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to a n a l y z e  the AG to d e t e r m i n e  w h i c h  of  i ts  a t t r i b u t e s  may be computed  d u r i n g  

L R  p a r s i n g ;  

to augment  the p a r s e r  w i t h  i n s t r u c t i o n s  and da ta  s t r u c t u r e s  to compute  many 

a t t r i b u t e s  d u r i n g  p a r s i n g ;  

to use a t t r i b u t e  v a l u e s  to a s s i s t  the p a r s i n g  p r o c e s s  ( e . g .  to use symbo l  

t ab le  i n f o r m a t i o n  to d e c i d e  w h e t h e r  P (X )  is an a r r a y  e l emen t  o r  a f u n c t i o n  

c a l l ) .  

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

R e l a t e d  w o r k  

T h i s  w o r k  bu i l ds  on a number  of  o t h e r  r e s u l t s  c o n c e r n i n g  a t t r i b u t e  e v a l u a t i o n  

d u r i n g  p a r s i n g .  A n  e a r l y  p a p e r  by L e w i s ,  R o s e n k r a n t z  and S t e a r n s  [ L R S ? 4 ]  

d e s c r i b e s  @valuat ion  of  s y n t h e s i z e d  a t t r i b u t e s  d u r i n g  pars in9~  and i n t r o d u c e s  the 

idea of  an L - a t t r i b u t e d  AG,  in w h i c h  bo th  i n h e r i t e d  and s y n t h e s i z e d  a t t r i b u t e s  may 

be e v a l u a t e d  in one l e f t - r i g h t  pass o v e r  the p a r s e  t r e e .  B o c h m a n n  [Boc?6~  d e v e l o p s  

th is  idea f u r t h e r ~  i nc l ud i ng  m u l t i p a s s  e v a l u a t i o n .  

E v a l u a t i o n  of  i n h e r i t e d  a t t r i b u t e s  d u r i n g  b o t t o m - u p  p a r s i n g  is t r i c k i e r  s i nce  

the p a r s e  t r e e  s t r u c t u r e  is not  d e f i n i t e l y  k n o w n  ( e . g .  le f t  r e c u r s i o n  g i v e s  p r o b l e m s ) .  

A method to e v a l u a t e  bo th  t ypes  of  a t t r i b u t e s  d u r i n g  L R  p a r s i n g  of  L - a t t r i b u t e d  

AGs  is in [ W a t ? Z a ] .  New  n o n t e r m i n a l s  c a l l e d  Hcopy s y m b o l s  ~l a r e  added to the AG.  

These  d e r i v e  the empty  s t r in9~  theh - p u r p o s e  is to d r i v e  a c t i o n  r o u t i n e s  w h i c h  
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main ta in  a s tack  of a t t r i b u t e  va lues .  U n f o r t u n a t e l y  i t  is not easy to see whe re  o r  

whe the r  copy symbols can be inse r ted  w i thou t  d e s t r o y i n g  the L R  p r o p e r t y .  Th is  

p rob lem is add ressed  by Pu rdom and B r o w n  [~PuB79]; They p r e s e n t  an e f f i c ien t  

a l g o r i t h m  to f ind nsafen pos i t i ons  in p r o d u c t i o n s  fo r  such i n s e r t i o n s .  

The use of a t t r i b u t e s  to in f luence p a r s i n g  d e c i s i o n s  seems to o r i g i n a t e  w i th  

Watt (e .9 .  [ W a t 7 7 a ] ) . T h e  techn ique is f u r t h e r  deve loped  and a number of r e a l i s t i c  

a p p l i c a t i o n s  a r e  g iven  in I W a t 8 0 ] .  He a lso  d e s c r i b e s  implementa t ion  in top-down~ 

bo t tom-up and mu l t ipass  p a r s e r s ,  M i l ton  and F i s c h e r  d e s c r i b e  the use of th is  t ech -  

n ique in a c o m p i l e r - w r i t i n g  system which uses L L  p a r s i n g  [M iF79~,  

Rowland i nves t i ga tes  a t t r i b u t e  eva lua t i on  in bo t tom-up pa rs i ng  v ia  lef t  c o r n e r  

p a r s i n g  [ R o w 7 7 ] .  R&'iha'and Ukkonen [R,~'U80~ in t roduce  cond i t i ons  on a t t r i b u t e  

g rammars  p a r s a b l e  by n r e c u r s i v e  descent  lm and n r e c u r s i v e  ascent  n wh ich  a l l ow  

eva lua t i on  du r i ng  p a r s i n g .  These  g e n e r a l i z e  the c lasses  of both [MiF79~ and 

[Row77 ]  ~ and a l l o w  some use of i nhe r i t ed  a t t r i b u t e s  w i th  left  r e c u r s i o n .  

O v e r v i e w  

The method to be d e s c r i b e d  sys tema t i zes  and ex tends  those r e f e r e n c e d  above.  

It is based on a more  power fu l  method d e s c r i b e d  Jn [Mad80a ] .  

