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A B S T R A C T  Two m e t h o d s  a r e  g i ve n  for  c o n v e r t i n g  g r a m m a r s  b e -  
l o n g i n g  to d i f f e r e n t  s y s t e m s .  One c o n v e r t s  a s ~ m p l e  ( c o n t e x t - f r e e )  
p h r a s e  s t r u c t u r e  g r a m m a r  (SPG) in to  a c o r r e s p o n d i n g  d e p e n d e n c y  
g r a m m a r  (DG); the o the r  c o n v e r t s  a DG in to  a c o r r e s p o n d i n g  SPG. 
The s t r u c t u r e s  a s s i g n e d  to a s t r i n g  by a s o u r c e  g r a m m a r  w i l l  c o r -  
r e s p o n d  s y s t e m a t i c a l l y ,  though a s y m m e t r i c a l l y ,  to those  a s s i g n e d  
by  the t a r g e t  g r a m m a r  r e s u l t i n g  f r o m  i t s  c o n v e r s i o n .  S ince  both  
s y s t e m s  a r e  w e a l d y  e q u i v a l e n t ,  g e n e r a t i n g  e x a c t l y  the C F  l a n -  
guages ,  the m e t h o d s  f a c i l i t a t e  e x p e r i m e n t a t i o n  wi th  e i t h e r  n o t a t i o n  
i n  d e v i s i n g  r u l e s  for  a n y  C F  l a n g u a g e  or  any  C F  se t  of s t r i n g s  de -  
s i g n e d  to u n d e r g o  s u b s e q u e n t  t r a n s f o r m a t i o n .  

A s o u r c e  SPG is  a s s u m e d  to be o f ' f i n i t e  d e g r e e  wi th  o r -  
d e r e d  r u l e s  i n  w h i c h  on ly  the i n i t i a l  s y m b o l  is  r e c u r s i v e .  U n l e s s  
the s o u r c e  g r a m m a r s  obey  a d d i t i o n a l  c o n s t r a i n t s ,  the t a r g e t  g r a m -  
m a r s  m a y  exh ib i t  a p e c u l i a r  p r o p e r t y ,  de f i ne d  as  " s t r u c t u r e  s e n s i -  
t i v i t y " .  The l i n g u i s t i c  i m p l i c a t i o n s  of the p r o p e r t y  a r e  d i s c u s s e d ,  
a n d  the l i n g u i s t i c  m o t i v a t i o n  for  i m p o s i n g  the c o n s t r a i n t s  n e c e s s a r y  
to a v o i d  i t s  a p p e a r a n c e  i s  s u g g e s t e d .  

The  a u t h o r  owes  a n  e s p e c i a l  deb t  to J e s s e  W r i g h t  of the A u t o m a t a  
T h e o r y  a n d  C o m p u t a b i l i t y  G r o u p  i n  the M a t h e m a t i c a l  S c i e n c e  D e -  
p a r t m e n t  of IBM R e s e a r c h  fo r  m a n y  he lp fu l  d i scuss io r~s  of t h e o r e -  
t i c a l  p r o b l e m s  a r i s i n g  in  the c o u r s e  of th i s  i n v e s t i g a t i o n .  



In an article on dependency theory i appearing in 1964 [5], 
Hays remarked, "Casual examination suggests there would be lit- 
tle d i f f e r e n c e  b e t w e e n  t r a n s f o r m a t i o n  of d e p e n d e n c y  t r e e s  and  
t r a n s f o r m a t i o n  of IC [ i m m e d i a t e  c o n s t i t u e n t ]  s t r u c t u r e s ,  but  no 
d e f i n i t e  i n v e s t i g a t i o n  has  b e e n  u n d e r t a k e n . "  S i n c e  then ,  a d e p e n -  
d e n c y  g r a m m a r  w i t h  t r a n s f o r m a t i o n a l  r u l e s  has  b e e n  d e s i g n e d  f o r  
a s u b s e t  of  E n g l i s h  s e n t e n c e s ,  and  p r e l i m i n a r y  r e s u l t s  i n d i c a t e  
tha t  H a y s '  o b s e r v a t i o n  is  c o r r e c t .  [9] In e i t h e r  c a s e ,  t r a n s f o r m a -  
t i ons  a r e  s p e c i f i e d  in  t e r m s  of  l a b e l e d  t r e e s ,  and  the  n u m b e r  of  
b r a n c h e s  and  the d e n o t a t i o n s  of the l a b e l s  do not  a f f e c t  the  e s s e n -  
t i a l  o p e r a t i o n .  S i n c e  the b a s e  g r a m m a r  is  g e n e r a l l y  l i m i t e d  to the  
g e n e r a t i o n  of c o n t e x t - f r e e  p r o - t e r m i n a l  s t r i n g s  of  " d e e p  s t r u c -  
t u r e " ,  and  s i n c e  c o n t e x t - f r e e  l a n g u a g e s  a r e  c h a r a c t e r i z a b l e  in  
e i t h e r  d e p e n d e n c y  o r  p h r a s e  s t r u c t u r e  ( i . e . ,  i m m e d i a t e  c o n s t i t u -  
ent} s y s t e m s ,  n e i t h e r  s y s t e m  is  c l e a r l y  p r e f e r a b l e  a s  a b a s e .  A 
l i n g u i s t  m a y  f ind  tha t  the n o t a t i o n  a f f o r d e d  by one  o r  the o t h e r  i s  
s i m p l e r  f o r  c h a r a c t e r i z i n g  s o m e  l a n g u a g e ,  o r  f o r  d e f i n i n g  s t r u c -  
t u r e s  to be t r a n s f o r m e d ,  o r  fo r  a d a p t i n g  a g r a m m a r  to c o m p u t e r  
a p p l i c a t i o n s .  A l i n g u i s t  m a y  a l s o  w i s h  to e x p e r i m e n t  w i t h  g r a m -  
m a r s  of  both t ypes ,  o r  r e d e s i g n  t r a n s f o r m a t i o n s  d e f i n e d  on the  
s t r u c t u r e s  of  one b a s e  g r a m m a r  in  o r d e r  to i n c o r p o r a t e  t h e m  in to  
a t r a n s f o r m a t i o n a l  g r a m m a r  u s i n g  a d i f f e r e n t  b a s e .  

Such  c o n s i d e r a t i o n s  as  t h e s e  m o t i v a t e  the p r e s e n t  t r e a t -  
m e n t  of the p r o b l e m  of o b t a i n i n g  p a i r e d  g r a m m a r s  by c o n v e r t i n g  a 
g r a m m a r  of  one k ind  in to  a s y s t e m a t i c a l l y  c o r r e s p o n d i n g  g r a m m a r  
of  the o t h e r  w h i c h  g e n e r a t e s  the s a m e  s e n t e n c e s  and  a s s i g n s  c o m -  
p a r a b l e  s t r u c t u r e s .  In add i t i on ,  c o n v e r s i o n  d r a w s  a t t e n t i o n  to 
s o m e  l i n g u i s t i c a l l y  s i g n i f i c a n t  r e l a t i o n s h i p s  tha t  m a y  e x i s t  u n n o -  
t i c e d  a m o n g  the c a t e g o r i e s  and r u l e s  of the  s o u r c e  g r a m m a r  a n d  
w h i c h  m a y  i n d u c e  in  the d e r i v e d  g r a m m a r  a p e c u l i a r  p r o p e r t y  of 
s t r u c t u r e  s e n s i t i v i t y ,  r o u g h l y  a n a l o g o u s  to c o n t e x t  s e n s i t i v i t y .  
Th i s  p r o p e r t y  w i l l  be e x h i b i t e d  and  d i s c u s s e d  in  the c o u r s e  of  i l -  
l u s t r a t i n g  the m e t h o d .  

We b e g i n  c o n c r e t e l y  by i n s p e c t i n g  (F ig .  i )  a p a i r  of  g r a m -  
m a r s :  SPG1,  a s i m p l e  o r  c o n t e x t - f r e e  p h r a s e  s t r u c t u r e  g r a m m a r  
of the kind formalized by Chomsky [2], Bar-Hillel [i] , and others, 
and DGI, a dependency grammar of the kind formalized by Gaif- 
man{4] and Hays [5] . Two structural diagrams, a P-tree and a 
D-tree drawn beneath the grammars, illustrate the structure each 
assigns. 

The  r e w r i t i n g  r u l e s  of S P O t  a r e  of  two k i n d s ,  t h o s e  in  
w h i c h  on ly  c a t e g o r i e s  a p p e a r ,  and  t h o s e  in  w h i c h  a c a t e g o r y  i s  r e -  
w r i t t e n  as  a t e r m i n a l  ( l e x i c a l  f o r m a t i v e  o r  w o r d ) .  The  l a t t e r  m a y  
be s e p a r a t e d  f r o m  the f o r m e r  and  m a d e  in to  a s s i g n m e n t  r u l e s ,  

i 
F o r  a d d i t i o n a l  m a t e r i a l  on d e p e n d e n c y  t h e o r y ,  s e e  Ref .  6. 



