
used during 
parsing of S .  

i s tack area f o r  
subroutines a t  
higher l e v e l  than S. 

Figure 8. Layout I _ _ _ _  of control-s tack information durinip, 

a c a l l  from a statement t o  a subroutine.  
--p----- - 

. * 

When the  execution of a subroutine i s  suspended by the  

occurrence of an e r ro r ,  external  s igna l ,  o r  s top  b i t  and 

con t ro l  i s  returned t o  the  keyboard, information i s  stacked 

i n  a pa t t e rn  l og i ca l l y  resembling t h a t  shmn i n  Figure 7. 
Since i n  t h i s  case no p a r t i a l  parse information o r  l o c a l  

var iable  p re -ca l l  value need be preserved, the  argument 

s t ack  area has the  simpler form shown i n  F i  
s t ack  area used 

top of 
subroutine 
S area 

bottom of - t---- -- - _ -  - .  

s-ubrout ine i) s tack  area used 
S area 

Figure 9. 

l 'j f o r  subro.utines 
a t  higher l e v e l  
than S. 

Layout of argument-s tack informa t i o n  ( l u r i n ~  suspension 
I _ -  - - - - - -  _ _ _ . - - - . - - -  - -- 
of a subroutine. . - - - - - -  



CHAPTER 8 .  THE SELF-COMPILING COMPILER. 

One of the most serious long term problems in programming 
is the incessant and growing burden of reprogramming inevitably 
imposed by the continuing rapid development of physical 
hardware. The use, for the great bulk of programming of 

source language code reduces this problem by severa1 orders 
of magnitude below the catastrophic proportions which it 
would have if machine language programming were still 
common. Nevertheless, even the small discrepancies in 

source language (say, FORTRAN) dialects available on 
different machines are productive of considerable difficulties. 
This difficulty, which in overall terms is proportional to 
the total accwnulation of source code which must be carried 
from one machine generation to the next, ia itself of 
growing significance and must, unless significant further 
steps of programming language standardization are taken, 

inevitably choke off the continued growth of' society's 
library of effectively available prograrns. Dialectal 
variations in machine independent source languages like 
FQRTRAN have one of their irreducible sources in the 
substantially different word lengths and the slightly 
different arithmetics with which machines are built. A 

more subtle but also quite significant source of dialectal 

variations lies in the tendency of even the most conscientious 
programmer to introduce small, possibly random variations 
in the action of a compiler being written de novo, 
especially in those inevitably numerous cases in which the 
"official" specification of the language is marginally 
incomplete. In the present chapter, we should like to 
propose a scheme for attaining a quite considerable measure 

of additional rstandardization In the, definition of source 
languages, and moreover of making the process by which a 
source language is carried over to a new machine simpler 
and more efficient. The scheme to be described is one which 
has often been considered, and in some cases even implemented. 



It involves the use of a compiler written in its own 
language, and capable therefore of compiling itself over 
to a new machine. Our effort will be to deflne and isolate 
to a maximum extent, the necessary machine dependencies 
residually inherent in such a compiler. By doing so, we 
aim to arrive at a system of programs which may be "boot- 
strapped" as smoo thly and automatically as posuible . 

We should like, in order to explain our intent, to 
offer a suggestive biologica1 analogy. The whole symbolic 
structure of programs written in a given source language, 
and ultimately carried by the compiler for the language, 
is capable (if it can run at all) of providing complex 
function and may be likened in biology to an extensive 
chromosome describing the multiple functions ol a cell. 
Assuming that the few necessarily machine dependent parts 
of this possibly very large symbolic structure are carefully 
isolated into a small subsection of code, we may regard 
this part of the total symbolic structure as the description, 
to the symbolic entity (or chromosome), of its external 
environment (the machine) . By changing only the machine 
dependent part of the larger structure ne "mutatef' the 
chromosome, producing a modified version of it which is 
capable of "infecting" a new environment. Thus, by proper 
design of our chromosome, we provide a highly "infectiousf' 
structure capable of spreading rapidly into a variety of 
environments. The presence, on the other hand, of a large 
number of implicit or hidden machine dependencies within 
a symbolic structure makes it highly environment-specific 
and therefore "uninefectious." Since technological 
development is bound to change the environment within which 
programming systems exist, it is clear that the uninfectious 
symbolic structures will be "killed"; only the most highly 
"infectioust' structures can survive long enough to evolve 
to any very impressive leve1 of function. 

We may note, in analyzing the necessary parts of a 

self-compiling syertem, t h a t  

a) since it cannot safely be assumed that al1 necessary 



information s t r u c t u r e s  a r e  ava i l ab le  " i n  memory, 
an input/output funct ion must be provided within 
the  system. 

b) This input/output funct ion  ought, f o r  the  sake of 
gene ra l i t y  and convenience, involve t he  log ica1  a b i l i t y  
t o  reference a r b i t r a r y  numbers of external  f i l e s .  

C )  Such an a b i l i t y  implies  the  a v a i l a b i l i t y  of a t  
l e a s t  a minimal operat ing system. For t h i s  reason, 
our d iscuss ion w i l l ,  i n  the  p resen t  chapter,  go s l i g h t l y  
beyond compiler theory proper  and touch on some of t he  
bas ics  of operat ing system design. 

The problem t h a t  must be faced is  the  following. We 
wish t o  def ine  languages e n t i r e l y  i n  t h e i r  own terms. For 
syntax, t h i s  i s  easy: we have only t o  use any reasonable 
metalanguage capable of descr ib ing code generat ion.  This 
metalanguage can, a s  we have seen repeatedly i n  the  preceding 
chapters ,  r e ad i l y  descr ibe  i t s e l f .  The semantic s i d e  of our  
problem however, r equ i res  t h a t  we have ava i l ab le  a language 
i n  which generator  rout ines ,  symbol t ab l e  manipulating 
rout ines ,  e tc . ,  a s  described i n  the  preceding chapters,  
may be expressed. A s  seen i n  these chapters,  t h i s  r equ i res  
t h a t  we express a co l l e c t i on  of algorithms more varied, 
l e s s  highly standardized, than those involved i n  syntax 
ana lys i s .  For t h i s  reason, we require  f o r  the  expression 
of our generator  algorithms a language going somewhat 
beyond what i s  appropriate  f o r  a specia l ized  metalanguage. 
Such a language may appropr ia te ly  be a language of a lgebra ic  
type ( b u i l t  around a f a i r l y  standard assignment statement) 
which, on the  one hand, omits those many f ea tu r e s  of a lgebra ic  
languages not  needed f o r  the  r a t h e r  l imi ted  purpose intended, 
but  on the  o the r  hand, includes some e s s e n t i a l  supplements. 
Foremost among these i s  the  a b i l i t y  t o  def ine  the  b i t - f i e l d -  
s i z e  of symbolic quan t i t i e s ,  an a b i l i t y  t ha t ,  a s  we have 
noted, i s  absolute ly  necessary t o  secure s t r i c t  machine 
independence. Such a language w i l l  be described i n  the  
p resen t  chapter.  Before doing so, however, we s h a l l  descrbbe 



the  ove ra l l  flow of the  process by which we intend our  
symbolic strutture (compiler) t o  pass  from one machine t o  
another . 

Note f i r s t  t ha t ,  i n  order  t o  i s o l a t e  machine dependencies 
t o  a  maximum degree, we i n s i s t  t h a t  the compiler be wr i t t en  
i n  i t s  own language, and t h a t  i t  contain no sca t t e red  da t a  
statements desc r ip t ive  of the  p a r t i c u l a r  machine on which 
i t  i s  running. I dea l l y  the  only machine dependent p a r t  of 
the  compiler proper should be a s i ng l e  block of parameter 
statements def in ing such i r reduc ib ly  necessary machine 
dependent f a c t s  as  the  machine word s ize ,  the  s i z e  of the  
character  f i e l d ,  the  s i z e  of the  symbol t a b l e  and o the r  
main compiler t ab l e s  appropriate  i n  view of ava i l ab le  
memory size, e t c .  On the  o the r  hand, i f  the  system is  t o  
run ,  connection with ac tua l  machine order  codes must be 
es tabl ished somehow; s ince  the  o c t a l  order  codes f o r  
accomplishing addit ion,  mul t ip l ica t ion ,  e t c . ,  on the  one 
hand, and the  bas ic  "dr iver"  code sequences f o r  1/0 

funct ions,  e t c .  must be ava i l ab le  somewhere. To narrow and 
standardize the symbolic code + machine code i n t e r f ace ,  
we s h a l l  agree t o  p lace  a l 1  t h i s  machine dependent code i n  
a s i ng l e  binary f i l e  of da ta  which we aha l l  c a l l  the  
machine block. We assume tha t ,  whenever a  program runs, 
t h i s  machine block i s  present  i n  low core.  We assume t h a t  
the only information about the  machine block ava i l ab le  t o  
the compiler, i s  a l i s t  defined by an i n i t i a l  parameter- 
type statement of the addresses, a t  which the  machine language 
funct ions u l t imate ly  required f o r  the  running of symbolic 
programs a r e  t o  be entered.  Call  the  binary f i l e  of machine 
code cons t i tu t ing  the  machine block i n  the  sense j u s t  
explained. We assume, i n  accordance with the  above, t h a t  
wi th  every compiled and i n  i t s  low core loca t ions  the  
compiler loads the  block MB; a l t e rna t e ly ,  w e  could assume 
t h a t  the  block ME3 i s  re-ent rant ,  permanently res iden t  i n  
low core, and thus t h a t  i t  never requi res  spec ia l  loading 
except a t  machine s t a r t -up .  A t  any r a t e  w e  s h a l l  always 
show the machine block Mi3 a s  an e x p l i c i t  argument i n  a 
compilation. 
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Production of the machine block MB is, of oourse, 
the most laborious part of the work involved in transferring 
the self-cornpiling compiler to a new machine. MB will 
normally be produced from an assembly language written 

code. This code must be written with an eye to the machine's 
operation code set, channel configuration, external storage 
device configuration, etc. In order to facilitate the 

task of producing the block MB for a new machine, we shall 
always assume that a simple assembler, capable of assembllng 
code for machines of arbitrary word length, is available 
within the genera1 system containing the self-compiling 
compiler. We call the symbolic code for this assembler, 
written in the source language compiled by the self-compiling 
compiler, A. Intending also to imply that a rather minimal 

language is sufficient to express al1 necessary compiler 
functions, we call the language compiled by the self-compiling 
compiler LITTLE. 

The total list of files, binary and symbolic, which 
therefore make up to minimal compiler system required for 
any given machine are as follows: 

Binary Files: an executable LiTTLE language compiler -- 
file C; an executable syntax expander code -- file E; 
a binary machine block -- file MB. 

Symbolic Files: LiTTLE-code for the assembler -- file SA; 

symbolic code for the compiler, written in a combination 
of syntax language and LiTTLE-file SC; and symbolic 
code for the syntax expander, written in a combination 
of syntax language and LITTLE -- file SE. 
The bootstrap procedure which takes us from an origina1 

machine M1 to a new machine M2 is then shown in Table I 
below. In preparing for the bootstrap procedure, we must 

a) write an assembly language code SMBf, which when 
assembled will produce the machine block MB1 for the 
new machine. 
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hand-modify a few parameter statements i n  the  symbolic 
code S C  t o  produce a new symbolic code SCI which 
represents  a LITTLE compiler f o r  the  machine M2. 
hand-modify a few parameter statements i n  the  symbolic 
code SE t o  produce a new symbolic code SE1 which 
represents  a syntax expander f o r  the  machine M2. 

Note t ha t ,  s ince  the  core programming system which we 

car ry  through the bootstrap procedure contains both a 
reasonably powerful systems programming language and an 
adequate syntax expander, the  system i s  highly v iable  i n  
the  osnse explained above. 

TABLE I. BOOTSTRAP PROCHIURE FOR THE 
SELF-COMPILING COMPILER 

compile the assembler 
assemble the  new machine's 
machine block 
produce a LITTLE-coded 
compiler, which w i l l  run 
on M 1 ,  but produce code f o r  M2 
produce an executable compiler, 
which w i l l  run on M I ,  but 
produce code f o r  M2 
produce an executable 
LITTLE-language compiler 
which w i l l  coinpile on M 2  f o r  M 2  

produce a LITTLE-coded syn tax  
expander f o r  M 2  

E' = c ~ ( s E ~ , M B ~ )  produce a binary syntax 
expander f o r  M2. 

A t  t h i s  point ,  a l 1  the f i l e s  MBt, C t ,  and E' are  avai lable  
to machine M2, and the  LITTLE language has been ca r r ied  
t o  the new machine. 

I n  Table I, we have assumed imp l i c i t l y  t h a t  the  

compiler system i s  capable of accessing a number of external  
files. On a l a rge  machine, provided w i t h  an adequate s e t  



of ex te rna l  s torage  devices,  these access operat ions 
might be accomplished by t he  automatic ac t ion  of a  family 
of s torage  device d r ive r s ,  which, of course, form p a r t  of 
the  machine block MB. On a  small machine, where no such 
devices a r e  avai lable ,  t he  same goal might ins tead  be 
accomplished by t ransmi t t ing  an opera tor  console message 
requ i r ing  t h a t  a  new paper tape be mounted. I n  e i t h e r  case, 
and of course neglect ing speed considera t lons  e n t i r e l y ,  the  
logica1 strutture of our  boot-strap procedure remains the  
same . 

It i s  now time t o  give a  more de t a i l ed  desc r ip t ion  of 
the  LITTLE language. I n  def in ing t h i s  language, i t  B 

our i n t e n t  t o  incorporate  only t h a t  r e l a t i v e l y  minima1 
s e t  of e s s e n t i a l  f e a tu r e s  which a r e  t r u l y  necessary i n  the 
convenient expression of compiler funct ion .  A s  a l ready 
noted, we s h a l l  bu i ld  our  language around an assignment of 
the  standard f o n  (de s t i na t i on )  = (expression); t h i s  y i e l d s  
a  convenient source form and has the  second advantage of 
being c lose  enough t o  the  underlying machine load-store 
operat ions t o  f a c i l i t a t e  the  production of good t a r g e t  
code. 

Our compiler w i l l  have t o  perform ar i thmet ic  i n  b i t  
f i e l d s  of a r b i t r a r y  length .  O f  a course, i t  need provide 
only i n t ege r  and not f l o a t i n g  po in t  ar i thrnet ic .  The ar i thmet ic  
operat ions provided w i l l  be: addit ion,  subt rac t ion ,  mult i -  
p l i c a t i on ,  and i n t ege r  d iv i s ion ,  a l 1  of which a r e  convenient 
a u x i l i a r i e s  i n  the expression of compiler funct ions.  It 

i s  convenient and easy t o  provide a  va r i e ty  of add i t iona l  
boolean, comparison, and b i t - f i e l d  manipulating opera tors .  
These w i l l  be l i s t e d  and described i n  more d e t a i l  below. 