Our  app roach  eva lua tes  a t t r i b u t e s  d u r i n g  L R  p a r s i n g ,  based on a p r e l i m i n a r y  

a n a l y s i s  of the s t r u c t u r e  of the LR  p a r s e  tab les  and the AG.  If the AG is 

L R - a t t r i b u t e d  then e v e r y  a t t r i b u t e  w i l l  be eva lua ted  as soon as p o s s i b l e  du r i ng  

p a r s i n g ;  o t h e r w i s e  as many a t t r i b u t e s  as p o s s i b l e  a r e  eva lua ted  d u r i n g  pars ing~and 

the r e m a i n d e r  a r e  eva lua ted  a f t e r w a r d s .  Even fop n o n - L R - a t t r i b u t e d  AGs (and 

most r e a l i s t i c  p rog ramming  languages con ta in  a few r i g h t  dependenc ies )  consider- 

able s t o r a g e  sav ings  may r e s u l t  f rom th is  app roach ,  p r o v i d i n g  the a t t r i b u t e s  a r e  

saved in an e x p r e s s i o n  da 9 ( d e s c r i b e d  be low) .  

Fu r the r~  the p a r s e - t i m e  known a t t r i b u t e  va lues  may be used to in f luence the 

p a r s i n g  i t se l f ,  a l l o w i n g  the use of g rammars  which a r e  s y n t a c t i c a l l y  ambiguous 

even though s e m a n t i c a l l y  unambi9uous.  Such g rammars  a re  often mope na tu ra l  

a n d / o r  compact  than t he i r  L R  equ i va len ts  (and an L R  equ i va len t  may not even ex i s t ) .  

A common p rob lem s o l v a b l e  by a t t r i b u t e - i n f l u e n c e d  pa rs in9  conce rns  i d e n t i f i e r s :  

a cho ice  between Wlprocid 4 i den t i f i e rH ,  ~ tar ray id  4 i d e n t i f i e r  u, t l s imp leva r -e i d e n t i -  

f i e r  u is most n a t u r a l l y  based on symbol  tab le in fo rmat ion .  O the r  na tu ra l  examples  

may be found in [WatS0~. 

Our  app roach  begins w i th  the output  of a p a r s e r  g e n e r a t o r  ( S L R ,  L A L R  or  LR) ,  

so we r e c a l l  some t e r m i n o l o g y  f rom [ A h U 7 7 ] .  A pa..r.se c o n f i g u r a t i o n  is a p a i r  

(S O X 0 S 1 . . .  Xm_ 1 S m , a . . . .  a $) j n 

whe re  each X.  is a g rammar  symbol  and each S .  is a s ta te .  A s ta te  is a set  of i tems 
i I 

of the fo rm A .e e./~ w h e r e  A - ~  is a p r o d u c t i o n  ( for  fu l l  L R  p a r s i n g  an item has 

the fo rm [:A "* I~.~ u ] .  We won l t  make use of the Iookahead u and so d rop  it fo r  n o t a -  
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t iona t  s i m p l i c i t y ) .  The  p a r s e  rab ies  have  the f u n c t i o n a l i t i e s :  

A C T I O N  : S t a t e s  x L o o k a h e a d s  4 A c t i o n s  

GOTO : S t a t e s  x N o n t e r m i n a l s  --~ S t a t e s  

w h e r e  A c t i o n s  may be of  f o u r  t ypes :  s h i f t  S~ r e d u c e  X -e I~  accep t  and e r r o r .  

F o l l o w i n g  is an o v e r v i e w  of o u r  method :  

1. F i r s t  the base g r a m m a r  of the AG is p r o c e s s e d  by an L R  p a r s e r  g e n e r a t o r .  

2. The AG is a n a l y z e d  ( in  c o n j u n c t i o n  w i t h  the p a r s e r ' s  ou tpu t )  to c l a s s i f y  each 

a t t r i b u t e  as known  o r  unknown .  

3. The v a l u e s  of a l l  known  a t t r i b u t e s  w i l l  be m a i n t a i n e d  on the s t a c k  d u r i n g  

p a r s i n g .  K n o w n  s y n t h e s i z e d  a t t r i b u t e s  of  X 0 ~ . . . , X m _  1 w i l l  be kep t  w i t h  

those symbols~ in add i t i on~  the v a l u e s  of the known  a t t r i b u t e s  in 

IN(S i) = { a  I a is an i n h e r i t e d  a t t r i b u t e  of  a n o n t e r m i n a l  B such that  

S i c o n t a i n s  an i tem A-+  ~..B/3 } 

w i l l  be kep t  on the s tack  w i t h  s ta te  S . .  
i 

4. V a l u e s  of  unknown  a t t r i b u t e s  of  the s tack  s y m b o l s  w i l l  be kep t  e l s e w h e r e  (see  

the nex t  s e c t i o n ) .  

5. K n o w n  a t t r i b u t e s  a r e  e v a l u a t e d  when  p e r f o r m i n g  sh i f t  and r e d u c e  a c t i o n s  

(see F i g u r e  2 f o r  an e x a m p l e  of a p a r s e r  augmen ted  by e v a l u a t i o n  a c t i o n s ) .  