SPGI DGI 

A x i o m :  # S # 

R e w r i t i n g  R u l e s  : 

i. S ~ NP VP 

2. VP --~ V NP 

3. NP~D N 

• ~ the 

5 .  D ~ s o m e  

6. N ~ boys 

7. N --- girls 

8. V --~ like 

9. V ~ admire 

( ia)  

Axiom: * (V) 

Dependency Rule s : 

i. v (N * N) 

Z. N (D *) 

3. D (,) 

A s s i g n m e n t  R u l e s :  

i .  D: the,  s o m e  

2. N: boys ,  g i r l s  

3. V: l ike ,  a d m i r e  

(Ib) 

N P  

D N 

I 
the boys  

A 
V NP 

A 
D N 

I I 
l i ke  the g i r l s  

(Ic) 

V 

N 

J 
D I 
I 
I I 
i I 

the boys 

I N 

I 

I D I 
I I I 
I ! 
i i I 

l i ke  the g i r l s  

(Id) 

F i g u r e  i 



t h e r e b y  i n c r e a s i n g  t h e  r e s e m b l a n c e  of  S P G i  t o  D G i  i n  a n  o b v i o u s  
w a y .  T h i s  i s  p o s s i b l e  b e c a u s e  S P G t  d o e s  n o t  c o n t a i n  a n y  m i x e d  
r e w r i t i n g  r u l e s  i n  w h i c h  b o t h  c a t e g o r i e s  a n d  l e x i c a l  f o r m a t i v e s  a p -  
p e a r  o n  t h e  r i g h t .  I t  c a n  b e  s h o w n  t h a t  a n y  S P G  w h i c h  h a s  m i x e d  
r u l e s ,  i n  t h i s  s e n s e ,  c a n  b e  c o n v e r t e d  i n t o  o n e  w h i c h  d o e s  n o t  
m e r e l y  b y  i n t r o d u c i n g  n e w  c a t e g o r i e s ,  w i t h o u t  a f f e c t i n g  g e n e r a t i v e  
p o w e r .  T h u s  t h e r e  i s  no  r e a s o n  f o r  n o t  s e p a r a t i n g  t h e  t w o  t y p e s  of  
r u l e s ,  a n d  C h o m s k y ~ d e v o t e s  a g o o d  p a r t  o f  A s p e c t s  o f  t h e  T h e o r y  
o_ff S y n t a x  [3] to  g i v i n g  l i n g u i s t i c  r e a s o n s  f o r  j u s t  s u c h  a s e p a r a t i o n .  

H e r e a f t e r ,  " r e w r i t i n g  r u l e s "  w i l l  r e f e r  o n l y  to  t h o s e  l i k e  
r u l e s  i - 3  i n  S P G i ,  a n d  t h o s e  l i k e  r u l e s  4 - 9  Wi l l  b e  c a l l e d  " a s s i g n -  
m e n t  r u l e s " .  C a t e g o r i e s  w h i c h  do  n o t  a p p e a r  o n  t h e  l e f t  of  a n y  r e -  
w r i t i n g  r u l e s  a r e  t e r m i n a l  c a t e g o r i e s .  

W i t h  e a c h  c a t e g o r y  of  S P G i ,  w e  a s s o c i a t e  a n u m b e r  c a l l e d  
i t s  d e g r e e .  {To s a y  t h a t  a c a t e g o r y  i s  of  d e g r e e  n m e a n s  t h a t  n 
i s  t h e  f i x e d  u p p e r  l i m i t  to  t h e  n u m b e r  of  n o d e s  of  t h e  s h o r t e s t  p a t h  
l e a d i n g  f r o m  i t  t o  a t e r m i n a l  c a t e g o r y  i n  a n y  s t r u c t u r e  d e r i v e d  
f r o m  St b y  s u c c e s s i v e  r u l e  a p p l i c a t i o n s .  A c a t e g o r y  m a y  b e  of  i n -  
f i n i t e  d e g r e e .  F o r  e x a m p l e ,  i f  X ~ XX, t h e n  X i s  of  i n f i n i t e  d e -  
g r e e  a n d  s o  i s  t h e  g r a m m a r  i n  w h i c h  i t  o c c u r s  e v e n  t h o u g h  a n o t h e r  
r u l e  r e w r i t e s  X a s  a s t r i n g  c o n t a i n i n g  o n l y  t e r m i n a l  c a t e g o r i e s . )  i 
I n  S P G t  t h e  t e r m i n a l  c a t e g o r i e s  D, N, V a r e  o f  z e r o  d e g r e e ,  s i n c e  
t h e y  a r e  n o t  r e w r i t t e n ;  t h e  c a t e g o r i e s  N P  a n d  V P  a r e  of  d e g r e e  i ,  
s i n c e  a t  l e a s t  o n e  c a t e g o r y  i n  t h e i r  r e p l a c e m e n t  i s  of  z e r o  d e g r e e ;  
a n d  t h e  d e g r e e  of  S i s  2, s i n c e  t h e  l e a s t  d e g r e e  a s s i g n e d  to  a n y  
c a t e g o r y  o n  t h e  r i g h t  o f  t h e  r u l e  f o r  r e w r i t i n g  S i s  i .  T h e  m a x i -  
m u m  n u m b e r  a s s i g n e d  to  a n y  c a t e g o r y  i n  a g r a m m a r  i s  a l s o  t h e  
d e g r e e  of  t h e  g r a m m a r ;  t h e r e f o r e ,  t h e  d e g r e e  of  S P G i  i s  2. 

A n  e s s e n t i a l  d i f f e r e n c e  b e t w e e n  S P G i  a n d  D G i  n o w  e m e r g e s  
m o r e  c l e a r l y .  D G i  u s e s  o n l y  t e r m i n a l  c a t e g o r i e s ,  w h i l e  S P G i  
u s e s  c a t e g o r i e s  o f  h i g h e r  d e g r e e .  T h e  e f f e c t s  of  t h e  d i f f e r e n c e s  
a r e  r e f l e c t e d  i n  t h e  s t r u c t u r e  of  t h e  P - t r e e  a n d  D - t r e e .  T h e  l a t t e r  
h a s  f e w e r  b r a n c h e s ,  a n d  t h i s  w i l l  a l w a y s  b e  t h e  c a s e  f o r  s t r u c t u r e s  
a s s i g n e d  to  t h e  s a m e  s t r i n g  b y  g r a m m a r s  b e l o n g i n g  to  t h e  t w o  d i f -  
f e r e n t  s y s t e m s .  

E v e n  so ,  t h e r e  i s  a s y s t e m a t i c  c o r r e s p o n d e n c e  b e t w e e n  t h e  
t w o  t r e e s  a n d  t h e i r  l a b e l s  of  a k i n d  d e f i n e d  b y  H a y s  [5] . E v e r y  
c o m p l e t e  s u b t r e e  o f  t h e  D - t r e e ,  t h a t  i s ,  e v e r y  n o d e  t a k e n  t o g e t h e r  
w i t h  a l l  of  i t s  d e s c e n d e n t s ,  c o v e r s  a s u b s t r i n g  of  t h e  s e n t e n c e  t h a t  
i s  c o v e r e d  b y  a c o m p l e t e  s u b t r e e  of  t h e  P - t r e e .  T h e  c o n v e r ,  s e  
d o e s  n o t  h o l d ,  b u t  e v e r y  c o m p l e t e  s u b t r e e  o f  t h e  P - t r e e  c o v e r s  a 
s u b s t r i n g  t h a t  i s  c o v e r e d  b y  a c o n n e c t e d  s u b t r e e  of  t h e  D - t r e e .  I n  

i 
F o r  a m o r e  p r e c i s e  c h a r a c t e r i z a t i o n  o f  "degree", s e e  G a i f m a n  
[4]. 
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the example, both complete subtrees dominated by N in the D-tree 
correspond to the two complete subt~ees of the P-tree dominated 
by NP, and the complete (sub)tree dominated by V corresponds to 
the complete (sub)tree dominated by S. However, the complete 
subtree dominated by Vlo in the lo-tree corresponds to an incom- 
plete s u b t r e e  of the D - t r e e ,  w h i c h  is  d o m i n a t e d  by V but  i n c l u d e s  
only  V and the b r a n c h e s  to i t s  r i g h t ;  so tha t  the r e l a t i o n s h i p  of c o r -  
r e s p o n d e n c e  i s  a s y m m e t r i c a l .  

Whi l e  s u c h  s y s t e m a t i c  c o r r e s p o n d e n c e s  e x i s t  b e t w e e n  the 
s t r u c t u r e s  a s s i g n e d  to a l l  s t r i n g s  g e n e r a t e d  by SloGi and  D G i ,  th is  
i s  not  the g e n e r a l  c a s e .  In g e n e r a l .  ~ 

i .  Any  c o n t e x t - f r e e  l a n g u a g e  can  be g e n e r a t e d  by g r a m m a r s  of  
e i t h e r  s i m p l e  p h r a s e  s t r u c t u r e  o r  d e p e n d e n c y  s y s t e m s .  

2. F o r  any  g i v e n  SPG,  t h e r e  e x i s t s  one o r  m o r e  DG o v e r  the 
s a m e  l a n g u a g e  a l l  of w h o s e  s t r u c t u r e s  c o r r e s p o n d  s y s t e m a t i -  
c a l l y  to s t r u c t u r e s  a s s i g n e d  to the s a m e  s t r i n g s  by the S P G  i f  
and  only i f  the S P G  i s  of  f i n i t e  d e g r e e .  