I n  addi t ion  t o  the bas ic  assignment statement, we require ,  
of course, t h a t  a condi t ional  t r a n s f e r  or " i f "  statement 
be ava i l ab le  within our language, and t h a t  an unconditional 
t r a n s f e r  o r  "go to" statement, a " c a l l "  statement f o r  the  
invocation of procedures of closed subrowtine type, and a  
"read" together  with a  "wri te  statement" be avai lable  a l so .  



A "computed go t o  statement" is a l so  provided; t h i s  s t a t e -  
ment g ives  access through the  LITTLE language to the  indexed 
t r a n s f e r  i n s t ruc t i on  ava i l ab le  on most machines, and 
increases  e f f i c i ency  considerably i n  c e r t a i n  s i t u a t i o n s .  
Since the  expression of a fu11 compiler may requ i re  qu i t e  
a b i t  of code, var iable  name c o n f l i c t s  can become a p r a c t i c a l  
problem i n  wr i t ing  a compiler. To avoid t h i s ,  w e  f i nd  i t  
appropriate  t o  introduce a subroutine f ea tu r e  of' the  FORTRAN 
type , capable of providing name i s o l a t i o n  . Accordingly, 
we introduce a "subroutine" statement, a "function" statement, 
and a " return" statement f o r  re turning from a ca l l ed  subroutine . 
T h i s  co l l ec t ion  of nine members i s  our fu11 l is t  of executable 
statements,  though, of course, we a l so  require ,  a s  non- 
executable statements, and "end" statement f o r  marking the 
end of a s i ng l e  subroutine,  a s  well  a s  a " f in f '  statement 
f o r  ind ica t ing  the  end of a l 1  the  statements of a prograrn. 

I n  addit ion t o  the executable statements described 
above, we include severa1 e s sen t i a l  declara t ion  statements 
i n  the  LITTLE language. I n  the  f i r s t  place,  s ince  we must 
provide va r iab les  represent ing b i t  f i e l d s  of a r b i t r a r y  s i ze ,  
w e  introduce a declara t ion  statement SIZE which enables 
us  t o  assoc ia te  a b i t  f i e l d  s i z e  with a var iable  name. T h i s  

statement w i l l  have the  f o m  shown i n  the  following example: 

A s ing le  index, which may be an a r b i t r a r y  expression, may 
be attached t o  any var iable  name. Such an "indexed name" 
1s taken t o  r e f e r  t o  the  b i t  f i e l d  obtained by o f f s e t t i ng ,  
from the  b i t  address belonging t o  the  unindexed var iable  
name, over the  number 

of bits; here, S I Z  repreaents  the declared s i z e  of the va r iab le  
i n  question, while INDX represents  the  index value t o  be 
applied. 



I n  order  t o  provide f o r  the  s torage  of a r rays  on a  
reasonably r a t i o n a l  bas i s ,  w e  include a "dimension" 
dec la ra t ion  of standard form i n  the  LiTTLE language. 
This enables us  t o  dec la re  the  s i z e  of any a r ray  with which 
we a r e  concerned, and enables the  compiler t o  make correspond- 
ing  s torage  space rese rva t ions .  

To make i t  poss ib le  t o  i n i t i a l i z e  the  values of var iables ,  
and t o  make i t  poss ib le  t o  c o l l e c t  a l 1  machine dependent 
program parameters i n t o  a e ing le  sec t ion  of code, w e  provide 
both a  "data" statement and a macro f ea tu r e .  
The da ta  statement allowa da ta  i tems of in teger ,  o c t a l ,  
and a lphabet ic  type, and has the  form shown i n  the  following 
example : 

DATA x=~~/Y=B~~~~/JIM=~AJIM/sTAR=~A* . 
The more gerizral form shown i n  the  following example 

i s  a l so  allowed. 

DATA ARRAY~=~o,~~,~~,~~,B~~/ARRAY~=o,o,o/c=~AJIM . 
I 

Using such a da t a  item, we can set the  value of a r b i t r a r i l y  
many l o c a t h n s  of an a r r ay .  The macro f ea tu r e  explained below. 

I n  order  t o  improve the  r e a d a b i l i t y  of LITTLE program 
l i s t i n g s ,  w e  include a  l'commentl' statement i n  the  language. 

The LITTLE expression i s  composed i n  r e l a t i v e l y  
standard fashion out  of var iable  and funct ion  names, which 
a r e  combined with nembers of a  l i s t  of ar i thmet ic ,  comparison, 
boolean, concatanation, bit-counting, and f i e l d  ex t rac t ion  
opera tors .  With the  exception of the  t r i a d i c  f i e l d  ex t rac t ion  
operator ,  a l 1  these opera tors  a r e  e i t h e r  d i ad i c  o r  monadic. 
The d iad ic  opera tors  a r e  wr i t t en  i n  the  usual i n f i x  notat ion,  
and the  monadic operat ions a r e  wr i t t en  a s  p r e f i xe s .  Aside 
from the  ar i thmet ic  operators ,  which a r e  denoted by t h e i r  

usual spec ia l  symbols, opera tors  a r e  designated by symbols 
obtained by enclosing a one, two, o r  th ree  l e t t e r  mnemonic 
between successive per iods .  More spec i f i c a l l y :  

1. The comparison opera tors  a r e  designated i n  the  
Fortran I V  manner by .EQ., .NE., .GT., .LT., .GE., .LE. ; 
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2. The boolean opera tors  are designated i n  the  
Fortran I V  manner by .OR., .AND. ,  .EX., the  l a s t  of these  
represent ing  the  "exclusive or" ,  and by .NOTO which i s  a 
pref  ixed monadic operator;  

3 .  A concatanation opera tor  represented by the pre-  
f ixed symbol .C .  i s  provided, a s  i s  a monadic bit-count 
operator  represented by the  pref ixed symbol .NB. A 
pref ixed monadic "first non-zero b i t  pos i t ion"  operator  .FB. 
i s  a l so  provided. 

4. The subf ie ld  ext rac t ion  operator  i s  t r i a d i c  and 
i s  wri t ten  i n  p r e f i x  form, as follows: 

. F . (expr l?, <*nwnber >, (expr,. 
This operator  ex t r ac t s ,  from the  quant i ty  obtained by 
evaluat ing the  <expr> which i t  contains,  a subf ie ld  whose 
s i z e  i s  given by the <*integer>; the  value of expr 1 

determines t he  f i r s t  pos i t ion  of t h i s  ext rac ted  f i e l d .  
The same form, wri t ten  on the  l e f t  s i de  of an assignment 
statement, represents  a f i e l d  inse r t ion  operator  ( p a r t  
word assignment) . Accordingly, the  four  poss ib le  forms of 
LITTLE assignrnent statements a r e  

(*name> = (expr), 
<*name) (<expr 1,) = <expr), 
.F. <expr l), (*number>, 4*narne) = Cexpr? 
.F. <expr l), L*number), C*name> (<expr 2>) = (expr>, 

which represent  respect ive ly ,  the simple, the  indexed, the  
partword, and the  indexed partword f o w s  of the assignment 
statement.  

A s  i n  o ther  languages, precedence r u l e s  a r e  provided 
t o  reduce the  nwnber of parentheses needed t o  speci fy  
an expression. Table I1 below shows the  precedence groups 
of LITTLE operators ,  arranged i n  order  of increasing 
precedence. 

Table 11. The operators  occurring i n  LITTLE expressions, 
arranged i n  order  of increasing precedence. 

1 . ( comparison operators)  ,. . E&. , .NE., . GT . , . LT., .GE . , .LE. ; 
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(a r i thmet ic  addit ion and subtrac t ion)  +, -; 

(monadic ar i thmet ic  minus) -; 
(a r i thmet ic  multiplicakLon and d iv i s ion)  *, ./; 
(boolean addit ion,  concatenation) .$R., .C*; 
(boolean inversion,  b i t  connt, f irst b i  t operator)  

. NOT . , . NB . , . FB . ; 
(boolean mul t ip l i ca t ion ,  exclusive o r )  .AND. ,  .EX. ; 
( subf ie ld  e x t r a c t  operator) .P. (expr 1 > , <+number), <expr>; 
funct ion references,  a r ray  references. 

Table 111 below gives  a quick-reference l is t  of a l 1  
the  allowed fomns of LITTLE statements.  

Table 111. Quick-reference swimary of LITTLE language. 
Executable statements: 

i f  (cexpr)) go t o  l a b e l  
go t o  d a b e l ,  
goby 4expr7 ( ( l abe l  17 ,  . . . , ( l a b e l  n)) 
c a l l  (name) (<expr  l>, . . . , cexpr n)) 
r e  turn 
continue 
read i f i l e p ,  Lvar> 
w r i t e  <f i le) ,  (expr, 
a = Lexpr, 
a (cexpr 1 2 )  = Cexpr, 

.F. ~ e x p r  l?, ~*cons t ) ,  a = (expr > 

.Fa 4expr 1 ì, (*const .7, a ( ~ e x p r  2)) = Cexpr2 

Declaration statements: 

subr Lnamez (carg  l?, ..., ~ a r g n l )  
f n c t  L name? ( Cargl,, . . . , Cargn 7) 

end 

f i n  
data L va r l7  = cconst l l> ,  . . . ~ c o n s t l m )  / ~ v a r 2 7  = (const21>, 

. . . , ~conat2n>/ .  . . /~vark~=(cons tk l> .  . . , <constkn> 
d ims L v a r l 7  ( t c o n s t D ) ,  . . . , dvarn. ( ~ c o n s t n l )  
size L v a r l 7  (C cons t l  7) , . . . , L v a r n ~  (Lconstn>) 



e 

Table I V  below containa a forma1 syntactic  de f in i t ion ,  
written i n  the extended Backus meta-language, o f  the 
LITTLE language . In subsequent paragraphs o f  the present 
chapter, we sha l l  describe the act ion of  each o f  the generator 
subroutines appearing i n  Table IV;  th ia  will provide a 
very deta i led  account of  the operation of  the LITTLE 
compiler. 



Table IV. Syntax and Gmerators for the LITTLE language. 

<statement> = SUBR. .subst/. = FNCT. .funat/. = c$MM. .comst/. 
= .~hkend~/~~name~.gengol(labop)~/~..unlab/.unlab. 

er (3)  .er(4) - 
<unlab> = il?. .ifst/.=~$% .~os~/.=cALL. .callst/. 

= GOBY. .gobst/.=~~T~, .retst/. a END. .endst/. 

= FiN..finst/.= ~A~A..datst/. = ~EA~..readst/. 

= WRIT..writst/. = ~@?~..cdend/. = DIMS..dimst/. 

= SIZE. .sizest/. = <asgn> /.- 
<ifst> = '(l <expr> l ) !  ~($T(h+name> .genif..cdend/ 

.er(5).er(6).er(7).er(g).er(9).er(3) - 
<gost> = T@ i*name> .gengo. .cdend/er(g) .er(3) - 
<callst>. = -+nane> ( l  <plist> ) .gencall(2). .cdend/ 

er(10) . .er(ll) . er(7) 
= allri. gencall(1). . cdend/ - 

<plist> = <expr> <exprcw /. - 
<exprc> = ! , l  Kexpr* /aaer(6) - 
<subst> = <+name> .gensub(no) ( <arg> xargs*> l)' 

. .cdend/.er(lO). .er(ll) .er(7). 
= .allri .gensub(no)..cdend/ - 

xargs> = l , '  <arg> /..er(ll) - 
<arg> = -+,me> .genarg/. - 
-wetst> = .genret..cdend/ - 
xends t = . genend . . cdend / - 
<fin> = .terminate/ - 
<data> = <ditem> <ditems* > . .cdend/. er(l2) - 
<ditems> = / <ditem> /. .er(12) - 
<ditem> = anames l=!  +const> <datents*> .gendat/.er(l3) 

.er(8) .er(l3) - 
<datents>= , i*const> /..er(l3) - 
xreadst > = *name> , <expr> . genread. . cdend/ 

.er(i4).er(i4).er(i4) - 
<writst* = -+name> l ,  <expr> .genwrit. .cdend/ 

.er(i4).er(i4).er(i4). - 



<dimeltr <dimelts*r . . cdend/ .er(12) - 
!,I <dimelt> / ..er(12) - 
aname> l ( l integer> 1) . gendim/ 
.er(ll).er(5).er(ll).er(7') - 
<sizelt> <sizelts* > . . cdend/. er(l2) - 
',l <sizelt> /..er(12) - 
aname> '(1 ainteger* l)' .gensiz/ 

.er(ll).er(5).er(ll).er(7) - 
<expr> ( l &name> <namec* > ) l 
.gengoby/.er(6).er(5).er(3).er(7) - 
',l i+name> /..er(3) - 
name > gensub (yes ) ( <arg> <args* + ) l . . cdend / 

.er(10).er(5).er(ll).er(7) - 
l lef tr = <expr> .genasin(A~). . cdend/ . er (8) . er (6) - 
F .  <exprì 1 ,  ainteger> l,' *name> 

<expr> 1)1.set(~~,4)/ 
..er(6).er(16).er(i7).er(16).er(i),noinxeer(6).er(7) 
i*name> '(1 iexpr* 1)' .set(~~,2)/.er(18)..er(6).er(7) 

<-name> .allri..set(A~,2)/ - 
.allri.set(A~,3)/ - 
<arexp> <top> <expr> .arith(A@) /.b. .b 

<-arexp> .allri/. - 
<sterm> l+' 'arexpz .arith(l)/.b..b 

i-sterm> - l  <arexpr .arith(2) /. .b 
<-stermr . a l l r i /  - 
.GT. setop(A@J) /. 

l .LT. setop(~@,4) /. 
.GE. setop(A@,5) /. 

i .LE. 1 setop(~@,6) /. 
t .E&. setop(A@,7) /. 
IONE.' setop(A@,8)/. - 



<-factorr .allri/ - 
<lsterm> '.@L1 xfactorz .arith(ll)/.b..b 
<-lsterm> l .C. l ~factors- .arith(l2)/. .b 

<- btermr .allri/ - 
l .NB. <lterm> .marith(2) /. .b 
.FB. l <lterm> .marith(3)/. .b 

N <$term> .marith(4) /. .b 
N l dterm* .marith(4) /. .b 
dterm>/.b - 
<lfact> .Amo xltermr .arith(l3) /.b. .b 
<-lfact> .A. <lterm* .arith(l3) /. .b 
<-$fact> .EX. t dterm> .arith(l4) /. .b 
<-lfact* .allri/ - 
.F. <expr>, 4 integerr, <expr>. genextr 

/. .b.er(lT) .b 
!(l <expr> 1)l /..b.er(7) 

enarne> l(' <expr>, <exprc*> *)l gencall(3) 

/.b..b.er(i6).er(7) 
<-*name> .allri/ - 
fetchp(EN).ermes(EN)..findend/ - 
, ..statement/ .er(2) - 
, ..statement/. 