6. A t t r i b u t e s  may be used to i n f l uence  the p a r s i n g  p r o c e s s  by r e p l a c i n g  e r ro r "  

e n t r i e s  in A C T I O N  by d i s a m b i g u a t i n g  p r e d i c a t e s  ( the t e r m  is f r o m  [M iF79~ ) .  

These  may c o n v e n i e n t l y  take  the f o r m  

C A S E  

p r e d  I : a c t i o n  1 

, . °  

p r e d  : a c t i o n  
n n 

E S A C  

In th is  e x p r e s s i o n  p r e d |  ~ . .  ° , p r e d  n a r e  l og i ca l  e x p r e s s i o n s  depend ing  o n l y  on 

a t t r i b u t e s  p r e s e n t  on the s t ack ,  and a c t i o n l ~ . . . ~ a c t i o n  n a r e  in A c t i o n s .  The 

f i r s t  t r u e  p r e d i c a t e  s e l e c t s  the c o r r e s p o n d i n g  a c t i o n .  

Remark Each item A -~ 5. B# in a state S i represents a prediction of the form of 

the r e m a i n i n g  inpu t .  S i n c e  th is  is not  ye t  known ,  we m a i n t a i n  i n f o r m a t i o n  of  the 

a t t r i b u t e s  of  e v e r y  such 8~ even  those  w h i c h  may t u r n  ou t  to be u n n e c e s s a r y  on 

the bas i s  of  f u t u r e  input .  T h i s  r e d u n d a n c y  seems to be v e r y  sma l l  f o r  p r a c t i c a l  A G s ,  

p a r t l y  because  w e  s t o r e  on l y  the v a i u e s  of  d i s t i n c t  a t t r i b u t e s  of  S . .  
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Exam, p l e  of  N o t a t i o n  

We use the c o n c i s e  and r e a d a b l e  n o t a t i o n  of  ~Wat77b~o T h e  e x a m p l e  in 

F i g u r e  1 ( taken  f r o m  [Wat tT? 'a~)  s h o u l d  be s e l f - e x p l a n a t o r y ;  i t  mode l s  v a r i a b l e  

d e c l a r a t i o n  and usage~ w i t h  the usua l  c o n s t r a i n t s  tha t  e v e r y  usage  r e f e r s  to a 

d e c l a r e d  v a r i a b l e ~  and that  no v a r i a b l e  is d e c l a r e d  t w i c e .  

A n  a t t r i b u t e  o c c u r r e n c e  a in a n A G  r u l e  X -~ X 1, , , X  n is  c a l l e d  

d e f i n i n g  i f  i t  is an i n h e r i t e d  a t t r i b u t e  o f  X o r  a s y n t h e s i z e d  a t t r i b u t e  

of X I ~ . o , ~ X  n 

a p p l ! e d  if i t  is a s y n t h e s i z e d  a t t r i b u t e  o f  X o r  an i n h e r i t e d  a t t r i b u t e  

of X l , . . . ~ X  n. 

F o l l o w i n g  B o c h m a n n  [Boc76qj  we a s s u m e  tha t  each a p p l i e d  a t t r i b u t e  o c c u r r e n c e  is 

a f u n c t i o n  of  the d e f i n i n g  a t t r i b u t e s .  We f u r t h e r  assume  the AG is n o n c i r c u l a r .  

G r a m m a r  Symbo,I  

pg = p r o g r a m  

A t t r i b u t e s  

pg t O K  

dc = d e c l a r a t i o n  dc  t O K  

d c t S E T  

s t  = s t a temen t  s t  ~ 5 E T  

st t O K  

v = v a r i a b l e  v t V A R  

I n t e r p r e t a t i o n s  

is t r u e  i f f  the p r o g r a m  c o n t a i n s  no e r r o r s  of 

v a r i a b l e  usage  o r  d e c l a r a t i o n  

is t r u e  i f f  no v a r i a b l e  is d e c l a r e d  t w i c e  in 

th i s  d e c l a r a t i o n  

is the se t  of v a r i a b l e s  d e c l a r e d  in th is  

d e c l a r a t i o n  

is the  se t  o f  v a r i a b l e s  d e c l a r e d  in th is  

p r o g r a m  

is t ru,e i f f  t h i s  s t a t e m e n t  c o n t a i n s  no u n d e -  

c l a r e d  v a r i a b l e s  

is the name of th i s  v a r i a b l e  ( g i v e n  by l e x i c a l  

a n a l y s i s )  

A t t r i b u t e  P r o d u c t i o n s  

<pg  t O K 1  and O K 2 >  

<:tic t { V A R }  t t r u e >  

<dc  t S E T  U { V A R }  t O K  an d V A R  ~E S E T >  

~:st ~ S E T  t t r u e >  

<:st ; S E T  t O K  and V A R  E S E T >  

-* < d c  t S E T  t O K I >  <:st $ S E T  t O K 2 >  

-* d e c l a r e < : v  t V A R >  

-~ <:dc t S E T  t O K >  d e c l a r e < : v  t V A R >  

.* ~ ( emp ty  s t r i n g )  

.~ < s t  $ S E T  t O K >  us,e<:v t V A R >  

F i g u r e  1. E x a m p l e  of A t t r i b u t e  G r a m m a r  N o t a t i o n  
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S T O R A G E  M A N A G E M E N T  

We now d e s c r i b e  two  w a y s  to s t o r e  the v a l u e s  o f  the u n k n o w n  a t t r i b u t e s .  