3. F o r  any  g i v e n  DG t h e r e  e x i s t s  one o r  m o r e  c o r r e s p o n d i n g  SloG. 

4. F o r  any  g i v e n  DG t h e r e  e x i s t s  a un ique  SPG of d e g r e e  i tha t  i s  
s t r o n g l y  e q u i v a l e n t  to it.  

G a i f m a n  [4] g i v e s  a v e r y  g e n e r a l  m e t h o d  fo r  c o n s t r u c t i n g  
c o r r e s p o n d i n g  DG f r o m  any  SloG of f in i t e  d e g r e e ,  and  a l s o  a m e t h -  
od f o r  c o n s t r u c t i n g  a un ique  SloG of d e g r e e  t f r o m  any DG. H e r e  
we  g ive  two m e t h o d s  f o r  c o n s t r u c t i n g  c o r r e s p o n d i n g  Slog  and  DG 
tha t  d i f f e r  f r o m  G a i f m a n ' s .  The  f i r s t  a p p l i e s  on ly  to a m o r e  r e -  
s t r i c t e d  s e t  of SI°G and  l e a d s  to r e d u c e d  DG, w h e r e a s  Ga~fman ' s  
m e t h o d  t ends  to p r o d u c e  DG w i t h  o v e r l a p p i n g  c a t e g o r i e s  and s u p e r -  
f luous  r u l e s  tha t  m a y  n e v e r  be u s e d  to g e n e r a t e  any s t r i n g .  The 
s e c o n d  a l l o w s  c o n s t r u c t i o n  of S P G  of d e g r e e  g r e a t e r  than  i f r o m  
c e r t a i n  DG. 2 

A simplified sketch of the two methods follows. Each re- 
writing rule is "augmented" by starring a category on the right. 
Each dependency rule is augmented by assigning a numerical coef- 
ficient to each dependent. Figure 2 shows a possible augmented 

lloroofs are given by Gaifman [4]. It is assumed that the Slog is 
non-erasing and reduced; that is, no category is rewritten as null, 
and there are no superfluous categories or rules. 

2The second method was suggested by Kay's procedurefor con- 
structing lo-trees from D-trees [7]. More precisely, an Slog of 
degree n > i may be derived if, in the DG, some categories 
govern two or more dependents, and the left- or rightmost depen= 

dent itself governs dependents. 



form of SPGI on the left and a possible augmented form of DGI on 
the right. (Detailed consideration of the problem of augmentation 
@ill follow the sketch of the operations.) These augmentations 
were deliberately chosen so that conversion of either grammar 
uniquely produces the other. Different augmentations produce dif- 
ferent results, although structures of the original grammar and of 
the  g r a m m a r  d e r i v e d  f r o m  i t  s t i l l  c o r r e s p o n d .  

SPGI TS IRL DGI 

S --NP Vim* S:V z V 2---N i.IVi* V (2N * iN) 

VP---V* N1 m VP:V i V i -~ V 0 N i N (ID *) 

NP~D N* NP:N i N 1 --- D O N O D (*) 

F i g u r e  2 

The c o l u m n s  TS and IRL  in  F i g u r e  2 r e p r e s e n t  a T a b l e  of  
S u b s t i t u t e s  and  an  I n t e r m e d i a t e  Rule  L i s t .  In the c o n v e r s i o n  of 
S P G i ,  the TS is  c o n s t r u c t e d ,  e q u a t i n g  e a c h  c a t e g o r y  on the l e f t  of 
a r u l e  w i th  a s u p e r s c r i p t e d  t e r m i n a l  c a t e g o r y .  The  n u m e r i c a l  
s u p e r s c r i p t  { h e r e a f t e r  c a l l e d  the exponent )  e q u a l s  the n u m b e r  of 
r u l e s  t r a c e d  t h r o u g h  when  t r a c i n g  by s t a r r e d  c a t e g o r i e s  b e f o r e  a 
s t a r r e d  t e r m i n a l  c a t e g o r y  i s  r e a c h e d ,  and  e x p r e s s e s  the d i s t a n c e  
b e t w e e n  the t e r m i n a l  c a t e g o r y  and the c a t e g o r y  f o r  w h i c h  i t  is  a 
subs t i t u t e .  In the IRL,  the c a t e g o r i e s  o c c u r r i n g  in e a c h  r u l e  of the 
SPG a r e  r e p l a c e d  by t h e i r  s u b s t i t u t e s  f r o m  TS. T a k i n g  the  f i r s t  
LRL r u l e ,  c o n s t r u c t i o n  of a d e p e n d e n c y  r u l e  i s  begun  by r e p l a c i n g  
the a r r o w  wi th  p a r e n t h e s e s  e n c l o s i n g  the s u b s t i t u t e  c a t e g o r i e s  on 
the r igh t .  Thus f r o m  the f i r s t  I R L  r u l e  in F i g u r e  2 we ob t a in  
V 2 (Ni V~). The construction of a dependency rule is continued 
so long as the exponent of the starred category X~ is greater than 
zero. The next step is to search the IRL for a rule with X s on the 
left. The categories on the right of the new rule are inserted in 
the parentheses of the D rule under construction, in the position 
of X~, but no new parentheses are added. When the starred oc- 
currence is X~, it is replaced by *, all exponents are erased, and 
the d e p e n d e n c y  r u l e  i s  c o m p l e t e .  The  p r o c e s s  i s  r e p e a t e d  f o r  new 
d e p e n d e n c y  r u l e s  un t i l  a l l  I R L  r u l e s  a r e  e x h a u s t e d .  

We must add rules to the constructed DG for any unstarred 
terminal category of the IRL. The added rules assign no depen- 
dents and are of the form D(*). The assignment rules are simply 
t r a n s f e r r e d ,  and  s i n c e  V is  the s u b s t i t u t e  fo r  the a x i o m  c a t e g o r y  
S, i t  is  t aken  as  the a x i o m  fo r  the DG. 

Going in the other direction from an augmented DGI to 



S I : ' G t ,  w e  f i r s t  a s s i g n  a n  e x p o n e n t  s to  e a c h  c a t e g o r y ,  w h e r e  s 
e q u a l s  t h e  l a r g e s t  c o e f f i c i e n t  of  a n y  d e p e n d e n t  of  t h a t  c a t e g o r y .  I f  
a c a t e g o r y  i s  n o t  a s s i g n e d  d e p e n d e n t s ,  i t s  e x p o n e n t  i s  z e r o .  T h e  
f i r s t  r u l e  of  a u g m e n t e d  D G t  now a p p e a r s  a s  V z (ZN 1 * 1 N t ) .  
F r o m  t h i s  r u l e  t w o  r u l e s  a r e  c o n s t r u c t e d  f o r  t h e  I R L ;  t h a t  i s ,  t h e  
n u m b e r  of  I R L  r u l e s  c o n s t r u c t e d  f r o m  e a c h  r u l e  of  D G t  w i l l  b e  
e q u a l  t o  t h e  e x p o n e n t  of  t h e  g o v e r n o r .  T h e  f i r s t  r u l e  s o  o b t a i n e d  
w r i t e s  t h e  g o v e r n o r  w i t h  i t s  e x p o n e n t  o n  t h e  l e f t  of  t h e  a r r o w .  A l l  
of  i t s  d e p e n d e n t s  w h o s e  c o e f f i c i e n t s  e q u a l  t h a t  of  t h e  e x p o n e n t  a r e  
w r i t t e n  i n  o r d e r  o n  t h e  r i g h t ,  a n d  t h e  g o v e r n i n g  c a t e g o r y  w i t h  i t s  
e x p o n e n t  d e c r e a s e d  b y  t i s  w r i t t e n  w i t h  t h e  *. T h u s  w e  o b t a i n  
V z ~ N 1 V t . .  T h e  s e c o n d  r u l e  i s  o b t a i n e d  i n  a s i m i l a r  f a s h i o n ,  
w i t h  t h e  e x p o n e n t  of  t h e  g o v e r n i n g  c a t e g o r y  d i m i n i s h e d  b y  1 y i e l d -  
i n g  V t -~ V 0  N1 .  ' T h e  p r o c e s s  i s  r e p e a t e d  u n t i l  a n  I R L  r u l e  r e -  
w r i t i n g  s o m e  c a t e g o r y  w i t h  e x p o n e n t  e q u a l  to  1 i s  u s e d ,  a f t e r  w h i c h  
t h e  n e x t  D G  r u l e  i s  p r o c e s s e d ,  a n d  s o  o n  u n t i l  a l l  D G  r u l e s  a r e  
e x h a u s t e d .  

A t  t h i s  p o i n t ,  t h e  * ' s  m a y  b e  e r a s e d  a n d ,  e x c e p t  f o r  c a t e -  
g o r y  l a b e l s ,  t h e  I R L  i s  e x a c t l y  e q u i v a l e n t  to  t h e  r e w r i t i n g  r u l e s  of  
t h e  o r i g i n a l  u n a u g m e n t e d  S P G .  T h e  o n l y  f u n c t i o n  t h e  TS s e r v e s  i s  
t o  r e a s s i g n  l a b e l s .  A s s i g n m e n t  r u l e s  a r e  t r a n s f e r r e d  a n d  t h e  s u b -  
s t i t u t e  f o r  t h e  a x i o m  of  D G t  i s  a d d e d ,  t 

SPGI and DG1 are very simple, with no embeddings and no 
optional rules. More complicated grammars give rise to problems 
of augmentation, especially for SPG. Even SPGI poses a problem. 
Assume it had been augmented by starring NP in rule I and in rule 
Z. In that case, the same substitute, N Z, is assigned to both S 

and VP, and the procedure produces a DG that is not even weakly 
equivalent to the original. Clearly some constraints must be im- 
posed on augmentation and provision made for grammars in which 
it may not be possible to avoid starring a category more than once. 