8 eof > . terminate /. 
&any> .nustack/.er(12) - 



The genera1 strutture of the LiTTLE compiler is a8 
follows, A lexical scanner analyzes the successive characters 
of a source program to be parsed, dividing an input string 
into atomic words, calculating the values of canstants as 
necessary, and initializing a hashed symbol table, Le., 
a hashed array containing a unique reference to every 
variable name occurring in the given source prograrn. This 
array is called HA; each item in it points to an attribute 
entry belonging to a second fundamental table VOA (variable 
and operator attribute array); entries in HA corresponding 
to variable names also point to a copy of the symbolic 
variable name to which they correspond. The lexical scanner 
provides successive lexical input atoms to the main parse 
routine. The main parse routine is a recursive syntactic 
recognizer written in the extended Backus metalanguage 
and calls various generator subroutines. Table IV lists 
the extended Backus metastatements defining the syntactic 
recognizer for the LITTLE language, and hence constitutes 
the definitive specification of the syntax of LITTLE. 
Table V lists the generator subroutines called directly 
from the 

Table V. 

main syntactic analysis program. 

Generator subroutines called directly 
during parse of LITTLE programs. 

Generator subroutines of elementary action. 
allri, false, unstack, set, setop, fetchp, ermes 

Genera tor subroutines corresponding to 
declaration statements. 
gensub, genarg, genend, terminate, gendim, 
gensiz, gendat, (gengol). 

Generator subroutines corresponding to 
executable statements. 
--p 

genif, gengol, gencall, genre t, genread, 
genwri t, gengoby, genasin, arith, maraith, genextr 



The generator  rou t ines  occurr ing i n  Table V a r e  
c l a s s i f i e d  according t o ' t h e  nature  of t he  generat ive ac t ion  
they take .  The "elementary" rou t ines  a r e  those which a r e  
concerned n e i t h e r  with code generat ion nor with manipulation 
of e n t r i e s  referenced through t he  hash symbol t a b l e .  The 
generator  rou t ines  "corresponding t o  dec la ra t ion  statements" 
a r e  concerned almost exclus ively  with manipulation of a t t r i b u t w  
e n t r i e s  referenced by name po in t e r s  i n  the  hashed symbol 
t ab l e .  These rou t ines  assign a t t r i b u t e s  by s e t t i n g  subf ie lds  
of a t t r i b u t e  e n t r i e s ;  check on the  consistency of name 
usage by examining the  a t t r i b u t e  e n t r i e s  at tached t o  a given 
name; and, i n  a s im i l a r  way, take account of the  LITTLì3 
name-scoping r u l e s  described below. The generator  rou t ines  

korresponding t o  executable statements" a l so  examine 
a t t r i b u t e  e n t r i e s  and s e t  re levant  subf ie lds  of such e n t r i e s .  
I n  addi t ion ,  however, these  genera tors  o r  f m t h e r  subroutines 
ca l l ed  by them const ruct  new e n t r i e s  i n  the  VOA arraywhich 
represent  ' c a l l s  on machine-dependent code-selection rou t ines .  
Note then tha t ,  a s  i t s  name implies,  the  VQA a r ray  contains 
e n t r i e s  of two types: those represent ing  var iab les  and 
those represent ing opera tors  . A new operat ion entry,  when 
constructed by a generator  subroutine corresponding t o  an 
executable statement, i s  placed a t  the  top of the  unused 
por t ion  of the  VOA s tack,  so t h a t  the  order  of opera tor  
type e n t r i e s  i n  the  VOA s t ack  a l so  represents  the  order  of 
the  corresponding code fragments i n  the  output code t o  be 

generated. Note a l so  t h a t  the  generator  rou t ines  invoked 
during the  parse  of the  component p a r t s  of t he  syn tac t i c  
type <expr,  ( cons t i t u t i ng  expressions of qu i t e  genera1 f o m )  
e n t e r  references  t o  t he  e n t r i e s  which they const ruct  i n t o  
the  hash a r r ay  HA; using these e n t r i e s ,  the  same rout inea 
de t ec t  common subexpressions within bas ic  program blocks 
and suppress l o g i c a l l y  redundant reca lcu la t ions .  

The occurrence within a LITTLE source program of 
e i t h e r  a l a b e l  o r  a subroutine c a l l  terminates a bas ic  
code block within which formally redundant ca lcu la t ions  
a r e  t r u l y  redundant and may be suppressed. For t h i s  
reason, on encountering such a l a b e l  we c a l l  a BMCKEND 



procedure, which aas igns  compiler-created "temporary" 
v a r i a b l e s  f o r  s to rage  of the  r e s u l t  of each c a l c u l a t i o n  i n  
the  compiler-generated macro-code stream, and which 
r e s p e c i f i e s  the  i n p u t s  t o  a macro ope ra t ion  a s  a temporary 
v a r i a b l e  r a t h e r  than a s  the  c a l c u l a t i o n  whose r e s u l t  t h i s  
temporary v a r i a b l e  r ep resen t s .  This, on t h e  one hand, 
reduces the  l o g i c a l  context  of each macro-operation i n  t h e  
code s tream t o  something q u i t e  l o c a l ,  i .e. ,  t o  a f i n i t e  
s e t  of v a r i a b l e s  r ep resen t ing  inputs ,  thereby transforming 
t h e  code stream i n t o  a sequence of "productionu" d i r e c t l y  
usable  f o r  f i n a 1  code genera t ion .  On t h e  o t h e r  hand, when 
proceeding i n  t h i s  way we break t h e  l o g i c a l  l i n k s  between 
an opera t ion  and the  p r i o r  opera t ions  which prepare  i t s  
inpu t s  and make forma1 i d e n t i t i e s  between d i s t i n c t  c a l c u l a t i o n s  
unrecognizable.  It i s  f o r  the  l a t t e r  reason t h a t  tempcrary 
v a r i a b l e  s p e c i f i c a t i o n  i s  postponed t o  the  occurrence wi th in  
our  source-code of a block-terminating l a b e l  o r  subrout ine 
c a l l .  The BLOCKEND procedure a l s o  purges t h e  hash-table  
HA of a l 1  e n t r i e s  r ep resen t ing  opera t ions  r a t h e r  than 
va r i ab les ;  t h i s  purging opera t ion  i s  done us ing  an 
e f f ic ien t ly-a imed device i m p l i c i t  i n  t h e  procedures descr ibed 
below. 

Trans la t ion  of LITTLE source-code i n t o  t a b u l a r  macros 
represent ing  eventual  c a l l s  on code-select ion s o u t i n e s  
cont inues i n  t h e  manner descr ibed above u n t i 1  the occurrence 
within the source code of a FIN-statement t e h : 1 n a t i n g  t h e  
source program t o  be t r a n s l a t e d ,  a t  which p o i n t  code-select ion 
a c t i o n  i s  comrnenced. The generated macros a r e  processed,  
and the  assoc ia ted  machine code produced. T'ne code s e l e c t i o n  
procedure i s  genera l ly  a s  fol lows.  Each macro c a l l  i n  turn  
i s  examined by an ASSEMBLE rou t ine  which determines,  by 

re ference  t o  t h e  p a r t i c u l a r  opera t ion  t o  be performed, and 
by reference  t o  i t s  input  v a r i a b l e s  and t h e i r  s i z e ,  whether 
the  operat ion i s  e s s e n t i a l l y  elementary and t o  be performed 
by an open-macro-sequence of a few machine i n s t r u c t i o n s ,  
o r  whether the  opera t ion  i s  non-elementary, i n  which case  
i t  is t o  be performed by a closed subrout ine,  wr i t t en  i n  LITTLE 
o r  d i r e c t l y  i n  machine code, which performs the  requi red  

complex opera t ion  by a programmed sequence of elementary s t e p s  . 
'660 '  
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INEW Y O R K  UNIVERSTY 
Courant Institute of Mathematical Sciences 
251 MERCER STREET, NEW YORK, N .  Y. 10012 
AREA 212 460-7100 

December 1368 

The fol laring document (by C. mrnest) repreeents an 
effort (originatine with John Cocke and Jsck ~chwertz)  to 
i n i t i e t e  e dlscussion among a selected eemple o f  experts 
cmcerning some of the principal issues in the design of 
commercial-grade compilere, It i s  hoped thet, even when a 
consensus does not  emerge from the diecusslon, stretegic 
iseues w i l l  a t  lesat be defined, dbrections for future research 
indicated, fects  brought out, etc. Your frank, forthrlgtit 
opinion i s  solicited; in areas o f  controversy, the documenta 
produced w i l l  be regerded as "debates on paper, l' 

A firat response i$ etteched, end may help to indicate 
the style  of response which would be helpful .  
In sddit ion t o  eny questiona raised by specific assertions 
i n  the enclosed document or by points of camrnent thereby 
suggested, we would l l k e  to have your opinion specificelly 
on the following questiona. 

1. What qubntitative lnformation on compiler performance stenderd8 
( s i ze ,  apeed) I s  evai leb le?  Speed i8 probebly best steted in 
terms of  instructions per s te  tement conpiled, some indica tion 
o f  the amount of optlmisatlon performed and the genera1 adequecy 
o f  t h ~  compilation being given. Besee for or reference for 
ftgures ehould be c i t e d  where poesible,  

How ere the overall da t s  nnd space requirements of a given 
compiler effected by tbe s i z e  o f  the progrbms which it aims t o  
campile, end by the complexity o f  the language t o  be compiled? 

2. What proport ion of compile tirne do  various compilers devote t o  
various principal  aubprocesses? what ere the date space end 
code space requirements for the principal logica1 subperts of 
t y p l c e l  compllers ? 

3. I a a t  are Che best compile-speed figuyes attaineble  by 
non-optimizing or only very sllghtly optimizing campilers ? 
What are the best s i zes  attainable by such compilers? 

4. Whet are the principal i asues  which ar i ee  in  attempts to 
optimize the use of storage (autome tic overlay plenning, segment 
planning, etc., a s  d i c t inc t  from optimizetions which aim a t  
reducing the number of ins t ruc t ions  executed)? D o  exist ing COBOL 
compilers (or possibly SOVIAL or ALGOL compilers) contain any 
uscful ideas on this s c m e ?  

5. To what extent should the maahine on which a compiler is t o  be 
implemented affect  i t s  design? Is th is  merely a matter of core 
size anc? a f ew ather overall  pareme$ere, or  must much more 
d e t a i l e d  ccape@eret$ona concerning order code struc ture, s torage 
hisrarchy, etc.; play a r o l e 7  



6. What ere the principal issues to be faced in the sectioning 
3f a compiler into phases? How does the size of available 
core affect this question? ?ihat  aro the principal solutions 
employed in sectioning existing compilera? How is compiler 
efficiency affected by the need for sectioning? 

7. Can anything about register use optimization be s a i d  on 
reasonably machine-independent basis? 

8. What a r e  the principal compiler variations occasioned by 
special features of the language to be compiled? In particular, 
do compilers for very large languages ( l i k e  P L ~ )  have a 
fundamentally different strutture than compilers for smaller 
languages, or are they inerely expanded versions of the  same 
sort of processar which would be used to compile a smaller 
langua ge ? 

Note that the paragraphs  o f  the following document have 
heen individually nwnbered. This I s  intended t o  f a c i l i t a t e  
reference to particular points ;  we ask you in your comments 
to make u s e  of these paragrapi,  nwnbers where appropriate. 
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Cornments on Indus t r i a l  Cgmpiler Pract ice  

C. E. Earnest 

I. (1) These comments ou t l ine  some 3f the  ways i n  which 
i n d u s t r i a l  compilers f o r  higher order  a lgebra ic  languages 
such a s  FORTRAN, Algol, and JOVIAL have salve& o r  
attemp-ted t o  solve, the various problems which complex 
design must face.  The diff erences between academic, 
o r  experimentel cumpilers as  contrasted with i ndus t r i a l ,  
o r  (usual ly)  p r a c t i c a l  c3mpilers a r e  explored. Alsa 
discussed a r e  the compiler-compiler approach, the f ea tu re s  
t h a t  make a good i n d u s t r i a l  compiler, and some ac tua l  speeds 
and sizes f o r  ex i s t i ng  compilers. 

( 2 )  Throughout, various ex i s t i ng  compilers ere c i t ed  
a s  examples. Although some of t he  bes t  compilers e r e  
ment i~ned,  it i s  often t r u e  t h a t  a p a r t i c u l a r  technique 
i s  i l l u s t r a t e d  best by an  i n f e r i o r  compiler, oo t h a t  
c i t a t i o n  i n  t h i s  paper  should not be taken a s  a s ign  of 
excellence. We do note outstanding compilers. 

S t r u c t u r e  - 
(3) The compiling pracess, a s  unders twd current ly  cans i s t s  
of the f o i l w  ing pho s es : 
(FORTRAN only ) Prescan. Mos t FORTRAN compilers include 
a prescan f o r  each statement t o  determine statement type. 
For ASA Standard FORTRAN IV,  t h i s  prescan can be done by 
a f i n i t e  s t a t e  machine: this technique is implemented i n  a t  
l e a s t  one ex i s t i ng  compiler (CSC). Far a FQRTRAN 
which allows subscripted subscripts ,  the f i n i t e  s t a t e  machine 
must be supplemented by a t  l e a s t  a nes t ing  leve1 caunter. 
FORTRAN can be parsed without a prescan, but the  added 
complexity of syntex would malre t he  compiler bigger and 
sLower. 
Lexical Scan. The l e x i c a l  scan picks the  tokens out of the 
source s t r ing :  reserved words, operation signs o r  words, 
i d e n t i f i e r s ,  constants,  and comments. The f i r s t  three  



categories a r e  o f t en  handled i d e n t i c a l l y  by t h e  token scan, 
except t h a t  reserved words and operaticm ~words o r  s i g s  a r e  
pre-posted i n  t h e  symbol t ab le ,  a long with any b u i 1 t - h  function 

names the language may have; these  a r e  found and handled 
properly dur ing  a s tendard i d e n t i f  i e r  search.  

( 4 )  One important funct ion  of the l e x i c a l  scan ic t o  

reduce t h e  s i z e  uf the input  s t r i n g  -- c l e a r l y  t h i s  is 

accomplished by rep lac ing  i d e n t i f  iers, constants ,  etc. ,  with 

p o i n t e r s  t o  symbol t a b l e  e n t r i e s .  It i s  a l s o  dane by ceusing 
s t r i n g s  of blanks t o  be represented by e i t h e r  zero o r  me  b h n k  
(accarding t o  t h e  language) , except wi th in  cha rec te r  cons tants  . 
It has been found t h a t  comparing each input  s t r l n g  word wi th  
a word c o n s i s t i n g  of the  c ~ d z  f ~ r  a s t r i n g  of blanks causes an 
increace  i n  compile speed ~f uy t o  1/4, e s g e c i a l l y  i n  s impler  

campilers; t h i s  f e a t u r e  i s  found i n  most i n d u s t r i a l  campil-rs. 