Attributed Parse trees 

This is the most straightforward, and involves tagging each parse tree node 

with a record containing the values of all its attributes. The known attributes of 

stack symbols X0,...,Xm_ I may be placed in the tree; however, the values of 

known attributes in states S0,...,S m must be kept on the stack since it is not 

known whether or not they will be part of the tree. After parsing is completed the 

t r e e  is t r a v e r s e d  ( e . g .  by the methods  o f  [KeW? '6 ]  o r  [ C o H ? ' 9 ] )  to c o m p u t e  u n -  

k n o w n  a t t r i b u t e  v a l u e s .  

Expression Days 

An alternate approach, described in [LRS?4] and implemented in [MadBOb], 

can yield significant space savings over the method above, and avoid the complexity 

or incompleteness of known tree traversal algorithms. The parse tree T is not 

stored at all; instead an expression da~ is built during parsing. This has at most 

onenode for each attribute of each node of T. Let a be an attribute of some node of 

T. Then there will be an expression a_. = ex(al,... ,~n) giving the value of a_ in terms 

of the attributes of other nodes (n equals 0 for constant or lexically supplied attri- 

bute values). Node a in the dag will be labelled with Hex", and there will be an or- 

dered sequence of edges from a to al,... '-~n" This graph will be acyclic for any T, 

since we have assumed the AG to be noncircular. 

Clearly the dag may be easily constructed during parsing. It may be compacted 

during construction by using the previously allocated node whenever an identity 

attribute expression occurs. Another savings lies in the fact that dag nodes only 

need be allocated for unknown attributes. Figure 3 contains an example dag for the 

AG of Figure | (an unrealistic example since all attributes in Figure I may be 

evaluated during parsingl ). 

Attributes may be easily and efficiently evaluated while parsing by a recursive 

algorithm (essentially a depth-first search). 

The parsing algorithm as described will be based on the dag model, but is 

easily modified to work with attributed derivation trees. 
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f 
K and VAR E S E T  

"X" 

F i g u r e  3. Da9 for  " d e c l a r e  X d e c l a r e  Y use X use Z "  

AN A T T R I B U T E - E V A L U A T I N G  P A R S E R  

An a t t r i bu ted  parse  confi.£1.u, r a t i on  is a p a i r  

( S o S ' o X o ~ ' o  " ' "  S m - t  ~m-1  Xm-1 ~m-1  Sm'  a i ' ' ' a n $ )  

where  each S.  is a parse  state~ each X. is a grammar  symbol~ and for  0_< j 4: m 
J J 

S'. is a r e c o r d  conta in ing J 

a) the va lues of the known a t t r i bu tes  in IN(S j) 

b) po in te rs  to da9 nodes fo r  the unknown a t t r i bu tes  in IN(Sj)  

X.  J is a r e c o r d  con ta in ing  

a) the va lues  of the known synthes ized a t t r i bu tes  of X. 
J 

b) po in te rs  to dag nodes fo r  the unknown synthes ized a t t r i bu tes  of X. 
J 

The behav iou r  of the pa rs ing  a l go r i t hm  is de te rmined  by the choice of the 

known a t t r i bu te  set ,  K.  
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P R O C E D U R E  P a r s e :  

B E G  IN 

C o n f i g u r a t i o n  := (S O 7 

Dag  := e m p t y ;  

D O  F O R E V E R  

OD 

E N D  

al,..an$); 

L e t  C o n f i g u r a t i o n  = ( S o S  0 . . .  ~ ' m _ l S m  , a i . . . a n $ ) ;  

a c t i o n  : = A C T I O N [ S I n ,  a l l  ; { A C T I O N  = p a r s e  t a b l e }  

IF  a c t i o n  = c o n f l i c t  T H E N  a c t i o n  := C A S E  { use  d i s a m b i g u a t i n g  p r e d i c a t e }  

p r e d  1: a c t i o n  1 

p r e d  : a c t i o n  
n n 

E S A C  

IF a c t i o n  = a c c e p t  o r  e r r o r  T H E N  E S C A P E ;  

C o m p u t e  v a l u e s  o f  k n o w n  a t t r i b u t e s  in l n ( S m ) ;  

C r e a t e  new  dag n o d e s  f o r  u n k n o w n  a t t r i b u t e s  In (S in ) ;  

P u s h  S = r e c o r d  c o n t a i n i n g  t h e s e  v a l u e s  and n o d e  p o i n t e r s ;  
m 

IF  a c t i o n  = s h i f t  S 

T H E N  [ X  := a i ;  pop  a i f r o m  inpu t ]  

E L S E  I L e t  a c t i o n  be reduc._____~e X -* @; / 
/ ] I k := I 1; s := G O T O ( S  m k , X ) ;  

LPop C o n f i g u r a t i o n  d o w n  to ( S o . . . S m _ k S m _  k ~ a i .  . . a n $ )  