S i m i l a r l y ,  a s s u m e  t h a t  s o m e  DG h a s  a r u l e  of  t h e  f o r m  
C (A B * D),  a n d  t h a t  t h i s  i s  a u g m e n t e d  a s  C ( t A  Z]3 * t D ) .  T h e  
IRL rules are: 

C z --, B C $ 

C 1 ~ A C O D. 

B u t  n o w  t h e  r u l e s  g e n e r a t e  t h e  s e q u e n c e  ]3 A C D, w h i c h  w a s  n o t  
g e n e r a t e d  b y  t h e  o r i g i n a l  r u l e ,  a n d  do  n o t  g e n e r a t e  A B C D, w h i c h  
w a s .  T h i s  i s  r e m e d i e d  by  r e q u i r i n g  t h a t  i f  a c o e f f i c i e n t  n h a s  b e e n  
a s s i g n e d  t o  a d e p e n d e n t ,  n o  h i g h e r  n u m b e r  i s  a s s i g n e d  to  a n y  d e -  
p e n d e n t  w h i c h  i n t e r v e n e s  b e t w e e n  i t  a n d  t h e  *. W e  w i l l  a l s o  r e -  
q u i r e  t h a t  a t  l e a s t  o n e  d e p e n d e n t  b e  p r e c e d e d  b y  t ,  a n d  i f  a n y  d e -  
p e n d e n t  i s  p r e c e d e d  b y  n > t ,  t h e r e  m u s t  b e  a t  l e a s t  o n e  d e p e n d e n t  

1 A l t h o u g h  g r a m m a r s  w i t h  o n l y  o n e  a x i o m  a r e  i l l u s t r a t e d ,  g r a m -  
m a r s  w i t h  m o r e  t h a n  o n e  a x i o m  c a n  o b v i o u s l y  b e  h a n d l e d  a s  w e l l .  



p r e c e d e d  b y  n - i .  T h i s  i s  n o t  c r u c i a l ,  b u t  i t  a v o i d s  s e t t i n g  u p  u n -  
n e c e s s a r y ,  s i n g l e - b r a n c h i n g  c a t e g o r i e s  i n  t h e  d e r i v e d  $ P G .  N o t e  
t h a t  i f  a l l  d e p e n d e n t s  i n  a n y  r u l e  a r e  p r e c e d e d  b y  i ,  w h i c h  i s  t h e  
s a m e  a s  n o t  a u g m e n t i n g  t h e  D G  a t  a l l ,  t h e  r e s u l t i n g  S P G  w i l l  b e  of  
d e g r e e  i ;  t h a t  i s ,  e a c h  r u l e  of  t h e  g r a m m a r  w i l l  c o n t a i n  a t  l e a s t  
o n e  t e r m i n a l  c a t e g o r y  o n  t h e  r i g h t .  T h i s  i s  e q u i v a l e n t  to  G a i f m a n ' s  
procedure [4]. 

Augmentation of SPG is the more difficult case. Primarily 
it is the problem of constructing the TS in a finite number of steps. 

For ex~mple, if for S --- NP VP S the S is starred on the right, 

an infinite loop is created immediately. This is easy to avoid 

when considering a single rule or a small set of rules, but we do 
not know in general whether some series of rule augmentations 
may not lead to the same situation. Gaifman's solution is to re- 

quire that the marked category be of lesser degree than the cate- 

gory on the left, but this not only leads to a proliferation of cate- 

gories in the derived DG whenever the SPG has more than one re- 

writing rule for any of its categories, it prevents us from deriving 

the simplest corresponding DG in some cases. I On the other hand, 

the method employed here will not work unless some restrictions 
are imposed on augmentation which also imply restrictions on the 
form of the SPG in addition to the requirement of finite degree. It 
is not clear what restrictions are minimally necessary, but it is 

sufficient to require, in addition to finiteness of degree, that the 
rules of the SPG be ordered, so that in a developing derivation, if 
rule n has been applied, no rule m, m < n, need be applied there- 
after. This is too restrictive, and does not allow for full recur- 
sion. We may, however, allow a dummy symbol, S', to appear in 

any rule rewriting some X as a string containing some Y, 
S' ~ Y ~ X, where S' is replaced after one application of the set of 

rules by # S #, the axiom, so that the rules then reapply in linear 

order. 

Any $PG of finite degree with ordered rules providing for 
recursive application in the manner specified can be converted to a 
corresponding DG by the method given here. The base component 

proposed by 2Chomsky [3] for transformational grammar is an SPG 

of this form. 

l"Simplest" with respect to process, number of categories, and 

freedom from the property of structure sensitivity. See p. 14 ff. 

2Chomsky does not explicitly require that if S' appears in rewriting 

X, some Y (S' ~ Y ~ X) appear in the rule also, but implicitly ob- 

serves the restriction. A new grammar for English by Rosenbaum 
[10] contains a rule NP ~ NP S' which does not observe it. This 

is the only case known to me of an actual grammar for some 

!'real" language that violates this restriction, and Rosenbaum does 
not claim any strong theoretical motivation for the rule in-question. 
Cf. also Lees [8], and the MITRE grammar [11]. 



We turn now to more detailed consideration of augmenting 

and converting SPG subject to the above constraints. While the 

constraints insure that the SPG can be workably converted, some 

linguistically significant problems arise if we consider how to de- 

rive a simple DG, and it will be shown that under some conditions 

the derived DG will exhibit a feature not heretofore considered in 

t h e  l i t e r a t u r e ,  a f e a t u r e  o f  " s t r u c t u r e  s e n s i t i v i t y " .  

Method i. Conversion of SI:'G to DG 

S t e p  i .  A u g m e n t a t i o n  

A l l  r u l e s  of  t h e  S P G  w h i c h  r e w r i t e  a g i v e n  c a t e g o r y  a r e  
c o n f l a t e d  a n d  w r i t t e n  a s  one  s c h e m a t i z e d  r u l e ,  w i t h  s q u a r e  
b r a c k e t s  e n c l o s i n g  o p t i o n a l l y  o m i t t e d  c a t e g o r i e s  a n d  b r a c e s  
e n c l o s i n g  l i s t s  of  c a t e g o r i e s  f r o m  w h i c h  a s i n g l e  c h o i c e  i s  

m a d e .  t T h u s  Z - - ,  [W] { X }  c o n f l a t e s  f o u r  r u l e s ,  a n d w i l l ,  

i n  a n y  g i v e n  a p p l i c a t i o n ,  r e w r i t e  Z a s  e i t h e r  W X  o r  WY o r  
X o r  Y. 

B e g i n n i n g  w i t h  t he  f i r s t  r u l e  r e w r i t i n g  s o m e  X a n d  p r o -  
c e e d i n g  i n  r u l e  o r d e r ,  s t a r  o c c u r r e n c e s  of  c a t e g o r i e s ,  e x -  
c l u d i n g  t h e  d u m m y  s y m b o l  S I, on  t h e  r i g h t  i n  s u c h  a w a y  t h a t  
o n e  a n d  o n l y  one  s t a r r e d  c a t e g o r y  Y% w h e r e  Y ~ X, w i l l  o c -  
c u r  in  a n y  a p p l i c a t i o n  o f  t h e  r u l e .  2 I t  f o l l o w s  t h a t  no  b r a c k e t -  
e d  ( o m i s s i b l e )  o c c u r r e n c e  m a y  be  s t a r r e d .  I f  m o r e  t h a n  one  
c a t e g o r y  i s  s t a r r e d ,  t h e  s c h e r n a t i z e d  r u l e  m u s t  be  s e p a r a t e d  
i n t o  a s  m a n y  r t ,  l e s  a s  t h e r e  a r e  s t a r r e d  c a t e g o r i e s ,  w i t h  one  
s t a r r e d  c a t e g o r y  a p p e a r i n g  i n  e a c h .  F o r  e x a m p l e ,  

X -~ C m u s t  be  s e p a r a t e d  in to  X -~ A *  C 

~D* F J 
X - -  D*  F .  T h i s  i s  a p a r t i a l  u n d o i n g  of  t h e  c o n f l a t i o n ,  bu t  f o r  
l i n g u i s t i c  r e a s o n s  a l l  w a y s  of  r e w r i t i n g  a c a t e g o r y  w i l l  u s u a l l y  
h a v e  s o m e  e l e m e n t  i n  c o m m o n  a n d  s o m e  c 0 n f l a t i o n  w i l l  u s u a l -  
l y  be  p r e s e r v e d .  

i S q u a r e  b r a c k e t s  a r e  u s e d  h e r e  r a t h e r  t h a n  the  c u s t o m a r y  p a r e n -  
t h e s e s  to  a v o i d  c o n f u s i o n  w i t h  t he  p a r e n t h e s e s  u s e d  i n  t he  d e r i v e d  
DG. M o r e  e x a c t l y ,  [ ]  a n d  {} e n c l o s e  l i s t s  of  s t r i n g s  of  c a t e g o -  
r i e s .  I n  t he  c a s e  o f  [ ] t h e  l i s t  m a y  c o n s i s t  of  o n e  m e m b e r ,  a n d  
i n  b o t h  c a s e s  t h e  s t r i n g s  m a y  c o n s i s t  of  o n e  i t e m .  