(5 )  \le knw of no American industrial compiler i n  which t h e  
l e x i c a l  scan i s  a sepa ra te  p a s s .  It i s  always combined with 
the  first pacs syntax scan. Typically,  t he  syntax scanner 
c a l l s  thi. l e x i c a l  scanner t 3  obta in  the  next  segment of the  
s t r i n g .  I n  most cases, t h e  l e x i c a l  scanner is a hand-coded 
rout ine ,  c i sua l ly  i n  assembly cade, based on a t ab le  lookup 

of charac te r s  in m e  o r  more t a b l e s  (which t a b l e ( s )  depends 
on t h e  cu r ren t  s t a t ? ) ,  which i m p l i c i t l y  "knows" t h e  language 
being compiled. Thus i t  can throw away cornrnefits, recognize 
and convert constants ,  e t c .  In  any compiler, t h i s  t a i l o r i n g  
of the  l e x i c a l  scan g r c a t l y  increases  e f f ic iency;  i n  syntax 
directed compilers based on Yhomsky context  f r e e  grarmars, 

t h e  t a i J - = - h g  is mandatory i n  o r d c r  t h a t  the  c ~ m p i l e  speed 
be reasonable.  

( 5 )  There a r e  exceptions t 3  the abave: An SDS 310 Algol 
compiler by Pmgrammatics, and a l 1  of the  GENESIS family of 
c~mpilers by ZSi, include a l e x i c a l  scan wnich ì s  a t  l e a s t  

p a r t l y  ba%d m a f x m a l  ( a n a l y t i c )  gremniar. C lde r  compilers 
i n  t h e  GENESIS family inc lude  p a r t  of thr l e x i z a l  scan i n  t h e  

norma1 f i r s t  pass syntax scan -- viz .  , t he  recognition of 
constants ,  i d e n t i f i e r s ,  and some reserved words. These campilers 



do include a lexical scan, the s t a t e  of which is se t  by the  
syntax scan (fol lowing a l ang  behind i t ) .  

3. Syntax scan 

( 7 )  The syntax scan accopts  t h e  source s t r i n g ,  usually 
p a r t i a l l y  predigasted by t h e  l e x i c a l  scan, and produces a s  
output a code s t r i n g  i n  some farm -- often reverse  P ~ l i s h .  
Whether the syntax scan  is one pass  o r  two depends on t h e  
language, t h e  space a v a i l a b l e ,  and the q u a l i t y  of code des i r ed .  
A l g ~ l ,  f o r  example, is n a t u r a l l y  a two pass  language, because 
uses of identifiers can appear  be fo re  their d e f i n i t i o n s  (and 
t h e  de f in i t ions ,  when they do appear, can even inf luence  
pars ing) ;  a s i n g l e  pass syntax scan is  poss ib le  anly a t  t he  
c a s t  of r e s t r i c t i n g  the language, praducing some r a t h e r  bad 
code, o r  c leaning  up t h e  cade l a t e r .  When a scan i s  d m e  i n  
two passes,  the f i r s t  e s s e n t i a l l y  processes  name d e f i n i t i m s ,  
and the sewnd produces code. 
(8) FORTRAN and JOVIAL a r e  n a t u r a l l y  one pass languages. 
( 9 )  The syntax scan a l s o  producec almost a l 1  of t h e  d iagnos t i c  

messages produced by the compiler ( they  may be p r in ted  l a t e r ,  
I 

a s  in the CSC GENESIS compilers, the CSC Univac 1107 For t r an  
campiler, e t c . ,  bu t  the  information is develaped dur ing  t h e  
syntax scen) ,  and may make some e r ror  co r rec t ions .  
(10) The p r x e s s  of parsing i s  by f a r  t h c  best understood 

p a r t  of campilers,  and f o r  t h a t  reason has received most of 
the a t t e n t i a n  i n  p r i n t .  Tiie syntax pass i s  b u i l t  around a 
pa r t i c u l a r  parsing techniqie, but  the n m - s y n t a c t i c  funct ions  
of the syntax scan usually .require a t  lcast twice a s  much time 
and space as the s y n t a c t i c  fbncti3ns,  especially in compilers 
which produce f a i r l y  gmd CC&?. 1Je r e t u r n  to t h i s  s u b j e c t  later. 
(11) The methods used f a r  s p t a x  scans i n  production campilers 
f a 1 1  i n t o  three ca t e g s r i e s  : 

a )  Standard, o r  Bauer-Samuelson rcan. T h i s  method has been used 

s i n c e  b e f ~ r e  1960; evident ly  the earlies t production compiler 
t o  use  it was t h a t  far Burrougis 220 Alg31, a vers ion  of 

Algol 58; the c m p i l e r  was la rge ly  designed by Jae l  Erdwinn. 



(12)  Since then, the standard scan has been used i n ,  among 
o thers ,  the Univac 1107 and 1108 FORTRAN compilers, tha IBM 360 
FORTRAN H and TSS 360 FORTRAN c ~ m p i ì e r s .  (It huS a l s o  been used 
i n  assemblers a l lawing n o n - t r i v i a l  e x p r e ~ s i o n s ;  far  example, 

t he  SLEUTH I1 assembler f o r  the  1107). 
Scans based on Chomsky type 2 grammars. This type o$ scan  k s  

received most of the a t t e n t i a n  i n  the  l i t e r a t u r e ;  u suo l ly  sa@ 
r e s t r i c t i o n  of a c m t e x t  f r e e  grammar i s  allawed (bounded 

c m t e x t ,  o p e r a t m  precedence, e t c .  ) . 
(13) A number of c~mpi ler -compi lers  have been besed or1 gramars 
of t h i s  type às well;  most of them a r e  no t  production t o o l s ,  
however. One which evident ly  h a s  been used t o  produce a 
compiler, based on an e x p l i c i t  context-free grammar, is the 

TRANGEN system of Compass, Inc. Actually, this system i 6  based 
more on Floyd productions than on context I r ee  gramrnars. 
(14)  Some productian ccmpilers have been b u i l t  using a 

hand-coded vers ion  of this t y p e  of syntax scsn; t ha f  i s ,  the 

gramnar i s  nut  e x p l i c i t l y  p a r t  of the code f o r  the  compiler, 
bu t  the  strutture 3f the scan i s  based on it. The Digitek 
FORTRAN compilers use essentially this technique.  There ?s 

a l s o  a very poor CDC 16011. Algol compiler, w r i t t e n  a t  Oak Aidge, 
based  a i a  context  free grarnrnar technique. 

(15) IBM f o r  a while supported a p r o j e c t  t o  produce compi-ers 
from context - f ree  grarnrnars. There was a t  l e a s t  Òne F O R T ~ N  
compiler f o r  t h e  7094 produced i n  t h i s  way, but as  it uas 

s ign i f  i c a n t l y  slower and l a r g e r  than 3ther IBM compilers, 
it was never re leased.  
(16) There i s  a l s a  i n  ex is tence  a JOVIAL ct9mpiler f o r  the 7090, 

w r i t t e n  by SDC, which uces a matrix technique quite simil-ar 
t o  an  opera tor  precedence grammar, 

c )  Scans based on o n a l y t i c  graminars. The only i n d u s t r i a l  
compilers us ing  these  a r e  the SDS 910 Algol zm-tpiler w r i t t e n  
by Programma t i c c ,  and the en t i r e  f ami ly  3f GENE?IS compilers, 
produced by :SC, f or  Algol, JoviaL md a propr ie l tary  CSC language, 
(17)  The Prograinmatics compiler is based on syntox t a b l e s  

produced from a s lngle  syntax language by the u s ~  of assembler 



macros. The CSC compilers a r e  produced by a ful l-f ledged 
compiler-compiler. 

(18) This scan method allows speeds  comparable to that of 
the standard scan. Some of the carne techniques a r e  used i n  
w r i t i n g  the grarnmar a s  a r e  used i n  a standard scan; f o r  example, 
the t y p i c a l  ana ly t i c  grammar expression scan i s  es sen t i a l l y  a 
standard scan, except that the operetor  pushdown l i s t  i s  

contained i n  the  s t r i n g  being parsed .  For instance, using (V) 
a s  the meta l inguis t ic  name of any expression or variable,  
and (P+), (P*), and (PT) as the names of a pushed-down +, 
a pushed-down *, and a pushed-down T, respect ively,  a scan 
might proceed a s  follows f 

Nste that, i f  pointers  t3 the var iable  e n t r i e s  i n  the 

symbol t ab l e  a r e  c~nnected with the (V) ,  the (PT), the (P+) 
and the (P*) names i n  some way, t h i s  meth:)d of scanning 
allaws t r i v i a l  const ruct isn  of expressian t r ee s  d i r e c t l y  
from the  scan. 

4. Qptimization phase 

( 1 9 )  Many indus t r i a l  ciimpilers, especia l ly  those f o r  small 
machines, omit t h i s  as  a separa te  phase. Ei ther  very l i t t l e  
optimization is  done, or  i t  i s  dane l o c a l l y  and the phase is 
combined with the syntax scan and/or the code generation phase. 

B i t h  careful attention t o  machine d e t a i l s ,  and with a simple 



r e g i s t e r  memory dur ing  code generat ion,  it i s  p a s s i b l e  to . 

praduce q u i t e  r eas  ~ n a b l e  code without a separa t e  o p t i m i z a t i ~ n  
phase. A l 1  the e a r l y  Digi tek  compilers and some of the current 
ones , including the of f -the-shelf  -FORTRAN, da not perf  orm g loba l  

o p t i m i z a t i ~ n ;  this i s  t r u e  of the f i rs t  crop of GENESIS compilers. 
A number of l e s s  success fu l  campilers a l w  omit t h e  ap t imiza t ion  
phase; e.g.,  t h e  VDC 1604 Algol compiler, and most of t h e  SDC 

JOVIAL compilers. 
t 

(20)  Techniques used far g l ~ b a l  optimizatian, and the  exact s e t  
of opt imizat ions performed, vary widely. Roughly, one can say 
the  t cammon sub-expressions e r e  e l iminated i n  c e r t a i n  places ,  
loop cons tant  exprcssions a r e  removed from loops, computations 
i n  loops a r e  reduced %n s l r eng th ,  e t c .  
(21)  The f i r s t  optimizing compiler was of course FORTRAN I, 

w r i t t e n  by n team a t  IBM; i t  con ta ined  the  seeds of a g r e a t  
many good ideas ,  and was q u i t e  remcirkable for i t s  time. The 
b e s t  code c u r r e n t l y  produced by a compiler p r ~ b a b l y  i s  produced 
by t h c  IBM 360 FORTRAN H compiler. The TSS FORTRAN compiler, 
using a d i f f e r c n t  technique, runs a close second, and i s  much 
f a s t c r  ( o r i g i n a l l y  4-5 times f a s t e r ) ,  An optimizing compiler 
need not  run s lowly .  Illustrations of t h i s  po in t  a r e  furnished 
by the  Univac 1107 and 1108 FORTUN coinpilers; these compile 
a t approxinia t e l y  14,000 i n s  t r u c t i o n s  executed per source card, 
including input  /autput. An even b e t t e r  i l l u s t r a  t i o n  i s  furnished 
by the  TSS FORTRAN compiler (%o), itihich runs a t  approximately 
8,000 i n s t r u c t i o n s  executed ;?er source ca rd  (CPU tine only) .  

5. Code generat ion phase 

(22 )  The cade generat ion transf  orms the  i n t e r n a l '  f arni of the 
code, using the symbol t ab le ,  t o  some repr r sen ta t ion  of a c t u a l  
machine ins t r u c t b n s  . t c e p t  f 3r the symbol t a b l e ,  anly l o c a l  
inf3rrnati.cn i s  used. The i n t e m a l  forrns used moy of course be 

only a sequence o f  c a l l s  on rou t ines  i n  another  phase. 
( 23 )  Code generators t y p i c a l l y  c o n s i s t  u f  8 r a t h e r  l a rge  number 

3f individua1 generat ion rout ines ,  wr ' r e spmding  t3 t he  a p e r a t ~ r s  
i n  the code genera ta r  input  s t r i n g .  Probably t h e  ha rdes t  task  



of a code generator i s  t o  assign the mechine registers, and 
generate necessary temporary storage c e l l s .  T h i s  ta sk  m y  be 
made eas i e r  by information collected earlier by an optimization 
phase. 
(24)  For some small machines, of coursa, r eg i s t e r  aseignment 
i s ' a  simple problem, becsuse there a r e  only 1 or  2 r eg i s t e r s  
available;  the Digitek SDS 910 FORTRAN c3mpiler, f a r  example, 
has only an immediate r e g i s t e r  rnemory for the mechine accumulator. 
Mos t indus t r i a l  compilers by now incorpora t e  a r e g i s t e r  memory, 
destroyed a t  code entry points, for the machine accumulator 
and index regie tors .  A commonly used technlque for choosing 
a reg is te r  f o r  a new quanti ty is t o  pick an empty r eg i s t e r  
i f  possible,  o r  t o  destroy (with e possible s t o r e )  the contents 
of the r e g i s t e r  containing a quantity which i s  used f a r t h e s t  
away i n  a forward direct ion;  the Univac 1107 FORTRAN compiler, 
among many others,  uses t h i s  method. 
(25) Much o f  the most importent object code nptimization is 
azcomplished during the code generetion phese. This includes 
a whole bag of very l o c a l l y  appliceble coding t r i cks :  de le t ion  
of an  add of zera, o r  a multiply by 1; replacing a diviaion 
by a constant with a multiplication by the  reciprocal;  
converting constants to the correct  type; replacing a mulfi j ly 
o r  divide by a power of two by n s h i f t ;  and innumerable others 
made desi rable  by the  quirks of a pa r t i cu l a r  machine. Most 
of the b e t t e r  code generators e l s o  expand bu i l t - i n  subroutines, 
including those for some type conversions, in-line. 
(26) Code generation i s  typicelly qu i t e  f a s t ,  because of i t s  

local ,  non-combinatorial nature. 'kis i s  not t r u e  i n  the 

CDC 6600 FORTRAN compiler, howver,  becsus e the code genera t o r  
a l s o  schedules the ins t ruct ions  i n  an attempt t o  allow the 

mechine maximum overlap when the code is run; this process i s  
h ighly  combinatorial. Other fourth genera t i on  machines w i l l  
require cornpilers with the seme charac te r i s t i c .  Also, if a 
very carefu l  job of r e g i s t e r  aasignment i 6  done, the code 
generator w i l l  be slowed down qui te  a b i t .  