L e t  C o n f i 9 u r a t i o n  be (S 0. .SpSp  ~ • a j . . . a n $ ) ;  
C o m p u t e  k n o w n  s y n t h e s i z e d  a t t r i b u t e s  of  X ;  

( f r o m  i e x i c a l  a n a l y s i s  i f  X is t e r m i n a l )  

C r e a t e  new dag n o d e s  f o r  u n k n o w n  s y n t h e s i z e d  a t t r i b u t e s  o f  X ;  

:= r e c o r d  c o n t a i n i n 9  t h e s e  v a l u e s  and n o d e  p o i n t e r s ;  

C o n f i 9 u r a t i o n  := ( S 0 . . . S p S p X X S  ~ a j  . . . .  an $)  

Figure 4. A t t r i b u t e  I n f l u e n c e d  P a r s e r  

R e m a r k s  on the p a r s i n g  a l g o r i t h m .  

I .  C o r r e c t n e s s  and e f f i c i e n c y  o f  the a l g o r i t h m  a r e  a f f e c t e d  by  the  c h o i c e  o f  K ,  

the se t  o f  k n o w n  a t t r i b u t e s .  F o r  c o r r e c t n e s s  K s h o u l d  be s m a l l  e n o u g h  so  

tha t  w h e n e v e r  an  a t t r i b u t e  v a l u e  i s  c o m p u t e d ,  a l l  v a l u e s  i t  d e p e n d s  on  a r e  

a v a i l a b l e  on the  s t a c k  ( t h i s  may  be t r i v i a l l y  a c c o m p l i s h e d  by s e t t i n g  K = 

so  tha t  a l l  a t t r i b u t e s  a r e  e v a l u a t e d  v i a  the dag ) .  F o r  e f f i c i e n c y  K s h o u l d  be 

as l a r g e  as p o s s i b l e .  
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I f  an  u n k n o w n  a t t r i b u t e  is c o p i e d  in an  A G  r u l e ,  a new dag  n o d e  need  no t  be 

created. 

Attribute values in In(S m) will not be used if action[Sm~ai~ = reduce X -+~ 

with~# E. A test could be inserted to bypass this computation. 

The algorithm could be extended to handle some right dependencies as follows. 

A s t a t e  t r a n s i t i o n  g o e s  f r o m  a s t a t e  S to s t a t e  

S '  = C L O S U R E  ( { A  4 ~X . /3  I A 4 ~.X#3 ( S } )  

O n c e  the k n o w n  s y n t h e s i z e d  a t t r i b u t e s  o f  X ape  c o m p u t e d  i t  may be p o s s i b l e  

to  e v a l u a t e  s o m e  new i n h e r i t e d  a t t r i b u t e s  o f  s y m b o l s  i n ~ X .  In a d d i t i o n  the d a 9  

e v a t u a t o r  m i g h t  be  c a l l e d  a t  t h i s  p o i n t  to  e v a l u a t e  the s y n t h e s i z e d  a t t r i b u t e s  

o f  a n y  s y m b o l  Y o f  ~ X  w h o s e  i n h e r i t e d  a t t r i b u t e s  o f  Y h a v e  now a l l  b e e n  

e v a l u ' a t e d .  It  a p p e a r s  tha t  t h e s e  p o s s i b i l i t i e s  c a n  be h a n d l e d  by  e x t e n d i n g  o u r  

m e t h o d s ,  but  at  the  c o s t  o f  a c o n s i d e r a b l e  i n c r e a s e  in c o m p l e x i t y ,  

C H A R A C T E R I Z A T I O N  O F  K N O W N  A T T R I B U T E S  

T o  d o  t h i s  we  a n a l y z e  the  i n f o r m a t i o n  a v a i l a b l e  to  the p a r s i n g  a l g o r i t h m  w h e n  

¢.omput ing a k n o w n  a t t r i b u t e  a .  T h r e e  c a s e s  a r i s e :  

I .  

Z. 

4. 

a is a s y n t h e s i z e d  a t t r i b u t e  o f  a t e r m i n a l .  T h e  v a l u e  o f  a is g i v e n  by  l e x i c a l  

a n a l y s i s .  

a_ is  a s y n t h e s i z e d  a t t r i b u t e  o f  a n o n t e r m i n a l  A .  T h e n  e_ is c o m p u t e d  w h e n e v e r  

e r e d u c t i o n  by an  A G  Pu le  A 4 ~ is p e r f o r m e d .  I t  is a c h a r a c t e r i s t i c  o f  L R  

p a r s e r s  t ha t  the  s y m b o l s  o f  ~ w i l l  be on the s t a c k  top ( b e t w e e n  the  s t a t e s ) ~  s o  

a l l  i n f o r m a t i o n  a d e p e n d s  on is p o t e n t i a l l y  a v a i l a b l e .  

a is an  i n h e r i t e d  a t t r i b u t e  o f  a s y m b o l  A and the i t e m s  o f  S m w i t h  an  A f o l l o w i n g  

the dot are B i -~ ~i.A#i (i = I,..., n). Another LR parser characteristic is 

that for all i,j either ~i is a suffix of~j or vice versa. All the attributes of 

~I ~''''~n and the inherited attributes of Bi,...,B n are thus potentially 

available; however no attribute of~l,...,~n and no synthesized attribute of 

A is available. Further, if there are be two indices i,j which cause a to re- 

ceive different values then a cannot be computed dur'n9 parsing. 