Z S i n c e  t h e  S P G  m u s t  be  f i n i t e ,  no  r u l e  w i l l  r e w r i t e  X a s  a s t r i n g  
o r a l s  in  a n y  a p p l i c a t i o n ,  a n d  s o m e  o t h e r  c a t e g o r y  of  d e g r e e  l e s s  
t h ~ n  X w i l l  be  a v a i l a b l e  f o r  s t a r r i n g  i n  a l l  c a s e s .  



I f  t h e  s i m p l e s t  D G  c o r r e s p o n d i n g  to  t h e  S P G  i s  d e s i r e d ,  
t h e n  i t  i s  p r e f e r a b l e  to  a u g m e n t  t h e  S P G  i n  s u c h  a w a y  t h a t  
a )  n o  c a t e g o r y  o c c u r s  b o t h  s t a r r e d  a n d  n o n - s t a r r e d  o n  t h e  

r i g h t ,  a n d  
b)  n o  c a t e g o r y  i s  s t a r r e d  o n  t h e  r i g h t  of  t w o  o r  m o r e  r u l e s  

w h i c h  r e w r i t e  d i f f e r e n t  c a t e g o r i e s .  
B u t  i t  i s  n o t  a l w a y s  p o s s i b l e  to  o b s e r v e  t h e s e  p o l i c i e s ,  a n d  i n  
that c a s e ,  a d d i t i o n a l  a u g m e n t a t i o n  is necessary in order to 

d i s t i n g u i s h  a m o n g  o c c u r r e n c e s  of  X a s  t h e  m a r k e d  c o n s t i t u e n t  
i n  t h e  r u l e  r e w r i t i n g  Y, X a s  t h e  m a r k e d  c o n s t i t u e n t  i n  t h e  
r u l e  r e w r i t i n g  Z,  Z ~ Y, a n d  X a s  a n  u n m a r k e d  c o n s t i t u e n t  
of  a n y  c a t e g o r y .  

Assume some category X is starred in two or more rules 

which rewrite different categories, 1 say Y and Z, and also 

occurs unstarred on the right in some rules. The two X*'s 

are assigned different subscripts to avoid assigning the same 

substitutes for Y and Z with the consequent loss of essential 

information. We now have three varieties of X, namely: X, 

XI, and X2, where X is the unstarred variety, X I is the 

marked constituent of Y, and X 2 of Z. (If X does not occur 

unstarred, only X and X I are needed.) If X is not a termi- 
nal category, there is a rule rewriting X. Then we must add, 

beneath that rule, rules for rewriting X 1 and X 2. If 

X ~ U* W, we add X I ~ UI* W 

and X 2 -~ U2* W. 
Now, if U is not a terminal category, we add rules for re- 

writing U I and U 2 beneath the rule rewriting U. Thus the 

process of adding rules is iterative, but it will eventually end 

when, in some lower rule, a terminal category is starred. 

Note that in some cases sub-subscripts are needed. For 

e x a m p l e  : 

I .  Z . . . .  P I * "  " " 

2. X . . . .  R I * . . .  

3. Y . . . .  R 2 * . . .  

4. R .... P2*"  " " 

5. P . . . .  A * . . .  

I 
X# may occur 

gory, Y. 
E.g., inY-~ 

L} Y ~  X 
~ Z *  

m o r e  t h a n  o n c e  i n  r u l e s  r e w r i t i n g  t h e  s a m e  c a t e -  

Y X , t h e  o n l y  p o s s i b l e  s t a r r i n g  i s  
Z 

, w h i c h  p r o d u c e s  t h r e e  r u l e s  f o r  Y, i n  t w o  of 

which X* occurs. 



1 " r o c e e d i n g  d o w n  the  r u l e s ,  w e  s e e  f i r s t  t h a t  p t ~  a n d  OCCURS, 

scanning down the left,~that P's are not terminal categories 
a n d  t h a t  t h e r e  i s  n o  r u l e  r e w r i t i n g  1"1" T h e r e f o r e ,  
b e n e a t h  1" . . . .  A * . . .  

w e  a d d  P t  . . . .  A t *  . . . .  

I n  the  s e c o n d  r u l e ,  R I *  o c c u r s ,  i s  n o n - t e r m i n a l ,  a n d  r e q u i r e s  
a r u l e ,  s o  
b e n e a t h  
w e  a d d  

R Z *  occurs 
beneath 

we add 

1"2" occurs 
beneath 

we add 

Our rules are now: 

1. Z . . . .  1"1"" "" 

2. X .... R t * . . .  

3. Y .... RZ*... 

4. R .... P2*" " " 

5. R 1 * . . .  .... 1"21 

6. R 2 # ; . . .  . . . .  P 2 2  

7. 1" .... A*... 

8 .  Pl . . . .  AI*" " " 

9. 1"2 .... A2* .... 

R . . . .  1 ' 2 . . . .  

R t --- 1"21#;. • . 

i n  t h e  t h i r d  r u l e ,  u n d e r  t he  s a m e  c o n d i t i o n s ,  a n d  

R 1 * . . .  .... '1"21 

R 2 * .... .... 1"22 

in the fourth rule, under the same conditions, and 

1"1 .... A t * "  " " 

1"2 ~'''A2*''" 

a n d  w e  a r e  l o o k i n g  a t  r u l e  5 w h e r e  P 2 i *  r e q u i r e s  u s  to  a d d  

t 0  . . . . .  * . . . .  
P21 A21 

Rule 6 requires us to add 

t t  . . . . .  1=22 A22. . . . .  

B u t  i n  r u l e  7, A#; r e q u i r e s  no a d d i t i o n s ,  b e c a u s e  A i s  no t  s u b -  
s c r i p t e d ,  a n d  t h e  s u b s c r i p t e d  A ' s  i n  r u l e s  8 - 1 t  r e q u i r e  no  a d -  
d i t i o n s  b e c a u s e  A ' s  a r e  t e r m i n a l  c a t e g o r i e s .  

A s  a r e s u l t ,  no  X i *  o c c u r s  on  t h e  r i g h t  of  t w o  o r  m o r e  
r u l e s  w h i c h  r e w r i t e  d i f f e r e n t  c a t e g o r i e s .  

T h i s  p r o c e s s  a n d  t h e  r e m a i n i n g  s t e p s  w i l l  be  i l l u s t r a t e d  
u s i n g  S P G 2 .  In  o r d e r  to  s h o w  the  e f f e c t s  of  d i f f e r e n t  c h o i c e s  
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:ii i n  ~ u g m e n t a t i o n ,  SPG2 w i l l  be a u g m e n t e d  in  a way  tha t  d e l i b -  
e r a t e l y  v i o l a t e s  the p o l i c i e s  a d v o c a t e d  f o r  s t a r r i n g  (but not  
t h e  r e s t r i c t i o n s ) .  

SPGZ 

Axiom: S 

Rewriting Rules : 

I. S ~ NP~ VP 
2. VP-4"  V N P *  [NP] 
3: N P  --~ D N~ 

We w i l l  a s s u m e  a s s i g n m e n t s  a r e  the s a m e  as  f o r  S P G t  wi th  
the a d d i t i o n a l  a s s i g n m e n t s  of " s e n d "  and " g i v e "  to V, and 
" b o o k s "  and " f l o w e r s "  to N. I 

Note  that ,  in th is  a u g m e n t a t i o n ,  N P  is  s t a r r e d  tw ice  and 
a l s o  o c c u r s  n o n - s t a r r e d  on the r igh t .  S u b s c r i p t i n g  and dup l i -  
c a t i on  a r e  r e q u i r e d ,  r e s u l t i n g  in  

i. S --- NP~ VP 

z.  vP-v [NP] 

3. NP ~ D N~ 

4. NP 1 ~ D N~ 

5. NP 2 ~ D N~ 

Step 2. E s t a b l i s h  a t ab le  of s u b s t i t u t e s  (TS) of 2 c o l u m n s  and n 
r o w s ,  w h e r e  n e q u a l s  the n u m b e r  of r u l e s  in  the SPG (a f t e r  
s t ep  i ) .  L i s t  c a t e g o r i e s  on the l e f t  in c o l u m n  t ,  and  s t a r r e d  
c a t e g o r i e s  on the r i g h t  in c o l u m n  2, in o r d e r .  E l i m i n a t e  any 
dup l i ca t e  rows .  (Cf. p. 9, foo tno te  l . )  