Output E d i t i n g  
(27) This phase produces t h e  a c t u a l  b inary  load modules 
conta in ing  t h e  ob jec t  code, and may produce an assembly s t y l e  
l i s t i n g  of t h e  generated code. The e d i t i n g  phase a l s o  c a r r i e s  

out  t h e  assembly process -- s u b s t i t u t i n g  addresses  f o r  symbol 
t a b l e  po in te r s  -- on the code. 
(28) Some compilers a c t u a l l y  use t h e  s tandard assembler f a r  

the  machine t o  accomplish the output e d i t i n g f  t h a t  is,  t h e  
compiler produces a c t u a l  cnrd images and inputs  them t o  the 
assembler. For experimental  compilers, t h i s  technique i s  of t e n  
q u i t e  usefu l ;  for production compilers, it is  no t  t o  be 

recommended, because of the speed s a c r i f i c e .  The IBM 7094 
FORTRAN compiler used t h i s  technique, a s  d i d  the l a t e r  BOS 
FORTRAN compiler for t h e  360. 
( 2 9 )  In a few compilers -- notably those of tho, GENESIS femily 

produced by C S C  -- t he  ~ u t p u t  e d i t o r  a l e o  e l l o c a t e s  t h e  s to rage  
far object program da ta ,  i n  a fash ion  s t r i c t l y  determined by 

e a r l i e r  prc~cesses, and passed t o  t h e  e d i t o r  as a system o f '  
pointers  an3. s izes .  This  approach is u s e f u l  f a r  compilers 
which produce cudr for more than mie object ~ a c h i n e .  
(30) The e d i t ~ r  may also mergs d iagnos t i c s  produced by severa1  
phases t oge the r  wlth the source s t r i n g ,  and possibly an assembly 
l i s t i n g  o r  the generated code. Most compilers, inc luding  a l 1  
IBM i n d u s t r i a l  compilers, produce e i t h e r  no o r  an extremly 
unreadable l i s t i n g  of the  generated code. FXceptions to t h i s  

a r e  the Univac 1107 and 1108 For t ran  compiJ.srs, and the  femily 
of GENESIS compilers . 
(31 ) Edi t ing  i s ,  r a  t h e r  su rp r i s ing ly ,  someurhat slow, e s p e c i a l l y  
when a fu11 output l i s t i n g  is produced. Tnis is evident ly  
due t o  the f a c t  t h a t  each generated i n s t r i ~ c t i o n  requires q u i t e  
a b i t  uf attention, and t h a t  most machines on which compilers 
run a r e  i l l - s u i t e d  t 3  the  cha rac te r  and t i t  s t r i n g  manipulations 
t h a t  an editor must perform. 

( 3 2 )  The e d i t o r  of course a l s o  produces any debugging symbol 
t a b l e s  ucab le  by the  system, ond sorted symbol d i c t i o n a r y  
l i s t i n g s  and maps. 



111. Storage a l loca t ion  and f i l e  handling i n  the  compiler 

1. Symbol t ab les  
( 3 3 )  Almost a l 1  commercia1 compilers use symbol t ab l e s  based 
on a hashing search technique. The hash t ab l e  is t yp i ca l l y  
separa te  from the  data s ta rage  area, and l i nks  a r e  used f o r  
t h e  hash chains -- this allows simple a l l oca t i on  of the space 
i n  the  data s torage  area .  In an optimizing compiler, the seme 
hash technique i s  of ten  used t o  f ind  fo rma l ly  common sub- 
express ims  a s  i s  used t3 f i n d  i d e n t i c e l  names o r  constents .  
(34) There a r e  exceptions t o  the above: Digitek compilers usc 

a t r e e  storage method f o r  source names. A single l i s t  (s tored 
contiguously) contains a l 1  the  characters  which hnve occurred 
a s  the  first character  i n  a neme, and for each a name or  
loca t ion  of a s u b l i s t  contain.*ng the second character  which 
f d . l ~ ~ ~ e d  t h a t  p a r t i c u l a r  f i r s t  character  i n  some name, e t c .  
Some Jov ia l  cumpilers provide f o r  a "compool" -- that  is, a 
common pool of symbol and other  informatlon'  -- which i s  larger 
than the compiling machine c m  contain i n  core. The program 
i s  first scanned, and a l 1  names not  def ined within t he  program 
(def i n i t i o n s  in  the  pragram take precedence) a r e  col lected,  
sorted lexicographical ly,  then compa red aga ins t the  previously 
sorted l i s t  of compool names on a tape  -- thus the  s i z e  of the  
symbol t ab l e  is determined by the names ac tua l l y  used i n  the  
program, and only one pass over the  tape i s  required. 
(35) Drcept f o r  the  above-mentioned Jov ia l  technique, symbol 
t ab l e s  are  almost always kept e n t i r e l y  i n  core throughout the  
compilation, and d a t a  i s  not muved within the table ,  s o  that 
pointers  t o  the d a t a  c m  be kept eas i ly .  An exception t 0  t he  
l a t t e r  p a r t  of the  statement i s  again provided by t he  Digitek 
compilers -- see below. 
(36) For languages having more than one scope of de f in i t i on  
f o r  names, G number of d i f f e r en t  techniques a r e  used. Jov ia l  
and some FORTRAN T s (having subrout ines included within the 
main program) have only tuio scopes: main program o r  subprogram. 
This is usually handled by post ina inner scope names s o  that 
the search process f inds  them f i r s t ,  and by delet ing a l 1  names 



defined i n  the  inner  scope e t  t he  end of t h e t  scope. Often 
the r e s t r i c t i o n  is  made t h a t  a previous scope -- even an outer  

one -- i s  not resumed once an inner  scope has been entered; 
i n  t h i s  case, de le t ion  of t he  inner scope names is not  necessW7. 
( 3 7 )  Another technique,* use fu l  where i t  i s  inconvenient o r  

expensive t o  de l e t e  names o r  t o  change chain p o i r ~ t e r s  f o r  
names i n  an  inner  scope, i s  t o  keep with each symbol t a b l e  
ent ry  a scope begin number = the number of the  begin scope, 
numbering consecuti,vely from the s t a r t  of the program, within 
which the  p a r t i c u l a r  entry i s  defined. A single b i t  far each 
d i f f e r en t  Scope range i s  a l s o  kept;  these a r e  i n i t i a l l y  a l 1  
zero, and a r e  s e t  t o  1 individually a s  each individua1 scope 
closes. The "within scope" check f o r  a name i s  then t h a t  the  
current  scope beginnunber i s  g rea te r  than or  equa1 t o  the  s tored 
scope begin number, and t h a t  the end marker f o r  the stored 
scope begin number n a s  not  ye t  been s e t .  Forward referenced 
l abe l s  present a f u r the r  pnblem: t h i s  can be solved by 

assuming tha t  each l a b e l  i s  defined a t  each scope (c rea t lng  
en t r i e s  as  necessery when a l a b e l  is referenced),  and t h a t  some 
inner  l abe l s  have the same address a s  corresponding outer  labels 
(a l a b e l  entry i s  s e t  t o  poirit to the correspondirig entry f o r  
the next outer  leve1 when a scope i s  exi ted and no de f in i t i on  
f o r  the  l a b e l  has occurred). 
( 38) Equivalente or  overlay informa t ion i s  another important 

d e t a i l ,  the  solut ion t o  vihich is not pa r t i cu l a r ly  enlightening, 
and vihich varies from compiler t o  compiler. Some system of 
l i nks  i s  typ ica l ly  used. 
(39) Most of the  informetion stored with a symbol ent ry  i s  

of f ixed length, s o  that a standard amount of s tarage  can be 
reserved a t  the  time the  entry is made. Excep t i~ns  t a  t h i s  
ere the  characters of the name i t s e l f  (except i n  FORTRAN 
compilers) and such things as  dimension information. Some 
compilers keep separate name tabl-es, with pointers  t o  a t t r i b u t e  
information; t h i s  has the disadventage of s p l i t t i n g  the  avai lable  

)C 

used in Che GaNESIS compilcrs. 



space i n t ~  two par t s .  Another technique is t o  s to re  the  name 
jus t  before the  a t t r i b u t e  information i n  core, keep as  one 
a t t r i b u t e  the  number of characters  (words) occupied by the 
name, and reference the  entry by a pointer  t o  the s t a r t  of 
the  a t t r i b u t e  storage -- t h i s  permits rapid (non-variable 
lengtb)  access t o  e t t r i b u t e s ,  and a l so  allows s l i g h t l y  slower 
access t o  the name i t s e l f  from the  a t t r i b u t e  par t .  
(40) For languages which allow a small maximum number of 
dimensions f o r  an array, some compilers allow space f o r  the  
maximwn number i n  every arroy entry. FORTRAN has the  problem 
t h a t  dimension information may occur a f t e r  the  f i r s t  reference 
t o  a name, s o  tha t  allowing space f o r  exactly the  correct  
number of dimensions when the symbol t ab l e  entry i s  f i r s t  made 
i 8  not always possible.  Algol has the same problem, although 
more loca l ly .  Theref ore dimension informa t lon  i$ of ten  
stored remotely, and pointed to from the name. One nice  
technique, used i n  the  GXNESIS family or  compilers, which is  
convenient f o r  both constant and v a r h  b l e  dimensions, i s  t o  
s t o r e  the  information a s  a Polish s t r i n g  (remote from the  
va r iab le  entry) which can be appended t o  the actual  subscripts  
a t  reference. F w  example, for a two dimensional array A, 
declared i n  Algol as W a r r a y  A [LBl:UBl, LB2:UB2]; the stored 
Polish s t r i n g  would be:* 

LB2, - 3  UB1, LB1, -, 1, +, *, + ,  LB1, -,$ 
A t  an ac tua l  reference, e,@;. A [ I ,  J], the nemes or  expressions 
A, I and J would simply be followed by the stored s t r i n g  in  
the  code output, t o  produce: 

A, I, J, LB2, - 3  UB1, LB1, -, l, -t, *, +, LB1, -, J 

46 
Mare gener&lly, the storad P a l i s h  s t r i n g  f o r  an  n-dimensional 

array is: A - -  h. 
-7 

'LB~,  -: UB1, LB1, -,. 1, +, *, L B ( ~ - l ) ,  -, 



I n  non-Polish, th i s  is: 

A [ (  I + ( J - L B ~ )  * ( u B ~ - L B ~ +  1 ) )  -p LBl] 

O f  course, t h e  a c t u a l  s u b s c r i p t s  and t h e  upper and lower 

bounds can be expressions o r  v a r i a b l e s  o r  cons tants  i n  th is  

representa  tion.* This permits c o n s i s t e n t  handling of s t a  t i c  
and dynamic arrays a t  reference,  and provides extremely 
rap id  genera t i o n  of code a t  ref erence . This technique does 

no t  work qu i te  a s  we l l  f o r  FORTRAN because of t h e  necessary 
r e v e r s a l  of the a c t u a l  subsc r ip t s .  
(41)  For cornpilers ruruiing under time she r ing  systems where 
space is charged f o r  i n  increments of pages, i t ;  i s  important 
t o  use a s  few pages as  poss ib le  -- that is ,  no t  t o  have a 
number a l  pageu p a r t  fu11  i f  Peraer elmost fu11 pages would do. 
The IBM T S S ~ S O  FORTRAN compiler ( t ~ r i t t e n  by CSC) has been 
planned with this i n  mind. 

2, In t e rna1  table s to rage  

(42) Exczpt f a r  the s y m b ~ l  tnble ,  and input  and output f i l e s ,  
Cables i n  a cornpiler a r e  usua l ly  f ixed  length .  One n o t e w ~ r t h y  
exception t 3  t h i s  is  the  storage scheme of the Digi tek  compilers: 
each t a b l e  i s  referenced every time through a po in te r ,  s o  t h a t  
t a b l e s  can move f r e e l y .  !Ihenever t h e  contiguous space f o r  one 
t a b l e  i s  used up, s to rage  i s  r ea l loca ted  and data  moved, i f  

pass ib le ,  t3 c r e a t e  mare cmt iguous  space far the fu11 t a b l e .  
T h i s  has t h e  advantage of making maximum use of' t he  a v a i l a b l e  
core  -- which f a r  Digitek compilers i s  t y p i c a l l y  very small .  
It has the  dicedvantage t h e t  when t he  a v a i l a b l e  space becomes 
nea r ly  f u l l ,  much time i s  spent  r e a l l ~ c a t i n g .  The ex t ra  time 
requi red  by tlie extra l eve1  of ind i rec tness  is  a l s o  an added 
cos t ,  bu t  a minar onc; because t a b l e s  a r e  referenced e s s e n t i a l l y  
i n t e rp re t i ve ly  ( s e e  b e l m ) ,  the re  i s  l i t t l e  extra c3de space 

r2quircd.  

* 
constants  may be conbined if desir .?d,  of c ~ r a e .  



(43)  Every c o m ~ e r c i a l  multi-pass compiler uses the  same 
sect ions  of core  f o r  different programs o r  t ab les  i n  the 

d i f f e r e n t  passes. M ~ s t  operat ing systems provide f o r  code 
overlays i n  t h i s  fashion; m e  of t he  most f l e x i b l e  schemes i s  
provided i n  the Univac 1107 and 1108 systems. 

3. -$nput /Output f i l e s  

(44) Typically, the source s t r i ng ,  a scan 3r construct  s t r ing  

( f o r  two pess syntax scans ), verious intermediate code s t r i ngs ,  
the final binary ~ u t p u t  s t r i ng ,  and the  l i s t i n g  f i l e ,  i f  any, 
a r e  I/O files, a t  l e a s t  on compilations too  la2ge to f i t  i n t o  
core. O f  course, n3t  a l 1  compilers have e11 these f i l e s  -- 
t he  Digitek compilers have only an input sauurce f i l e ,  and an 
output binary file and print f i l e  ( they e r e  one pass) .  
(45) Optimizing compilers of-ben keep t he  intermediate code 
string i n  core between the  syntax scan and the  optimization 
pass; one convenient form f o r  expressims, f a r  example, i s  
t r ee s ,  which do not  lend theinselves to easy input and output. 
(116) A technique used i n  the  GENESIS femily of campilers Is 
t o  provide r a t h e r  l a rge  buffers  f o r  each of t he  intermediate 
f i l e s ,  53 t h a t  they can be kept e n t i r e l y  i n  core f o r  small  
compilations. I f  the  file does become t o o  large t o  s t ay  i n  
core, the f i r s t  buf fe r  i s  kept i n  core t o  cover the  tape 
rewind time a t  the s t a r t  of the  next phase -- a l 1  other  
buffers  a r e  wr i t t en  on tepe. This technique i s  also used 
i n  a t  least one SDC JOVIAL compiler. 