S u p p o s e  now  tha t  K is such  tha t  the a l g o r i t h m  e v a l u a t e s  e v e r y  k n o w n  a t t r i b u t e  

c o r r e c t l y .  T h e n  a l l  i n f o r m a t i o n  n e e d e d  to  c o m p u t e  a n y  k n o w n  a t t r i b u t e  is  a v a i l a b l e  

d u r i n g  p a r s i n g .  T h i s  i m m e d i a t e l y  i m p l i e s  two  p r o p e r t i e s  o f  the se t  K o f  k n o w n  

a t t  r i b u t e s :  
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II 

l f a E  K and a =  e × ( a t ~ . , . ) a n )  by AG r u l e  A 4 ~ ,  then a l , . . . , a n  E K .  

No a E  K is r i g h t  dependent .  We de f ine  a to be r !gh t  dependent  i f  i t  

is an i n h e r i t e d  a t t r i b u t e  of some non te rm ina l  A~ and theffe is a Pule 

B -~ ~A~ wh ich  de f ines  a = e x ( a l ~ . . .  ~an ) w h e r e  at leas t  one a. is 

a syn thes i zed  a t t r i b u t e  of  some symbol  a p p e a r i n g  in A~.  

To comp le te l y  c h a r a c t e r i z e  K we a l so  need to account  fo r  the last  sentence of 

case 3 above.  Th is  is done by f i nd ing  a symbo l i c  d e s c r i p t i o n  of the set  of va lues  

assumed by a E  In(S) as we range  ove r  a l l  p a r s e  t r ees .  

Reca l l  ( e .g .  [AhU773)  that each p a r s e  s ta te  is of  the f o r m  

S = C L O S U R E ( B A S I S ( S ) )  w h e r e  B A S I S ( S )  is e i t he r  the i n i t i a l  bas is  {S ta r t -~  . S } ,  

o r  is of the f o r m  

B A S I S ( S )  = [ A - e ~ X . f l  ] A - *  C¢.Xfl e S~} 

fo r  some s ta te  S j. A l l  a t t r i b u t e s  in In(S) must u l t i m a t e l y  come f rom those of 

B A S I S ( S ) .  Thus we let  the de f [n in  9 a t t r i b u t e s  of S be those a v a i l a b l e  on e n t r y  in to 

s ta te  S:  

a) i nhe r i t ed  a t t r i b u t e s  of A such that A - e ~ . / 3  is in B A S I S ( S )  

b) syn thes i zed  a t t r i b u t e s  of symbo ls  of a longest  ~ such that  A 4 ~ . f l  is 

in B A S I S ( S ) .  

Note:  E v e r y  a t t r i b u t e  of eve ry  symbol  inl~ is c o n s i d e r e d  d is t inc t~  even if  symbo ls  

a r e  r epea ted .  

E v e r y  i tem in S = C L O S U R E ( B A S I S ( S ) )  is the last  te rm of a sequence 

A 0 " * ~ I ' A I / 3 1 '  A1 "~ "A2,f12 . . . .  ' A n - 1  4 "Anf ln  w h e r e  A 0 4 ~ l . A l f l l  E B A S I S ( S ) .  

Each i nhe r i t ed  a t t r i b u t e  of A. is a func t ion  of the de f i n i ng  a t t r i b u t e s  of S .  An e x -  
I 

p r e s s i o n  denot ing  th is  func t ion  may be ob ta ined  i nduc t i ve l y  f r om the e x p r e s s i o n s  for  

A i _  t a t t r i b u t e s .  The set  of a l l  such e x p r e s s i o n s  fo r  S may be d e s c r i b e d  as a f u n c -  

t ion 

8S:  In(S) U de f i n i ng  

a t t r i b u t e s  of S 

Sets  of e x p r e s s i o n s  in 

de f in ing  a t t r i b u t e s  of S 

8 S is de f ined  c e c u c s i v e l y  by: 

a) 8 s ( a )  = a  i f  a is a de f i n ing  a t t r i b u t e  of S 

b) 8 s ( a )  = { e x ( e l , - . , , e  n) I S con ta ins  an i tem B -~0~.A/3, a 

is an i n h e r i t e d  a t t r i b u t e  of A def ined 

by a = e x ( a l ~ . . .  ,alq) ~ and 

e i E 8 S ( e  i) f o r  i = 1 , . . . , h i  
i f  a E In(S) 
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We g i v e  some e x a m p l e s .  

1. 

2. 

3. 

F i g u r e  1 w i t h  S = { p g  .e dc .  st~ st  4 . ~ s t  -* . s t  use  v }  

k s ( s t  ; S E T )  = ! d c  t S E T }  

A G  r u l e s :  < A  J, a >  -i 0 < B  I a + I >  0 

< A  ~ a >  e 0 <:B .t a + 2>  1 

< B ~ b >  -e 2. 