At the end of step 2, applied to SPGZ, the result is 

TS 

S NP  i 

VP NP z 

NP N 

NP i N I 

NP z N 2 

1In a t r a n s f o r m a t i o n a l  g r a m m a r ,  l e x i c a l  a s s i g n m e n t  r u l e s  of m o r e  
c o m p l e x  f o r m  than  tha t  g i v e n  h e r e  w o u l d  p r e s u m a b l y  b l o c k  the 
g e n e r a t i o n  of u n - E n g l i s h  s e n t e n c e s .  
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S t e p  3. S t a r t i n g  w i t h  k = i ,  t r y  to  m a t c h  t h e  c a t e g o r y  i n  r o w  k, 
c o l u m n  2 (k, 2) w i t h  a c a t e g o r y  o c c u r r i n g  i n  c o l u m n  i o f  a 
l o w e r  r o w .  I f  a m a t c h  i s  f o u n d  o n  r o w  m ,  c h e c k  to  s e e  i f  a 
m a t c h  a l s o  o c c u r s  o n  m + i .  { T h i s  w i l l  b e  t h e  c a s e  i f  t h e  
S P G  c o n t a i n s  m o r e  t h a n  o n e  r e w r i t i n g  r u l e  f o r  t h e  c a t e g o r y  in '  
(k, 2}.) I f  i t  d o e s ,  m a r k  m a s  a b r a n c h i n g  p o i n t ,  i n s e r t  a 
d u p l i c a t e  of  r o w  k b e n e a t h  r o w  k {the d u p l i c a t e  w i l l  b e  r o w  
k + i )  a n d  f o l l o w  s e p a r a t e  b r a n c h e s  f o r  s u b s t i t u t e s  f o r  (k, i )  
a n d  (k + i ,  i ) .  R e p l a c e  t h e  c a t e g o r y  i n  (k, 2) w i t h  t h e  c a t e g o r y  
i n  ( m ,  2) a n d  r e p e a t  t h e  s e a r c h  o n  t h e  r e m a i n i n g  l o w e r  r o w s .  
W h e n  t h e  s e a r c h  i s  e x h a u s t e d ,  a s s i g n  a n  e x p o n e n t  s to  t h e  
l a s t  c a t e g o r y  o b t a i n e d  {the f i n a l  s u b s t i t u t e }  i n  c o l u m n  2, w h e r e  
s e q u a l s  t h e  n u m b e r  of  m a t c h e s  p l u s  i .  I n c r e m e n t  k a n d  r e -  
p e a t  u n t i l  e v e r y  c a t e g o r y  i n  c o l u m n  i h a s  a s u b s t i t u t e  t h a t  
d o e s  n o t  a p p e a r  i n  c o l u m n  i .  A t  t h e  e n d  o f  s t e p  3, w e  o b t a i n  
a u n i q u e  s u b s t i t u t e  f o r  e v e r y  r e w r i t t e n  c a t e g o r y  of  S P G 2 .  i 

TS 

2 
S N i 

2 
VP N 2 

NP N i 

i 
NP i N i 

i 
NP 2 N 2 

S t e p  4. C o n s t r u c t  a n  I n t e r m e d i a t e  R u l e  L i s t  ( I R L )  by  r e p l a c i n g  
e a c h  c a t e g o r y  i n  t h e  a u g m e n t e d  S P G  r u l e s  w i t h  i t s  s u b s t i t u t e s  
f r o m  TS.  I f  a c a t e g o r y  h a s  n o  s u b s t i t u t e ,  s u p e r s c r i p t  i t  w i t h  
a z e r o .  I f  X i h a s  m o r e  t h a n  o n e  s u b s t i t u t e ,  i n c l u d e  t h e m  i n  
b r a c e s  w h e r e v e r  X i a p p e a r s  o n  t h e  r i g h t .  If  a c a t e g o r y  X 
o c c u r r i n g  o n  t h e  l e f t  h a s  m o r e  t h a n  o n e  s u b s t i t u t e ,  p r o v i d e  a 
s e p a r a t e  r e w r i t i n g  r u l e  f o r  e a c h  s u b s t i t u t e  y S  s u c h  t h a t  
y n . _ ~ . . . _ n S  y s - i ~ . . .  .2  I f  a n o n - s t a r r e d  c a t e g o r y  o n  t h e  r i g h t  

i I n  c a s e s ,  n o t  i l l u s t r a t e d  h e r e ,  w h e r e  s e v e r a l  s u b s t i t u t e s  a r e  f o u n d  
b e c a u s e  s e v e r a l  r u l e s  r e w r i t e  s o m e  Xi,  e a c h  s u b s t i t u t e  w i l l  b e  
u n i q u e l y  a s s i g n e d  to  X i .  

2 E . g . ,  a s s u m e  X . . . .  A ~ . . .  
~' X .... Y~... 

Y .... B~... 

Y . . . .  C ~ . . .  A i  
s o t h a t  t h e  s u b s t i t u t e s  f o r  X a r e  , B 2, a n d  C 2, a n d  t h e  s u b s t i -  
t u t e s  f o r  Y a r e  B i a n d  C i .  T h e n  t h e  I R L  i s :  
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h a s  m o r e  t h a n  o n e  s u b s t i t u t e ,  i n c l u d e  a l l  s u b s t i t u t e s  a s  
b r a c e d  o p t i o n s .  A t  t h e  e n d  o f  s t e p  4, w e  o b t a i n  

2 N ~ *  2 
1. N 1 --- N 2 

Z V 0 NiZ, [Ni] 2. N 2 

3. N 1 -* D O N O 

1 -~  D O N ~ *  
4. N i 

t --~ D O N~* 
5. N 2 

S t e p  5. T a k e  t h e  f i r s t  u n m a r k e d  I R L  r u l e ,  w h i c h  r e w r i t e s  s o m e  
X~, s e t  s a s  a c o u n t e r ,  a n d  w r i t e  X n f o l l o w e d  b y  a p a i r  o f  
p a r e n t h e s e s  e n c l o s i n g  t h e  s t r i n g  of  c a t e g o r i e s  o n  t h e  r ~ g h t  of  
t h e  I R L  r u l e .  N o t e  t h a t  t h e  s t r i n g  w i l l  c o n t a i n  a n  X s -  *. 

n 

S t e p  6. M a r k  t h e  p r e v i o u s l y  p r o c e s s e d  I R L  r u l e ,  d e c r e a s e  s b y  
t ,  a n d  t e s t  f o r  s = 0. I f  so ,  go  to  s t e p  7. O t h e r w i s e ,  f i n d  

s t h e  r u l e  w h i c h  r e w r i t e s  t h e  n e w  X n. R e p l a c e d  t h e  s t a r r e d  
x S *  i n  t h e  c u r r e n t  D r u l e  w i t h  t h e  c a t e g o r i e s  o n  t h e  r i g h t  of  
t h e  I R L  r u l e .  R e p e a t  s t e p  6. 

S t e p  7. T e s t  to  s e e  i f  a n y  u n m a r k e d  r u l e s  r e m a i n  i n  t h e  I R L .  I f  
t h e y  do,  r e t u r n  to  s t e p  5. I f  no t ,  
a .  E r a s e  s t a r r e d  c a t e g o r i e s ,  l e a v i n g  o n l y  t h e  s t a r .  
b .  A d d  r u l e s  of  t h e  f o r m  X(*)  f o r  a n y  n o n - s t a r r e d  t e r m i n a l  

, c a t e g o r y  of  t h e  I R L .  
c. A d d  a s  a x i o m ( s )  of  t h e  D G  t h e  s u b s t i t u t e ( s )  of  t h e  a x i o m ( s )  

o f  t h e  S P G .  
d. A d d  t h e  a s s i g n m e n t  r u l e s  of  t h e  S P G .  If  a c a t e g o r y  i s  

s u b s c r i p t e d  i n  t h e  DG,  t h e  a s s i g n m e n t s  a r e  d u p l i c a t e d  f o r  
e a c h  s u b s c r i p t e d  v a r i a n t .  

e.  E r a s e  e x p o n e n t s .  
A t  t h e  e n d  of  s t e p  7, w e  o b t a i n  t h e  d e r i v e d  D G 2 .  

Axiom: * (Ni) 

D e p e n d e n c y  R u l e  s : 

1. N I (D * N2)  

2. T h e n  t h e  I R L  i s :  A i .... A 0. . . 

B 2 .... Bi,... 

C 2 .... CI,... 

B I .... B 0. . . 

C I __~ . .  C 0. . . 
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Z. N z (V D • iN]) 

3. N (D *) 

4. V (*) 

5. D (*) 

If we interpret each distinct X n as a separate category, 
then the same list of words is assigned to the three catego- 
ries, N, Nf, and NZ, by the assignment rules. If we inter- 
pret them as the same category, then the subscripts distin- 
guish the different substructures of a sentence in which the 
N's occur. Each N governs a D directly on the left, but if 
it is the axiom it is required to govern another N on the right 
also. If N is not the axiom but is governed directly by the 
axiom, it ~ govern another N on the right, and is required 
to govern a V on the left. If it is neither the axiom nor a di- 
rect dependent of the axiom, it governs nothing but the D. We 
may not erase the subscripts and write a single conflated rule 
N (iv] D • iN]), for then strings not generated by SPGZ 
w o u l d  be g e n e r a t e d .  ( F o r  e x a m p l e ,  the r u l e  wou ld  g e n e r a t e  
an  i n f i n i t e  s e t  of  s t r i n g s ,  (D N)n.) In such  c i r c u m s t a n c e s  we 
say  tha t  the  DG is  s t r u c t u r e  s e n s i t i v e .  

Definition i. A DG is structure sensitive if 
a. the set of terminals assigned to one category is identical 

to the set assigned to any other category, and/or 
b. any rule restricts the choice of dependents a category 

may govern to a subset of the ordered dependents it is 
permitted to govern in some other rule. 

Note that a DG containing the rules A (*) and A (B • C) is 
structure sensitive by this definition. Here, too, conflation is im- 
possible, s i n c e  A ([B] • [C]) a l l o w s  A to g o v e r n  B w i thou t  g o v -  
e r n i n g  C. 