TV. Flex ib i l i t y ;  debugging of the  compiler 

1. F l e x i b i l i t y  
(47) Ekcept f o r  the  smallest  commercial cornpilers, wherein 
space cons t ra in t s  determine almost the e n t i r e  plan, a reasonable 
amount of space and speed is sacr i f i ced  i n  order  t h a t  t h e  
compiler be debuggable and t h a t  i t  be amenable t o  reasonable 
change . 
(48) One of the  most important contr ibutors  to t h i s  f l e x i b i l i t y  

i s  a clean i n t e r f ace  between each of the  various phases. That 
is ,  the  number of t ab les ,  f i l e s ,  etc . ,  should be kept  t o  a 
minimum, and the  impl ic i t  information i n  each should be kept 
t o  reasanable l i m i t s .  For exainple, i n  the  Univac 1107 FORTRAN 
compiler, and i n  the e n t i r e  GEN6SIS family of compilers, the  
only information passed from t.&e syntax phase to the  code 
generation o r  optimization phase i s  the  symbol t sb le ,  the  
code s t r i n g  ( i n  intermediate format), and a few parameters 
( l i k e  5-10). This approach i s  ca r r ied  t o  an  extreme i n  the  
IBM 70911. FORTRAN compiler, where only the  assenibly f ormat card 
f i l e  is passed between the  syntax phase and the code generation 
phase. The reason t h a t  clean, e x p l i c i t  in ter foces  cos t  time 
and space 1s obviaus: the  amount af data passed i s  r e l a t i v e l y  
large ,  and it i s  sometimes neczssary to go t o  some work t o  
discover infurmation i n  a l a t e r  phase t h a t  was much ea s i e r  
to f ind  i n  an e a r l i e r  phase, but which could not  be o r  was not  
included i n  the  e x p l i c i t  in te r face  nezt ly.  

(49) Machine o r  language independcnce of the compiler adds 
g rea t ly  t 3  the  i n t e r r ace  problems -- see the discussion of 
GENZSIS compilers below. 



2. Debugging 

(50) hWery good c m n e r c i a l  compiler of medium t o  l a rge  s ca l e  
includes within i t s e l f  some tools used only f o r  the  debugging 
of t h e  compiler i t s e l f .  
(51) For example, the  Univac 1x07 FORTRAN compiler recognizes 
some unpublicized "reserved words " a s  l ega1  statement types; 
these  cause a t r a c e  of a following statement, a s  it i s  
procesaed by t he  compiler, t o  be printed.  
(52) The GENESIS wmpilera include routines t o  produce a core 
dump l i s t i n g  i n  re locatable  format, using the names of routines 
and tables which are p a r t  of the compiler. They a l s o  Include 
a formatted symbol t a b l e  dump, which among other  things, p r i n t s  
the  names a s  character  s t r i ngs ;  and a formatted Intermediate 
Language durnp, t o  l i s t  the intermediate format of the  code 
s t r i n g  i n  a fashj.cn most readnble t o  a compiler wr i t e r .  Al1 
these routines occupy p a r t  of the  spose  al located  f o r  the  symbol 
t ab le ,  s o  t h a t  when the  compiler i s  apzrat ing i n  non-debug mode, 
no space i s  required -- the rout ines  a r e  merely wr i t t en  over 
by d a t a  s turage.  An o c t a l  correc t ion facility f o r  t he  part s  
of the  compiler i t s e l f  i s  also included. The choice of which, 
i f  any, debugging tools are t o  be a c t i v a t e d  is  indicated i n  the  
norma1 o p t i m  1 s t  on the  card which calls the  compiler i n t o  
opera t ion .  
(53 ) The BMTSS h 6 0  FORTRAN compiler a l s o  includes some o f  

the  same types oS tools .  
(54) See also thu next sec t ìon.  



(55) So f a r  as  we know, t h e  only compiler-c~mpiler  worthy of 
t he  name which i s  being used t o  produco commercia1 compilers 
i s  CSC t s GENESIS sys tem. Other compiler-compilers e i ther  do 

a small p a r t  of the  job (e.g,, bui ld  syntax t ab les  only), o r  
they produce compilers which a r e  toys. Since G4NESIS i s  
reasonably successful ,  but  does have some problems, i t  i s  
worth some discussione 
( 5 6 )  GZNESIS cons i s t s  of a l a rge  system which eccepts t he  
source for a language speci f ica t ion,  makes a number of 
theoretical and p rac t i ca l  checks on it, produces t ab les  and 
code from it, and provides for debugging of i t  within the  
GENI-SIS system. In addit ian,  GENESIS cons i s t s  of a compiler 
strutture plan i n  some d e t a i l ,  a n  intermediate Language design, 
and a number of code generators,  optimizers, and ed i to r s  f o r  
a nmber  of niachines. The gramnlar used t o  express the  syntax 
of a language i s  an ana ly t ic  one; the  pragmatic funct ions 
(e.&., symbol t ab l e  posting and searching, code production) 
ore i n  the f i r s t  generation o f  GENESIS wri t t en  Ln a spec ia l  
i n t e rp re t i ve  language -- i n  the  second generation i n  a 
procedure oriented language (SYMPZ) . 
(57) The debugging too l s  included i n  the  GENESIS system 
include symbol t ab l e  and I L  dump routines .-- ca l l ab l e  a t  any 
time, and a syntax leve1 t r ace  of the  recognit lan process 
( turnable on and off  ), a s  wel l  as  the logica1 consistency 
checks made automa ticelly on a language speci f  i ca t ion .  
(58) The output of GENgSIS is a s e t  of binary t ab les  i n  the 

format of thc compiling machine system, and the  code i n  the  

sane binary format ( a s  wcll a s  severa1 kinds of l i s t i n g s ) .  
(53) GENESIS has by now been used t o  produce Algol compilers 
running on the  IBM 7094, the  Univac 490 and 494, and the  ~ E 6 3 5 .  
The compilers runriing on the 7094 and the 490 eech produce 
output code which runs on these two machines, and on the  
CD2 3600 and the  SDS 910. The 7094 and the  GE 635 compilers 
a l s o  produce code which runs on the  G3 635. A Jov ia l  compiler 
running on and producing code f o r  the IBM 360, which includes 



an optimizer, i s  i n  the l a t t e r  s tages of checkout. PL 
and FORTRAN compilers e r e  planned. To g ive  an ind ica t ion  of 
t he  machine indspendence of the language speci f ica t ion,  be it 
noted t h a t  the  f i r s t  two passes ( t he  syntax scan, including 
code produition, e t c . )  of t he  5 compilers running on the 
IBM 7094 a r e  iden t ice l ,  i n  source and i n  absolute binary, 
f o r  a l 1  5 compilers. A s ingle  language spec i f i ca t ion  (source 
m d  binary) serves f o r  a l 1  f i ve .  
( 6 0 )  The GENESIS compilers -- p a r t i c u l a r l y  those of the  f i r s t  
generation, which include a large amount of i n t e rp re t i ve  code 
-- a r e  not the  most r a p i d  avai lable:  the 7094 compilers run 
a t  about 137,000 ins t ruc t ions  executed p e r  source card 
including a l 1  I/O, e t c .  The new compilers a r e  f a s t e r ;  the  
Jov ia l  compiler runs a t  100,000 i. e. /S. C .  on the  Madel 65; 
a SYIVPL compiler runs a t  84,000 i.e. /c.c. on the  1108.~ 
The space  required i s  about average f o r  a medium s c a l e  compiler, 
but a hand-coded compiler with s imi la r  f ea tures  could probably 
be wr i t t en  t o  occupy 1/2 t o  2 / 3  the space occupied by the  
GDIESIS compilers. Improvements could be made t o  increase t he  
speed almost t o  t h a t  a v a i l a b l e  fram good hand-coded compilers; 
the space required could no t  be reduced much more than at 
present without a l a rge  specd sacrifice, o r  loss of modularity. 
((51) Sumewhat surprlslngly, the Intermediate Language hes not 
created many problems, except those norinally associated with 
e x p l i c i t  in te r faces  of any kind. Although most compiler  
theorc t i c ians  have convinced thcmselves t h a t  a genera1 
Intermedia t e  Language is impossible, the  f a c t  remains t h a t  
a p r a c t i c a l  one, requir ing only minimal chenge t o  accornmodate 
a new machine o r  source language, i s  qu i t e  possible ( a t  least 

f o r  t h e  Algol ,  FORTRAN, J o v i a l ,  PL/L c l a s s  of languages) . 
(62)  The biggest problem with GENESIS i s  proving t o  be' 
standardizat ion.  Any system which supports a number of 
compilers cannot be allowed t3 change without c a r e f u l  

* t h i s  campiler generates code far thc  60-bit  6600, which 
means edi t lng  takes 60 t3 70 percent of the time. 



considera t i o n  of the cmsequences f o r  ex i s t i ng  and f u t u r e  
compilers. There ere alreedy two major versions of GENESIS- 

the  second incorporat ing a number of major improvements -- a s  

vrell a s  a Eew minor wrinkles introduced t o  adapt the  systern 
f o r  a particular compiler without cereful enough considera t ion.  
(63) GWESIS does not permit the same kind of easy d e f i n i t i o n  
of a new language t ha t ,  say, a univers i ty  compiler-compiler 
system might. This is  mostly because it i s  aimed a t  producing 
commercia1 ~ompilers, and t h i s  i s  not  an easy job i n  genera1 
(see the  discussion below ) . GENESIS does make implementing 
a c~mpiler a quicker and more r e l i a b l e  Job than hand coding 
a l lows;  it provides f o r  grea t e r  compatibi l i ty between compilers; 
and significantly rases the mointcnance of a compiler. 



V I ,  The Digitek method 
(64) Digitek provides off- the-shelf  FORTRAN compilers, 

pa r t i c u l a r l y  f o r  small machines, which a r e  p r ~ b a b l y  the  
e a s i e s t  compilers to move from machine t o  machine i n  existence. 
The compilers a r e  n ~ t  f o s t ,  do not  produco verbose d iagnost ics  
o r  code output l i s t i n g s ,  and do very l i t t l e  optimization. 
They a r e  extremely small, compile a l 1  of FORTRAN plus some 
sensible extensions, and a s  mentianed, a r e  easy to move t o  
a new machine. 
(55) Ari attempt was made, j o in t l y  by Digitek end PRC, to use 
the  sarne technique t o  implement P L ~ ,  with noteble lack of 
success. Evidently the technique i s  b e s t  far small languages. 
(66) The coz~pi lers  a r e  based on a s e t  of POPs - Programmed 
O p e r a t o r s ,  Each POP is essent  i a l l y  an i n s t ruc t i on  i n  a higher 
leve1 rnachine -- the POPs a r e  in terpre ted ,  f o i r l y  eff i c i e n t l y .  
Eech POP typ ica l ly  cunsis ts  of an oporation t o  be performed 
and the name of a l i s t  involvsd,  and possibly a sk ip  f l eg .  

The l i s t  names a r e  consecutive in tegers ,  used t o  index i n t o  
a n  eddress  t ab l e  cuntaining pointeins t3 the l i s t s  (see In t e rna i  
Tcble Storage, above), s o  t h a t  the  f i e l d  required i n  the  
instructj.cn Ls quite srnall. The 360 POP s e t  requires only 
2 bytes pe r  POP, including the l i s t  nsme. Almost a l 1  l i s t s  
a r e  pushdown lists, s o  t hn t  subscr ip t ing i s  usually not  
necessary,  and s o  t h a t  recursive techniques may bc ea s i l y  
programmed, Included i n  the  i n t e r p r e t e r  far the POPs i s  a 
storage a l l o c a t i o n  rout ine  which uses every l a s t  word of 
ava i lab le  spece f o r  the  l i s t s ,  if necessary (see In t e rna l  Table 
Storage, above). 
( 6 7 )  The reason that the  cornpilers nove s o  ea s i l y  t o  a new 

machine is t h a t  most code i s  wr i t t en  i n  POPs, s o  t ha t  only 
a new POP i n t e r p r e t e r  ( o r  pa r t  of m e  -- the  i n t e r p r e t e r  
i t s e l f  may use POPs) is necescary, plus new code generation 
POPs f o r  the  new machine. O f  course, the  compilers a r e  
relatively small, and the  techniques a r e  qu i te  well  understood 
b'y now, which helps.  



VSI .  The language i n  which a compiler i s  w r i t t e n  
( 6 8 )  Unti1 f a i r l y  recent ly ,  al1 commercial compilers were 

w r i t t e n  i n  assembly code, except  f o r  t h e  SDC JOQIAL cornpilers. 
The b e s t  compilers, f r o m  a u s e r  po in t  o f  V ~ W  ( ~ n i v a c  1107 
and 1108 FORTRAN, IBM 360 FORTRAN H and TSS FORTRAN), s t i l l  ' 

are, FORTRAN H f o r  t h e  360 wcs o r i g i n a l l y  w r i t t e n  i n  a n  
extended FORTRAN, bu t  was recoded i n  assembly cade far cystem 
re lease  14; t h e  assembly code vers ion  runs much f a c t e r  than 
the o lde r  vers ion,  al though it is fu11 o f  bugs. 
(69) The SDC J o v i a l  compilers w r i t t e n  I n  J a v i a i  were vzry 

l a rge  and very slow- p a r t l y  because the a r t  of comgiler 
uiriting was no t  a s  we l l  understood then a s  now, and p a r t l y  
because of t h e  i n e f f i c i e n c y  of t h e  J .M.a l  code. These 
compilers included very littlc. opt imizat ion,  s o  t h e  compiler 
code itself was poor. 

( 7 0 )  It i s  becoming p3ssibl~ t 3  w r i t e  a c ~ m p i l e r  i n  a h igher  
o r d m  language with l i t t l c  13ss of speed. The GENESIS compilers 

a r e  urri t ten i n  e i t h o r  Algol  o r  SYNPL. Even though the optimiza- 
t i m  for these compilers i s  of thc l o c a l  va r i e ty ,  speeds a r e  
q u i t e  rcasonablc.  Newer cumpilers, conipiled through an 
optimizlng campiler themselves, a r e  f a s t e r ,  but a r e  no t  y e t  
re leased.  Tiiere a r e  also one o r  two e x i s t i n g  J o v i a l  campilers 
( m e  by SDC- onc by Z S C )  vrhich a r a  w r i t t e n  i n  Jov ia l ,  compile 
mos t of the language, ore not  g l ~ b s l l y  optimized, which run 
q u i t e  f a s t .  The CSC J s v i a l  on t h e  1107 ( r a t h e r  experimental, 
and comcwhat rudimentary) runs f a c t e r  than l9 ,000  i n s t n w W ~ ~  
executed/cource card.  
(71) It must be s t a t e d  t h a t  t h e  b igges t  improvements i n  speed 

of compiler code w r i t t e n  i n  a h igher  arder  language come from 
l u c a l  opt imizat ians ,  inc luding  a r a t h e r  c a r e f u l  use of machine 
f a c i l i t i e s  and a reasonable r e g i s t e r  ass iyunent  scheme, and 
from t h c  c a r e f u l  coding by t h e  pr.ogran?ier t o  avoid i n e f f i c i e n c i e s  
which the  compiler cannot remove. Global opt imiza t i sn  w i l l  allow 
f u r t h e r  improvements, and a soph i s t i ca t ed  r e g i s t e r  assignment 
scheme even mare, 



(72)  Unfortunotely, none of the standard e x i s t i n g  h i m e r  order  
languages a r e  wel l - su i ted  f or i.rri.ting compilers . The d e s i r a b l e  

f ea tu re s  of a languego i n  which t o  w r i t e  compilers a re :  
1. Access t o  machine p e r t  wordc ss v a r i a b l e s  i n  t h e  lenguage. 