S t a t e :  S = { A 4  0. B0 ,  A - *  0. E31, B - * . 2 }  

E x p r e s s i o n s  f o r  S ;  

ks(b) = t~+  1, ~_+ Z} 

AG Pu les :  < A  ~, a >  -~ 0 <:B J, a + 1> 

<B ~. b >  .4, <B  ~. b +  2>  t 

< B  J, b >  .e 1 

S t a t e ;  S = { A - ~ 0 .  B ,  B - * . B 1 ,  B e  ° I }  

E x p r e s s i o n s  f o r  S:  

k s ( b )  = { a +  I, (a_+ 1) + 2, ( ( a +  t)  + 2) +2~ , . . }  

In e x a m p l e s  2, and 3 the p o s s i b i l i t y  of  m u l t i p l e  v a l u e s  i m p l i e s  tha t  b c a n n o t  be 

compu ted  d u r i n g  p a r s i n g .  We can  at  l as t  s t a t e  the t h i r d  p r o p e r t y  of  the se t  K of  

known  a t t r i b u t e s :  

111 If ~ E  K ~ I n ( S ) f o r  some s ta te  S~ t h e n S s ( ~ )  c o n t a i n s  on l y  one 

e x p r e s s i o n .  

C o n v e r s e l y  i t  may be seen  that  i f  1, II and 111 a r e  s a t i s f i e d  then e v e r y  k n o w n  

a t t r i b u t e  w i l l  be e v a l u a t e d  c o r r e c t l y  d u r i n g  p a r s i n g .  We d e f i n e  the A G  to be 

L R - a t t r i b u t e d  if K = { a  I a is any  a t t r i b u t e  } s a t i s f i e s  I1 and II1~ so e v e r y  

a t t r i b u t e  may be e v a l u a t e d  d u r i n g  p a r s i n g .  N o t e  tha t  t h i s  i m p l i e s  t h e A G  is L -  

a t t r i b u t e d .  

C O M P U T A T I O N  OF  K N O W N  A T T R I B U T E S  

We now d e s c r i b e  a r e a s o n a b i y  e f f i c i e n t  method  to f i nd  a m a x i m a l  se t  of  k n o w n  

a t t r i b u t e s .  L e t  U be the se t  of  unknown  a t t r i b u t e s .  P r o p e r t i e s  I, 11 and 111 may be 

r e s t a t e d  as a s s e r t i n g  that  U ~  f(U)~ w h e r e  



4(~ 

f (U)  = U  I U U l l  U { a  ]AG r u l e A - * ~  w i t h  a =  e x ( a l , . . . , a  n ) and : 9 i a  i 

U I = {a  I a is  r i g h t  d e p e n d e n t }  

U l l  = {co l  3 S  CaE In (S)  and # S s ( a ) >  t }  

~u} 

We wan t  a m a x i m a l  K and so  a m i n i m a l  U w h i c h  s a t i s f i e s  U ~  f (U) .  The  un ique  

s o l u t i o n  is the m i n i m a l  f i x e d  p o i n t  o f  f ,  n a m e l y  0 f n ( ¢ ) .  T h i s  is  e a s i l y  c o m p u t e d  by 
n=0 

a s i m p l e  m a r k i n g  a l g o r i t h m ,  g i v e n  U 1 and U I I .  U 1 can be found by s c a n n i n g  the 

AG r u l e s .  To  c o m p u t e  U l l  we  r e p l a c e  8S  by the f o l l o w i n g  f i n i t e  v e r s i o n  w h i c h  is 

j u s t  as good  f o r  o u r  p u r p o s e s ;  

C S' (ca) = 
Cs(a__) if # C s ( a ) ~  1 

? o t h e r w i s e  

To  compu te  ESr we  use the b o t t o m - u p  a l g o r i t h m  wh i ch  n a t u r a l l y  c o r r e s p o n d s  

to the r e c u r s i v e  d e f i n i t i o n  Of Es~ m o d i f i e d  as f o l l o w s :  w h e n e v e r  a se t  w i t h  m o r e  

than one e l e m e n t  w o u l d  have  been o b t a i n e d ,  r e p l a c e  i t  by ? . 

R e m a r k s  

1. The  p a r s e r  s tep  " c o m p u t e  k n o w n  a t t r i b u t e s  in I n ( S m ) "  amoun ts  to  e v a l u a t i n g  

I E s ( a )  t a E  In (S in ) }  . D u p l i c a t e d  a t t r i b u t e  e x p r e s s i o n s  in th i s  se t  need on l y  

be e v a l u a t e d  once .  A t y p i c a l  e x a m p l e  w h e r e  th is  saves  a t t r i b u t e  c o p y i n  9 is 

the f o l l o w i n  9 in w h i c h  on ly  one c o p y  of  a t t r i b u t e  a is needed ;  