T h i s  s t r u c t u r e - s e n s i t i v e  f e a t u r e  of s o m e  DG a p p a r e n t l y  
s e r v e s  f u n c t i o n s  l l ke  t h o s e  s e r v e d  by the c o n t e x t - s e n s i t i v e  f e a t u r e  
of  c o n t e x t - s e n s i t i v e  p h r a s e  s t r u c t u r e  g r a m m a r s  in p l a c i n g  r e s t r i c -  
t i ons  on the s t r i n g  g e n e r a t e d ,  but  t h e r e  s e e m s  to be no m e n t i o n  of 
i t  in the  l i t e r a t u r e .  I t s  c h a r a c t e r  m a y  be m a s k e d  by the f r e e d o m  
to s e t  up c a t e g o r i e s  and  a s s i g n  the s a m e  t e r m i n a l s  to t hem.  i F o r  
e x a m p l e ,  one m a y  s u b s t i t u t e  s i m p l e  s y m b o l s  X and  Y f o r  the 
c o m p l e x  s y m b o l s  N i and  N 2, and  ob ta in  the r u l e s  

X (D * Y) 
Y (V D ~' iN]) 
N (D *) 

i G a i f r n a n ' s  m e t h o d  [4] fo r  c o n v e r t i n g  S P G  to DG m a k e s  g r e a t  u s e  
of  th is  f r e e d a m .  
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I n  t h i s  c a s e ,  o n l y  t h e  a s s i g n m e n t  r u l e s ,  a s s i g n i n g  e x a c t l y  the  
s a m e  s e t  of  t e r m i n a l s  to  X, Y, a n d  N, e x p l i c i t l y  s h o w  t h e  s t r u c -  
t u r e  s e n s i t i v i t y , '  a l t h o u g h  t h e  f a c t  t h a t  N g o v e r n s  a s u b s e t  of  t h e  
d e p e n d e n t s  of  X a n d  Y i s  s i g n i f i c a n t .  

S u c h  a r b i t r a r i n e s s  i n  a s s i g n i n g  s y m b o l s  r a i s e s  t h e  s i g n i f i -  
c a n t  l i n g u i s t i c  p r o b l e m  of  c r i t e r i a  f o r  e s t a b l i . s h i n g  c a t e g o r i e s ,  
w h i c h  i s  t o o  l a r g e  a n  i s s u e  to  b e  d i s c u s s e d  h e r e ,  T h e  p . r o b l e m  i s  
n o  l e s s  r e l e v a n t  to  S P G ,  

D e f i n i t i o n  Z. A n  S P G  i s  s t r u c t u r e  s e n s i t i v e  i f  
a .  t h e  s e t  o f  t e r m i n a l s  a s s i g n e d  to  o n e  t e r m i n a l  c a t e g o r y  i s  

• i d e n t i c a l  to  t h e  s e t  a s s i g n e d  to  a n y  o t h e r ,  a n d / o r  
b.  a n y  r e w r i t i n g  r u l e  d o e s  n o t  c o n t a i n ,  o n  t h e  r i g h t ,  a u n i q u e  

c a t e g o r y  ( o t h e r  t h a n  t h e  a x i o m )  w h i c h  o c c u r s  o n l y  o n c e  i n  
t h a t  r u l e  a n d  a p p e a r s  o n  t h e  r i g h t  i n  n o  o t h e r  r u l e .  

T h e  l i n g u i s t i c  i m p l i c a . t i o n s  of  t h e  p r o p e r t y  may b e  c l a r i f i e d  
b y  c o n s i d e r i n g  t w o  s e t s  of  r u l e s ,  o n e  f o r  t h e  a r t i f i c i a l  l a n g u a g e  
a n b a n a n d  o n e  f o r  a f r a g m e n t  of  E n g l i s h .  

T h e  l a n g u a g e  a n b a n i s  g e n e r a t e d  b y  t h e  r u l e s  S ~-~ A S A,  
S ~ B,  A ~ a ,  a n d  B ~ b. T h e  f i r s t  r u l e  " d o e s  n o t  c o n t a i n  a 
u n i q u e  c a t e g o r y  ( o t h e r  t h a n  t h e  a x i o m )  w h i c h  o c c u r s  o n l y  o n c e " ,  
s i n c e  A o c c u r s  t w i c e .  One  of  t h e  A ' s  m u s t  b e  s t a r r e d  i n  c o n -  
v e r t i n g  to  a D G  a n d  t h e  D G  w i l l  d i s t i n g u i s h  t w o  c a t e g o r i e s  of  a ,  
a l e f t  A a n d  a r i g h t  A.  N o t e  t h a t  t h e  s a m e  l a n g u a g e  i s  g e n e r a t e d  
i f  t h e  f i r s t  r u l e  i s  S ~ A S a n d  a t r a n s f o r m a t i o n a l  r u l e  
X B => X B X i s  a d d e d .  In  t h i s  c a s e ,  e a c h  r e w r i t i n g  r u l e  c o n -  
t a i n s  a u n i q u e  c a t e g o r y  o t h e r  t h a n  t h e  a x i o m ,  a n d  a s t r u c t u r e - f r e e  
s e t  of  d e p e n d e n c y  r u l e s  i s  o b t a i n a b l e  f r o m  t h e m .  

A l e s s  a r t i f i c i a l  b u t  s t i l l  e x t r e m e  c a s e  o f  s t r u c t u r e  s e n s i -  
t i v i t y  i s  t h a t  i n  w h i c h  t w o  o r  m o r e  r u l e s  a r e  r e w r i t t e n  i n  e x a c t l y  
t h e  s a m e  w a y .  A s s u m e  t h a t  a n  S P G  f o r  E n g l i s h  h a s  t h e  f o l l o w i n g  
r e w r i t i n g  r u l e s  : 

S ~ X  V P  
VP~V Y 

X - - ~ D  N 
Y ~ D  N 

H e r e  t h e  d i s t i n c t i o n  d r a w n  b e t w e e n  a s e q u e n c e  D N t h a t  i s  a ( n )  X 
(i .  e . ,  d e r i v e s  f r o m  X) a n d  a D N t h a t  i s  a Y, r e f l e c t s  t h e  f u n c -  
t i o n a l  n o t i o n s  of  s u b j e c t  a n d  o b j e c t ,  b u t  o b s c u r e s  t h e  c a t e g o r i a l  n o -  
t i o n  i s  a n o u n  p h r a s e .  C h o m s k y  [3, pp .  6 8 - 7 2 ]  a r g u e s  t h a t  i t  i s  
c o n f u s i n g  a n d  r e d u n d a n t  to  a s s i g n  c a t e g o r i a l  s t a t u s  to  b o t h  n o t i o n s  
s i n c e  t h e  p u r e l y  r e l a t i o n a l  c h a r a c t e r  of  t h e  f u n c t i o n a l  n o t i o n  i s  i m -  
p l i c i t  i n  t h e  r e w r i t i n g  r u l e s  S --~ N P  V P  a n d  V P  ~ V [ N P ] ;  t h a t  i s ,  
t h e  n o t i o n  " s u b j e c t  o f  a s e n t e n c e "  r e f e r s  to  t h e  N P  u n d e r  t h e  i m -  
m e d i a t e  d o m i n a t i o n  of  S, a n d  " o b j e c t  of  a v e r b "  r e f e r s  to  t h e  N P  
u n d e r  t h e  i m m e d i a t e  d o m i n a t i o n  o f  V P .  C h o m s k y  a l s o  s h o w s  t h a t  
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f o r  s e n t e n c e s  l i ke  " J o h n  w a s  p e r s u a d e d  by B i l l  to l e a v e "  w h e r e  
" J o h n "  i s  s i m u l t a n e o u s l y  o b j e c t - o f  " p e r s u a d e "  and  s u b j e c t - o f  a 
t r a n s f o r m e d  e m b e d d e d  s e n t e n c e  " J o h n  l e a v e " ,  i t  i s  i m p o s s i b l e  to 
r e p r e s e n t  s u c h  f u n c t i o n a l  no t ions  by c a t e g o r i a l  a s s i g n m e n t s ,  and 
a d d s  tha t  " E x a m p l e s  of  t h i s  s o r t ,  of c o u r s e ,  p r o v i d e  the p r i m a r y  
m o t i v a t i o n  and e m p i r i c a l  j u s t i f i c a t i o n  fo r  the t h e o r y  of t r a n s f o r -  
m a t i o n a l  grammar." [p. 70]. 

W h e t h e r  i t  i s  p o s s i b l e  o r  d e s i r a b l e  to r e q u i r e  tha t  S P G  
c o m p o n e n t s  of  t r a n s f o r m a t i o n a l  g r a m m a r s  f o r  n a t u r a l  l a n g u a g e s  
be  s t r u c t u r e  f r e e  is  an  open ques t i on ,  i b r e s u m a b l y ,  i t  i s  d e s i r a b l e  
if  i t  i s  p o s s i b l e ,  s i n c e  the l e a s t  p o w e r f u l ,  m o s t  r e s t r i c t e d  g r a m -  
m a r  - -  the t i g h t e s t  f i t  - -  i s  to be p r e f e r r e d .  M o r e o v e r ,  i n s p e c -  
t i o n  of  p r o p o s e d  g r a m m a r s ,  fo r  E n g l i s h  a t  l e a s t ,  i n d i c a t e s  tha t  
m o s t  of t h e i r  r u l e s  do c o n t a i n  un ique  c a t e g o r i e s  on the r igh t .  