T h i s  has impl ica t ions  f o r  the ob jec t  code da ta  s to rege  a l l o c a -  
t i o n  a s  w e l l  a s  for the code produrt ion.  

2. Some form of based storoge. Using a r r a y  s u b s c r i p t s  a s  
p o i n t e r s  is poss ib le ,  but evikward, and i t  may l eed  to some 
unnecessary machine word s i z e  dependence. T h i s  i s  p a r t i c u l a r l y  
t r u e  with thc newer mscliiaes, which have severa1  d i f f e r e n t  
s i zes  of d a t a  uhich a r e  e a s i l y  accessed. 

3 .  Multi-leve1 scope of d e f i n i t i o n  of names. T h i s  permits 
combining sepa ra te  rou t ines  v : y e i t  t en  by d i f f  m e n t  people with 
l i t t l e  t r o u b l e ,  

4. E f f i c i e n t  c a l l i n g  sequences, e i t h e r  os standard i n  the lmguage ,  
o r  a s  an a l t e r n a t e  t o  t h e  s t a n d a r d .  The a b i l i t y  t o  l eave  
arguments i n  r e g i s t e r s  i s  very valuable ,  even a t  the c o s t  of 
ext ra  d e c l a r a t i v e  inf  x m a t i o n  required from t h e  programnier. 

5. Some access t o  machine i n s t r u c t i o n s ,  e i t h e r  by subrout ine  c a l l ,  
o r  a s  b u i l t - i n  language funct ions .  This po in t  combines with 

po in t  4. 
6. Data  s t r u c t u r e s  and a l l o c a t i o n  r u l e s  which permit  e f f i c i e n t  

(no t  v a r i a b l e  a t  many l e v c l s ,  a s  i n  P L ~ )  access t 0  d a t a ,  
c o n t r o l  over  piacement of v e r i a b l e s  i n  memory, inc luding  
control of overlays,  and the  rombining of hcterogeneous types 
of v a r i a b l c s  i n  a s i n g l e  strutture o r  en t ry  ( a s  i n  a symbol 
table) . 

7. Some provis ion  f o r  r ecur s ive  rou t ines .  This i s  not abso lu te ly  
necessary,  but  is very convenient, a s  mony compilation processes  
a r e  na t u r a l l y  recurs ive .  Again, ex t ra  d e c l a r a t i v e  inlormation 
-- e.&, which rou t ines  a r e  recurs ive ,  wliich va r i ab les  a r e  
t o  be s tacked -- may be requirccl i n  t h e  language without 
reducing t h e  e f fec t iveness  of t h e  t001 much. Recursion is 
becamìng q u i t e  cheap, with mony machine r e g i s t e r s ,  re -ent ran t  
code, e t c .  T h i s  po in t  a l s o  combines with po in t  4 very s t rongly .  



Some rudimentary macros and condi t ional  campilation tools. 
Something a s  simple a s  t h e  JOVIAL DEFINE i s  useful; statement  
funct ions  which a r e  compiled i n  l i n e  a t  reference, a s  i n  the 
Univac 1107 FORTRAN compiler, a r e  b e t t e r  and usua l ly  sufficient. 
Conditional compilatim allows t h e  easy adapte t ion  of the same 
source code t o  severa1  diff erent machines, f o r  exsmple. 
Some provis ion  f o r  i n i t i a l i z a t i o n  of variables. 
Some provis ion  f o r  a t  l e e s t  rudimentary handl ing of c h a r a c t e r  
and b i t  s t r i n g  (3f word l eng th  o r  l e s s )  variables and cons tants .  
In addi t ion ,  o c t n l  (not  -- repeat, no t  -- hexadecimal) constants - 
a r e  extrsinely handy to havc. 

(73) A numbcr of other  featurea would be convenient, but no t  
s t r i c t l y  necesssry.  An example is the s t a t u s  v a r i a b l e  i n  
JOVIAL snd SYMPL, ond the s t a t u s  switch i n  SYMPL. It i s  

necessary i n  genera1 t o  have both r e a l  and i n t e g c r  v a r i a b l e s  
and expressions,  b u t  t he  r e a 1  va r i cb les  a r e  used very seldom- 

only i n  i n p u t  / sutput  canversions a i ~ d  i n  constant  combina t i o n  o r  

generotion i n  t he  code g e n z r a t i m  phase -- so thet i f  a l i b r a r y  
of rmtines is  provided, rcal a r i thmet l c  i s  not  strictly necessary 
i n  the compiler language. 
(74) PLA probably hss more of the  above f e z t u r e s  than any 
o t h e r  language, but  i n  p a r t i c u l a r  it does not  have 4, 5 o r  6. 
In  a d d i t i m ,  i t  has s o  many f e a t u r e s  which a r e  e s s e n t i a l l y  
use l -ss  i n  writing a compiler  t h a t  much unnecessary i n e f f i c i e n c y  
i s  unavoidable. J w i a l ,  FORTRAì:, and Alga1 also each have some 
of t h e  required fea tu res ,  bu t  not a l l .  SYMPL i s  probably t h e  
b e s t  existing choìce, but  still does no t  have fea tu re  7, and 
has a weak farm of f e a t u r e  8, 



V I I I .  D i f f  erences between :omerc i s l  CbmpPilers and Toy Campilers -- - 
( 7 5 )  ;Ic will l i s t  the f e a t u r e s  of a "good" compiler i n  
each field, rqhich a r e  d i f f e r e n t  far the  two types: 

Commercia1 Compiler 

Well-integra ted  with t h e  machine opere ting system. 
This inc ludes  a good c o r r e c t i o n  f a c i l i t y  f o r  s ~ u r c e  code 
( the IBIbI 70:4 and 360 notwithstanding ) , i n t e l l i g e n t  use  
3f I/O, carefu1 use of storoge space, end cont ro1  s t s tements  
cmsis t -en t  v i t h  other  system compilers ( t h i s  l a s t  is often 
surprisinsly hard  t o  a c r m p l i s h )  . 
Tfell-debugged and v~ell-documented . 
Al1 fea tu res  of s language implementcd. 
Lnfornat ive  d iagnos t i c  messagcs, which ca tch  most of the  
most common pr~grammer errors, and which do n o t  r e q u i r e  
inany passcs  aver thc source t3 ca tch  a l 1  e x i s t i n g  errors 
( i f  poss ib l e ,  of m u r s e ) .  
Output code i s  reasonebly eff  i c i e n t  . 
Fu11 listings, inc luding  such th ings  a s  s o r t e d  symbol 
d i c t i m a r i e s ,  cross-ref erence l i s t i n g s ,  a l l o c a t i m  t a b l e s ,  e t c .  
E a s i l y  mainteinable. Debugg:i.ng tools e r e  b u i l t  into the 

compiler, and the coding prac t i ces  e r e  such t h a t  chonges 
do n o t  upse t  t h e  whole compiler ( i f  p a s s i b l e ) .  

( 7 6 )  The only r e a 1  fe t i ture  that a compiler, o r  a toy 
cmpi le r -compi le r  has which a co,mercial  c m p i l e r  does no t  
is  a c l e r i t y  ond consis tency of design fram o t h e o r e t i c a l  
p a i n t  of view. This i n  t u r n  perrnits r a t h e r  large changes 
to be made i n  t h e  language, m new languages to be added, 

f a i r l y  e a s i l y .  



I X .  Implementatim Problems f o r  o Corrunercial Cornpil.er -- 

(77) It i s  w e l l  'mown t h a t  p r o d u c t i ~ n  of a cammercial cgmpiler 
takes much longer  end is much more expensive, e s  a genera1 ru le ,  
than t h e  production o f  a toy  compiler. It is  worth n o t i n g  the 
reasans f o r  t h i s ,  because they a r e  n o t  the abvious ones. 
(78) Probably t h e  bigges t prablem i n  implementine; a commercia1 

campiler i s  i n  f i t t i n g  it t o  t h e  existing machine opera t ing  
system. N 3  e x i s t i n g  operat ing system i s  well enough documented 
o r  debugged t o  permit  adding a n m t r i v i a l  campiler without 
a f a i r  amount of t r i a l  and e r r o r  t o  d iscover  just h m  '.io make 
t h e  systern do something c loce  to what i s  des i red ;  t h i s  is t r u e  
i n  ~ a ~ t i c u l a r  of r e l o c a t a b l e  l oader  input  f ormats .  Other 

t r ~ u b l e  a reas  a r e  system I/& and overlay handling.  O f  caurse,  

i f  the  system i s  small ,  o r  i f  r o atteinpt i s  made t o  use i t  
well ,  this problem l a r g e l y  disappears .  The f ormer condi t ion  
a p p l i e s  t o  most of the systems witkiin rihich the Digitek 

compilers l i v e ,  which explainc p a r t  of t h e  ease of moving them. 
Thc system i s  not uzed wc l l  if t h e  compiler produces an 
assernbly iiiput f i l e ,  a s  do many toy  coinpilers; t h i s  daes avoid 
the r e l o c i t n b l c  I'orrnat problam hendily, though. This o v e r a l l  

probiem of systi2m ~onpatibility cnnnot be over-emphasized, 

and must 5 e  experienced t o  bc bel ieved.  It behooves any 
implementation p ro jec t  Lo ass ign  a t  l e a a t  one man fram t h e  
s t a r t  t o  l e a r n i n g  to live with  thc system. i J ~ t e  t h a t  f o r  

languagcs with I/O, the system i n t e r a c t i o n  problem a l s o  
e x i s t s  f o r  tha  ob3ec.t tirne l i b r a r y  . 
(79)  The o the r  l a r g e  pzoblern i n  implementin;: a c~mmcrc ie l  

compfler i s  usua l ly  t h a t  of exact language d e f i n i t i o n .  
Often a new machine w i l l  n e c e s s i t a t e  changes i n  an e x i s t i n g  
language -- c f .  2 b y t e  in tegers  i n  360 FORTRAN IV. Another 
problem, of ten  overlooked, i s  what to d 3  about i n c o r r e c t  code; 

i f  a n  add i t ion  to the languge i s  made t o  make a comrnunly 
made e r r o r  l e g a l ,  then compati3i l i tywith o the r  p a s t  and f u t u r e  
cornpilers f o r  t he  saine language niay be a f f e c t e d ,  Further ,  
p a r t i c u l a r  conventions with regarci t o  d e f i n i t i o n  p o i n t s  f o r  



common v a r i a b l e s  i n  FORTIUN, far- exarìiple, may h u r t  opt imizat ion 
i n  t h e  f u t u r e  considerably.  Zal l ing sequences and s to rage  
a l l o c a t ì o n  ru les  must be designed vcry c a r e f u l l y ,  a s  t h e s e  
u s u a l l y  a f f e c t  the d e f i n i t i o n  of t h e  language i t s e l f .  The 
e n t i r e  problem 3 f  exact language d e f i n i t i o n  is l i kewise  always 
underestimated,  and must be experienced to be apprec ia ted .  
Of course, f o r  toy conpilers, the decisions convenient f o r  the 
moment a r e  made. 
(80) There a r e  mme other more obviaus reosons why a compiler 
i s  a ma j o r  effort. The obJect time l i b r a r y  must usua l ly  be 

w r i t t e n  and dcbugged ( a  t o y  compiler can usua l ly  use an 
e x i s t i n g  one). A l 1  t he  aforementioned points  r e l a t i n g  to 
clean i n t e r f a c e s ,  flexibility, main ta inab i l i ty ,  e tc . ,  co s t  
time i n  implementation. 



Appendix (IJ A Summary of Speed and S i z e  Dota 
for a Few Principe1 C~mpilers. 

(81) Machine speed figures used in converting source lines 
per minute into instructions executed per source card: 

Ma chine 

7090 
70% 

360 mod 65 

I n s t r u c t i m c  per Sec. 

400,000 

(82) Nste that for al1 compiler specds given, the a c t u a l  
measurement was in cards  per minute. Ths  f i ~ u r e s  for d i f f e r e n t  
c o ~ ~ p i l e r s  a r e  not r e a i l y  directly comparable, beceuse some 
inc lude  I/O t i n e  m d  others  do not.  Nate also t h a t  FORTRAN 

i s  a simpler language, and typically has less on a card  than 
Algol, JOViAL, or SYMPL, which pertly expla ins  the f a s t  
FORTRAMc . 

Compiler Spceds, Sizes 

( 6 3 )  - TSS FORTRAPT , - (machine code) - 
CPU tirnc: 6000 source l i n e s  /minute on mod 67 
! -> approximate ly  8,000 instru~tions executed/source C& 

Perrent  of - time in each phase (approx . ) :  

scan ( inc ludes  ve ry  c a r e f u l  d i a g . ,  

user c~rrection i n t e r a c t i m )  30 % 
optimizey ( inc ludes  g l ~ b a l  register escign.) 2.8 % 
code g e n e r a t i ~ n  (includes l o c o l  reg. " ) 28 % 
e d i t  

S i z e s  
s can 
i n t e r l u d e  2,000 

~0dc-i. 30,  coo 
e d i t  

Tc1-k 1 

5,000 

67,000 l i n e s  

3f cade (assentbly code) 
I I 

l I 

I I 

11  

of code 



1107 ALGOL ( G ~ ~ I S  - scan only) -- space required 
, -  

(84 ) Longuage Specifica t ion 
Tebles Pass  l Pass  2 

Lexical scan, misc. 700 300 

Syntax trees 
Pragmatic functions 

( 8 5 )  Code to I n t e r y r e t  the Above 

C m t r a l ,  space handling, 
misc. 

L z x i c a l  scan 
Syn t ax 

Pragmatic functions 

( ~ l l  in machine words occupied (36 b i t  words). ) 



(86 ) FORTRAN H 
(Old version, wri t ten in FORTRAN) 

CPU time: 1300 source l ines  per minute on rnod 65 
Approximately 37,000 instructions executed /source card 

(87 ) GENESIS Compiler 

7094 Algol 

350 cpm (rnod 11) = 137,000 i.c./s.c. 
360 JOVIAL 

500 cpm 3n m ~ d  65 (including I/Q, no optimizatim) 
Approximately 96,000 i .e./s.c.  