AG R u l e s ;  < A  ; a >  -~ <E  ~ e >  

< E  ~ e >  ~ < E  ~ e >  + < T  ~ e >  

~:E ~ e>  ~ < T  ,~ e>  

< T  .[ t > ~ ¢ T  .L t > ~ < I D >  

< T  ; ~ >  ~ < I D >  

State: S = { A ' *  . E ,  E-~ . E  + T ,  E-~ . T ,  T 4 . T  * ID,  

E x p r e s s i o n s  f o r  S: 

{CSICa) I CaE In (S)  l = la} 

T - *  . I D  t 
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2. It cou ld  be a r g u e d  that  the ES~(a) c o m p u t a t i o n  is e x p e n s i v e  s i n c e  the r e p e a t e d  

s u b s t i t u t i o n  cou ld  b low  up the e x p r e s s i o n ~ s  s i ze ,  H o w e v e r  an a p p r o p r i a t e  and 

e f f i c i e n t  w a y  to do  th is  is v i a  e x p r e s s i o n  dags~ used as in [AhU77~ to r e m o v e  

common s u b e x p r e s s i o n s .  

3. No te  that  the AG is L R  a t t r i b u t e d  i f f  U 1 = UII = ¢ ,  

E x t e n s i o n  of the Method 

A m o r e  p o w e r f u l  a n a l y s i s  can be done  (and is done  in [ M a d 8 0 a ] )  by c l a s s i f y i n g  

each o c c u r r e n c e  of an a t t r i b u t e  in an i tem of  a p a r s e r  s t a t e  as known  o r  unknown 

(so the same a t t r i b u t e  may be k n o w n  in one s t a t e  and unknown  in a n o t h e r ) .  Th i s  

c l a s s i f i c a t i o n  may a l s o  be used to s p l i t  the L R  s ta tes .  T h i s  a p p r o a c h  can compute  

mope a t t r i b u t e s  dup ing  p a r s i n g  than the one p r e s e n t e d  here~ but i n v o l v e s  a m o r e  

c o m p l e x  AG a n a l y s i s .  

C O N C L U S I O N S  

We have  d e s c r i b e d  methods  w h i c h  make i t  p o s s i b l e ,  when  g i v e n  an a t t r i b u t e  

g r a m m a r  and an L R  p a r s e r  g e n e r a t o r ~  to p r o d u c e  an augmen ted  p a r s e r  w h i c h  

e v a l u a t e s  a g r e a t  many a t t r i b u t e s  d u r i n g  p a r s i n g  (a l l  of  them~ i f  the AG is LFR- 

a t t r i b u t e d ) ,  Th i s  a c h i e v e s  by a u t o m a t i c  means the e f fec t  of  the i n t r o d u c t i o n  of copy  

r u l e s ,  The  c l a s s i f i c a t i o n  of  a t t r i b u t e s  in to  ~'known H and ~'unknown t~ shou ld  g r e a t l y  

f a c i l i t a t e  r u l e  s p l i t t i n g ,  G i v e n  a c o n f l i c t  p a r s e  tab le  e n t r y  and a l i s t  of  k n o w n  a t t r i -  

butes~ c o n s t r u c t i o n  of  the a p p r o p r i a t e  d i s a m b i g u a t i n g  p r e d i c a t e s  shou ld  be s t r a i g h t -  

f o r w a r d  ( p r o v i d e d  the k n o w n  a t t r i b u t e s  make th is  p o s s i b l e ) .  

The method is no t  r e s t r i c t e d  to L - a t t r i b u t e d  g rammars~  a l t hough  r i g h t  d e p e n -  

d e n c i e s  g i v e  r i s e  to u n k n o w n  a t t r i b u t e s .  F u r t h e r  the c l a s s  of  L t q - a t t r i b u t e d  k G s  

seems qu i te  l a r g e  c o m p a r e d  to p r e v i o u s  c l a s s e s ,  I t  ex tends  Rowland~s  method 

[Row77~ by not  t r e a t i n g  a l l  i n h e r i t e d  a t t r i b u t e d  of  le f t  c o r n e r  s y m b o l s  as unknown .  

It a l s o  ex tends  [ W a t 7 7 a ]  and [PuB79~  by a l l o w i n g  n o n - t r i v i a l  a t t r i b u t e  e x p r e s s i o n s  

in p l a c e s  w h e r e  copy  r u l e s  w o u l d  cause  con f l i c t s~  as in e x a m p l e  2 a f t e r  the  d e f i n i -  

t ion  of  E S ,  E v e r y  R A - a t t r i b u t e d  AG as de f i ned  in [Ra'U80~ is both  L R ( k )  and L R -  

a t t r i b u t e d  s i n c e  c o n d i t i o n  {RA3)  t h e r e  imp l i es  t h a t # E s ( a  )_< ] f o r  a l l  S~a .  The L R -  

a t t r i b u t e d  c l a s s  is l a r g e r  s i n c e  the last  e x a m p l e  of  [ R ' a U 8 0 ]  is L R - a t t r i b u t e d ~  even  

w i t h  F -e (E) .  

The AG a n a l y s i s  and p a r s e r  c o n s t r u c t i o n  a l g o r i t h m s  a r e  r e l a t i v e l y  s i m p l e  and 

a p p e a r  l i k e l y  to be qu i t e  e f f i c i e n t  in p r a c t i c e .  
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