66 00 JOVIAL 
1500 cpm on 6600 

850 cpm 84,000 i.e./s.c. 
compiler  produccs 60 b i t  output f o r  the 6600, 

which means t h s t  editing takes  60-70 % of the time. ) 
Speed breakdown per pass  

scan 29 % 
ob ject a l l o c a t i o n  0. 5 
code gcneration 1.5 
ecìiting 69.0 

If we rcplace the editing times to be approxinately 

equa1 to scan times, a s  i s  norma1 i n  other 1 poss 

scan GENESIS compilcrs, we g e t  approximotely 

(and fictitiously) : 
1600 cpm = 42,000 i.e./s.c. 



(88) Non-GENZSIS compilers 

SDC J--3 JOVIAL (in JOVIAL) 
i604 110 cpm = 55,000 instructions executed per 

source card 
36 00 311 cpm = 55,000 i. e . /S. C .  

SDC 5-2 JOVIAL (in JOVIAL) 

7090 130 cpm = 1@i.,000 i.e./s.c. , 

SDC J-S JOVIAL (one pass) (in JOVIAL) 

7090 200 cpm i 120,000 i . e . / s .c ,  
CCC 1107 J-S JOVIAL ( i n t e r n o l )  (in JOVIAL) 

11.37 1/00 cpm = 10,000 i .e . /k .c .  
1107-1108 FOZTRAN (machine cade) -- 

~00--5000 cpx = 14,000 i .e./s.c.  
(includes o p t i r n i z a t i m ,  I/O) 



Appendix(I1. ) Register  Al l aca t ion  in TSS FORTMN 

( 8 9 )  Up to 8 ' 'glabal" registers ere  assigned from the 
innennost loop out.  Whlhich variablo should be in e reglster 
is decided by a weighted "popular i ty"  count far expressions, 
odcons and v a r i a b l e s .  A l 1  other r e g i s t e r s  are assigned 
l o c a l l y  es  needed. Eviden t ly  l i t t l e  or no flow t racing 
is done, although the information about what was moved, 

reduced i n  strength, etc.,  i s  sva i lab le .  



Comrnents on J ~ c k  Schv1art.a' questions by C. Earnest 

1: Probably the most meaningful compi,ler speed f igure  i s  
ins t ruc t ions  executed/source card (o r  statement) compiled. 
A bad campiler may generate voluminous amounts of code, 
s o  ins t ruct ions  executed/instruction compiled is not so  good. 
A very rough canversion f ac to r  between these r a t i o s  is 3-5 
ins t ruc t ions  generated/source card.  

4: I d o n t t  know much about t h i s .  O f  course, JOVIAL and ALGOL 
compilers c m  and do overlay loca l  s torage blocks i n  d i f f e ren t  
scopes. 
Given its gross descr ip t ion ,  pa r t i cu l a r  d e t a i l s  concerning 
a compi1 
The most 
how many 
included 
en t i r e ly  
FORTRAM ) 

.n: machine a f f ec t s  
s ignif icant  paramet 
passes must be used 

etc.;  s i z e  constrc 
d i f f e ren t  technique 

o r  permit otherwis 

C omp i 
e r  i s  
, how 
int s 
if s 

e Lnp 

, l e r  de 
core 
many 

can r e  
evere 
r a c t i c  

s ign only s l i gh t ly .  
s ize ,  which determines 
luxury f eatures can be 
quire  the use of an 
enough (e.g., Digitek 
a l  techniques i f  

l a rge  enough -(e.@;. , optimizing compilers which represent 
expressions by trees kept i n  core throughout the  compilation 
process ) , 

The other main f a c t o r  to be concidered i s  the operating 
system under which a compiler i s  t o  run. In TSS, the storage 
layout chosen f o r  the TSS FORTRAN was suggested' by the  atkempt 
to- make maximum use  of a page once any pa r t  of the- page was used 
(as mentionrd elsewhere).  The operating system under which a 
compiler i s  t o  run a l s o  a f f e c t s  the  d e t a i l s  of i t s  f i l e  handling 
s ign i f ican t ly .  

As an i l l u s t r a t i o n  of th i s  e n t i r e  point,  note t h a t  the  
GLYESIS compilers a re  al1 ident ica1 i n  gross design, number of 
passes, number of files, etc .  GENESIS compilers have been 
wri t ten  so  t h a t  the l a s t  syntax pass end the  code generation or  
optimization pass can run o s  one pass if enough core i s  svai lable ,  
but none of them nctually run i n  t h i s  way ( i n  f a c t ,  changing 
from one s t y l e  of segmentation t o  another amounts to replacing 
f i l e  input and output handling routines by a b i l a t e r a l  linkage 
routine ) . 

O f  course, the d e t a i l s  of the mechine being compiled a f f ec t  
the  code generator, and the optimizer, but, f o r  current  machines, 
not very profoundly. Some nasty deta i led  problems a r i s e  in, 
f o r  example, the  360 (cover reg is te rs ,  ca l l i ng  sequences) but 
these a r e  not of genera1 i n t e r e s t .  

6 :  This var ies  grect ly.  Digitek compilers e r e  one pass ,  with no 
overlays . Noc t c ~ m p i l e r s  f ollow the f ollowing out l ine  of pheses 
f o r  the passes: 

~ r e s c i n ,  l e x i c a l  scan, pass 1 syntax scan 
Pass 2 syntax scan 
Optimization phase 
ode generation 



The only things t h a t  carry over from pass t o  pass are the 
compiler contro1 and 1/0 programs, and the s y m b ~ l  t a b l e .  
Buffers may also be kept (see I/O f i l e s ) .  

8: There i s  r e a l l y  nothing genera1 I can say about this. 
Certainly smaller languages can use simpler techniques 
(FORTRAN compilers con assume 6 cherecters for identifiers, 
for example), a ~ d  more complex languagas ere e l o t  more work 
and may require fancier  scans, 

Probably most of tbe di f f i cu l ty  with designing and writing 
a compiler for a big language -- es ide  from the obvious amount 
of work required t o  implement al1 the f e a t u r e s  -- come6 i n  the 
a r e a  of language design, and understendimg just how the features 
in te rac t  with ecch other. 



Comments on P ~ p e r  by C,  P. Earnest v -  Anon, 
Most successful  commercia1 compilers seem t o  be of one of three types: 
a )  the  d i r e c t l y  hsnd-coded campilers making maximal use of hand code 
op t imiza t ims  and compiler t r i c k s ,  b )  the CSC GENESIS-produced 
compilers, C )  the  Digitek Cxp .  s "POP-method" produced compilers . 
The f ollow ing  comments p r inc ipe l ly  concern GENESIS compilers . 
The GENESIS compiler generating system seems t o  be capable of produc- 
i ng  compilers whose performance be lmgs  t o  the  present ly  acceptable 
commercial range. On the  o ther  hand the  system does no t  p resen t ly  
produce compilers t h a t  r e a l l y  r a t e  with t he  f a s t e s t  hand-generated 
compilers . Roughly, a hand-coded compiler w i l l  out-perf orm a GENESIS 
compiler by a f a c t o r  of two i n  compile speed. M~reover, the  GENESIS 
compilers seem t o  be somewhat bulky, p a r t l y  because of t he  log ica1  
compromises necessary t o  secure t h e  machinc independence a t  which 
these  compilers aim. The bulk re t i o  (GENESIS compller/hand-produced 
compiler) seems t o  be f a i r l y  represented by a f a c t o r  of two o r  three .  
In p a r t i c u l a r ,  GENESIS produced compilers seem t o  be d t u b t f u l  candi- 
da t e s  i n  any s i t u a t i o n  i n  which a compller must run i n  l e s s  than 
32,000 -- 32 b i t  words i s  required. In t h i s  design range, only 
t h e  hand and t h e  Digitek-type compiler seem t o  be candidates. 
Par t  of the  time-space problem noted above seems t o  be a r e s u l t  from 
the  f a c t  t h a t  t he  SYIVL language used within  t he  GENESIS system f0r 
t h e  SYMPL language used wi thin  t h e  GENESIS system f o r  t he  expression 
of semontic generators i s  compiled without sny s a b s t a n t i a l  optimiza- 
t ion .  This seems to r e s u l t  i n  a bulk of machine code which is  about 
fou r  times the  s i z e  of hand code wr i t t en  t o  express t he  seme function.  
It might be expected t h e t  app l ica t ion  of an optimizer t o  the SYMPL 
intermediate code would subs t an t i a l l y  increase  the que l i t y  of GENESIS 
produced compilers. However, unless a very sophis t ica ted  optimizer 
were designed, some res idua1 l o s s  could be expected due t o  the 
requirement of machine independence inherent  i n  the  GENESIS system. 
It would be q u i t e  i n t e r e s t i n g  t o  est imate the r e l a t i v e  part of 
present  inef f ic iency  a t t r i b u t a b l e  t o  the  two ceuses i n  machine 
independence versus non-optimization. 
Some of the  s p e c i f i c  d e t a i l s  of the  GENESIS generator  language seem 
somewhat pr imit ive .  I n  p a r t i c u l a r ,  the code generation procedure 
could use cons iderably  more de'tailed s t ruc tu r ing ,  i n  the s t y l e  of 
the " b i t  s t r i p "  method used i n  t he  IBM Furtran H compiler. The lack  
of such a system f e a t u r e  mokes the GENESXS generator  subroutines 
extremely la rge .  The GZNESIS system would a l s o  bene f i t  considerably 
from a more c a r e f u l  and systematic treatment of the  r e g i s t e r  ass ign-  
ment problem, and, i n  p a r t i c u l a r ,  lacks  a reasonable algorithm f o r  
t h e  assignment of regis ters  i n  program regions. 
Some of the  s p e c i a l  f ea tu re s  of the  GhXZSIS system do ceem q u i t e  
i n t e r e s t i n g .  GENESIS seems t o  represent  one of the most successfuì  
e f f o r t s  t o  l i m i t  the e f f e c t s  of machine dependence on campiler 
wri t ing,  and i n  p a r t i c u l a r ,  i s  a d e f i n i t e  advance over p r i o r  e f f o r t s  
l i k e  t h e  SLANG e f f o r t  a t  IBM and t h e  NELIAC e f f o r t  of the  San Diego 
Naval E1ecI;ronics Lab. The use i n  GENESIS of mul t ip le  scan cursors  
operating i n  tandem seems t o  be an i n t e r e s t i n g  s p e c i a l  fcnture .  
It seems t h e t  t he  intermediate language strutture adopted by a 
compiler can have considereble e f f e c t s  on the ove ra l l  success of the  
compiler design. This 1s  an a rea  that hss been i n s u f f i c i e n t l y  thought 
out ,  espec ia l ly  i n  regard t o  proposels f o r  a s ing l e  optimizing 
compiler back end t o  be used i n  connectlon with severa1 d i f f e r e n t  
compiler f r o n t  ends. It i s  t o  be hoped t h a t  f u r t h e r  inves t iga t ion  
w i l l  produce a general ly  occeptable so lu t ion  t o  t h i s  problem, 



Appendlx I11 

(quoted from Fortran,  e Comparative Study by F. Bryant, Atlas Computer 
Laboratory, England) 

Fea t u r e s  of the compiled code 
The fol lowing quest ions ere l i s t e d  A, B, C, . . .  and an a s t e r i s k  
i n  t h e  answer matr ix  means yes. 

A .  1s t h e r e  c8ny opt imieat ion of subscripts over a s t a  tement ? 

B. 1s t h e r e  opt imizat ion of common sub-expressions over a s ta tement?  
2. 1s there optimizat ion over many s ta tements?  
D. 1s code removed from DO loops where poss ib le?  
E. Are immediate I F  successors  r e c o ~ i z e d ?  
F. Are DO loop ind ices  optimized over t h e  loop i n  any wey? 

G. How a r e  a r r a y  accesses t r e a t e d ?  
by code; 
vec tors  by code, two dimensions and ebove by subrout ine;  
by code us ing  dope vec tors ;  
vec tors  and two dimensions by code, ebove by subrout ine.  

H. Are cons tant  s u b s c r i p t s  recognizsd? 
I. 1s d i v i s i o n  by a constant  recognized and impleniented by multipli- 

m u l t i p l i c a t i o n ?  
J. 1s exponentia t i o n  by s m a l l  i n t e g e r s  done by repeated 

m u l t i p l i c a t i o n ?  
K. 1s m u l t i p l i c a t i o n  end d i v i s i o n  by powers of two t r e a t e d  

e i t h e r  by s h i f t i n g  o r  exponent a r i t h m e t i c ?  
L. How good i s  ob jec t  code l i s t i n g ?  

e = exce l l en t ,  g = good, m = moderate, p = poQr . 
M. T r e a t m m t  of dumrny arguments - passed across  by prologue: 

plants addresses i n  code; 
passes  addres s  of argument l i s t i  
passes address i n  index r e g i s t e r s .  



A t l a s  PDP-10 (~ondon) (~artran) 
1900 
XFAN 

b 

P 
b 

only if power is integra1 L e .  2 not 2.0. 

Note: Estimate thet Fortran H 2  optimization increases compile time 
(over HO) by factor of 3. 



A test program far the various cempilers 

ODE: t h i s  is a Runge-Kutte type integration program. 
It consis ts  o f  a master routine, the  mafn subroutine DOAlA 

and a small subroutine DYBDX. 
DYBDX is  i n t e r e s t i ng  in t h a t  the function of X in the 

DO loop can be removed to outside the loop. The 1108 V and 
360 H 0 2  do t h i s ,  with t he  H02 also finding thet it can keep 
en accurnulator loaded with t h i s  funct ion Por the e n t i r e t y  
of the  loop. 

The 1900 code from XFAM and XFAT is  almost i den t i ca l .  
There is  some space saving i n  XFAT as i t  does some of the  
work i n  passing arguments by subroutine, whereas XFAM does 

i t  d i r ec t l y .  XFAT cannot use i t s  improved indexing scheme 
a s  the  arrays e r e  arguments and the scherne r e l i e s  on knowing 
absolute addresses a t  load time. 

The usual  f ac to r  of around two i n  improvement by H02 aver 
HO0 is noticed. Here t h i s  i s  obtained mainly by optimization 
of the loop indices; they e r e  kept i n  index r e g i s t e r s  in the  
correct form f o r  sccessing arrays. 

The dif ferences  between London and Hartran are  due to 
Hartranls  b e t t e r  method of passing arguments. 

The 1108 V usually passes arguments i n  the same way a s  

1108 IV. Here it does not do so, f o r  undiscovered reasons, 
and i t s  performance su f f e r s  correspondingly. 



Lond on 
Ha rtran 
PDP-10 
1108 IV 
1108 v 
XFAM 
XFAT 
6600 
HO0 

H02 

System 4 

Instructiona Obeyed 
long short - 

358 + 22613 96 + iin 

Ratso 'for lerge N Code Space 
tsking 1108~31.0 b i t s  

words x 102 

(S = unknown aubroutines) 
(N = prograrn paremeter) 
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