R e t u r n i n g  now to SPG2,  we s e e  tha t  i t  i s  s t r u c t u r e  f r e e ,  
s i n c e  e v e r y  e l e m e n t a r y  r e w r i t i n g  r u l e  f o r  e v e r y  c a t e g o r y  X i con -  
t a i n s  a s i n g l e  o c c u r r e n c e  of a t  l e a s t  one c a t e g o r y  Yi on the r i g h t  
w h i c h  d o e s  not  a p p e a r  e l s e w h e r e  on the r i gh t ,  and  is  not  the a x i o m .  
U n d e r  t h e s e  c o n d i t i o n s  we  w i l l  say  tha t  Yi i s  a h e a d  fo r  c a t e g o r y  
X i and  c a l l  a l l  s u c h  Y ' s  h e a d  c a t e g o r i e s .  E x a m i n a t i o n  shows  tha t  
the s t r u c t u r e - s e n s i t i v e  p r o p e r t y  of DG2 a r o s e  f r o m  the c h o i c e s  
m a d e  in  a u g m e n t i n g  SPG2.  If  only  h e a d  c a t e g o r i e s  a r e  m a r k e d ,  a 
s t r u c t u r e - f r e e  DG s i m i l a r  to D G i  r e s u l t s ,  in  w h i c h  a l l  s i gns  of 
a u g m e n t a t i o n  can  be  e r a s e d  w i thou t  a l t e r i n g  i t s  g e n e r a t i v e  c a p a c i t y .  

I n t u i t i v e l y ,  i t  s e e m s  r e a s o n a b l e  to r e g a r d  h e a d s  as  s o u r c e s  
of a " g o v e r n o r "  in  any s t r i n g  d e r i v a b l e  f r o m  the c a t e g o r y  in  w h o s e  
r e w r i t i n g  r u l e s  t hey  a p p e a r .  T h i s  does  not  m e a n  tha t  the s t r i n g  i s  
to be c o n s i d e r e d  e n d o c e n t r i c  in the s t r o n g  s e n s e  of r e q u i r i n g  tha t  
the g o v e r n o r  be s u b s t i t u t a b l e  fo r  the e n t i r e  s t r i n g  w i thou t  l o s s  of 
g r a m m a t i c a l i t y ,  and  the o b j e c t i o n  s o m e t i m e s  r a i s e d  tha t  d e p e n d e n -  
cy  t h e o r y  f o r c e s  a p u r e l y  e n d o c e n t r i c  a n a l y s i s  of a l a n g u a g e  is  
b a s e d  on f a i l u r e  to d i s t i n g u i s h  b e t w e e n  " h e a d  o.P' and " s u b s t i t u t a b l e  
f o r " .  I t  a p p e a r s  t r u e r  to say  tha t  d e p e n d e n c y  a n a l y s i s  a s s u m e s  
tha t  one p h r a s e  type  is  d i s t i n g u i s h e d  f r o m  a n o t h e r  p r i m a r i l y  by the 
s i n g u l a r  p r e s e n c e  of s o m e  c a t e g o r y  in  i t  r a t h e r  than  by c o - o c c u r -  
r e n c e  and  o r d e r  of c a t e g o r i e s  in  it .  

I n c i d e n t a l l y ,  a s i d e  f r o m  the p r o b l e m  of ob t a in ing  a s t r u c -  
t u r e - f r e e  DG f r o m  an SPG,  a v o i d a n c e  of s t r u c t u r e  s e n s i t i v i t y  m a y  
be a c r i t e r i o n  fo r  a s s i g n i n g  g o v e r n m e n t  w h e n  one is  a n a l y z i n g  a 
l a n g u a g e  in  t e r m s  of d e p e n d e n c y  t h e o r y .  In E n g l i s h ,  f o r  e x a m p l e ,  
the c h o i c e  has  g e n e r a l l y  w a v e r e d  b e t w e e n  noun and  v e r b  a s  c a n d i -  
d a t e s  f o r  s e n t e n c e  g o v e r n m e n t .  S ince  e v e r y  e l e m e n t a r y  s e n t e n c e  
con t a in s  one  v e r b  but  m a y  c o n t a i n  s e v e r a l  nouns ,  c h o o s i n g  the  noun 
f o r c e s  a s t r u c t u r e - s e n s i t i v e  DG. 

In c o n v e r t i n g  a DG t o  a n  SPG, no r e q u i r e m e n t  of i n t r i n s i c  
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o r d e r i n g  n e e d s  to  b e  i m p o s e d  o n  t h e  d e p e n d e n c y  r u l e s ,  a s  i t  w a s  
o n  t h e  r e w r i t i n g  r u l e s  of  S P G .  D e p e n d e n c y  r u l e s  m a y  a l w a y s  h e  
p a r t i a l l y  o r d e r e d  b y  s t a r t i n g  w i t h  t h e  r u l e  ( o r  r u l e s )  f o r  t h e  a x i -  
o m ( s ) .  C a l l  t h e s e  " l e v e l  z e r o  r u l e s " .  T h e n  l e v e l  i r u l e s  a r e  
t h o s e  w h i c h  a s s i g n  d e p e n d e n t s  to  t h e  a x i o m ,  l e v e l  Z t h o s e  w h i c h  
a s s i g n  d e p e n d e n t s  to  c a t e g o r i e s  w h i c h  m a k e  t h e i r  f i r s t  a p p e a r a n c e  
i n  l e v e l  t r u l e s ,  a n d  s o  on.  T o  i n s u r e  e v e n t u a l  t e r m i n a t i o n ,  h o w -  
e v e r ,  i t  i s  r e q u i r e d  t h a t  i f  X o c c u r s  a n y w h e r e  i n  a l e v e l  n r u l e ,  
a n d  i s  a d e p e n d e n t  i n  a l e v e l  m r u l e ,  m > n, t h e n  i t s  c h o i c e  a s  

• d e p e n d e n t  i n  t h e  l e v e l  m r u l e  i s  o p t i o n a l  o r  e l s e  t h e  g o v e r n o r  i n  
t h e  l e v e l  m r u l e  i s  o p t i o n a l l y  c h o s e n  a t  s o m e  p o i n t .  O t h e r w i s e  
n o  c o n s t r a i n t s  o n  r e c u r s i o n  a r e  n e c e s s a r y ,  a n d  a n y  c a t e g o r y  m a y  
b e  i ' e i n t r o d u c e d  a t  a l o w e r  l e v e l .  

B y  c o n t r a s t ,  t h e  p r o b l e m  of  c o n f l a t i o n  a r i s e s .  I t  h a s  b e e n  
shown that rules like k (~) and A (B * C), occurring in structure- 
sensitive DG, cannot be conflated. Conflations of A (B $) with 
A (C * D) and of A (~ B) with A (B *) are also impossible, al- 
though structure sensitivity as defined above is not involved. If 
the rules are not conflatable because the DG is structure sensitive, 
then the SPG may also be structure sensitive. If they are not con- 
flatable solely because of disparate number or position Cleft or 
right) with respect to the governor, the SPGwill be structure free. 
In either case, the conversion process becomes somewhat more 
complicated. 

T h e  p r o c e s s  w i l l  b e  i l l u s t r a t e d  f i r s t  b y  a p p l y i n g  i t  to  a D G  
w h o s e  r u l e s  c a n n o t  b e  f u l l y  c o n f l a t e d  b o t h  b e c a u s e  s o m e  a r e  s t r u c -  
t u r e  s e n s i t i v e  a n d  b e c a u s e  s o m e  a s s i g n  d i s p a r a t e  n u m b e r s  o r  p o -  
s i t i o n s  to  d e p e n d e n t s  o f  a c a t e g o r y .  

M e t h o d  2. C o n v e r s i o n  of  D G  to  S P G  

S t e p  t .  A u g m e n t a t i o n  

D e f i n i t i o n :  A d e p e n d e n t  e l e m e n t  i n  a d e p e n d e n c y  r u l e  i s  a n y  
b r a c e d  o r  b r a c k e t e d  s t r i n g  n o t  i n c l u d e d  i n  l a r g e r  b r a c e s  o r  
b r a c k e t s ,  ~ n d  a n y  s i n g l e  u n b r a c e d ,  u n b r a c k e t e d  o c c u r r e n c e  
o t h e r  t h a n  • o c c u r r i n g  w i t h i n  p a r e n t h e s e s .  

E.g., in A ({BD[C]} * E [F]) there are three de- 

pendent elements: "{BD[C]'~ , E, and [F]. 

a. Precede each dependent element with a coefficient n > i, 
so that for any n > i, at least one element is preceded by 
n - I, and for any m > n, m does not intervene between 
n and ~. Thus: 
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b. 

C.  

d. 

A (ZB * IC) 
A (2B IC *) 

but  not  A (2B @ 2C) 
and  not  A ( i B  2C *). 
A s s i g n  an  e x p o n e n t  s to the g o v e r n o r  in e a c h  r u l e ,  w h e r e  
s e q u a l s  the l a r g e s t  c o e f f i c i e n t  n of any  dependeS t .  ( F o r  
r u l e s  of  the f o r m  X (~), s i s  z e r o . )  
I f  a c a t e g o r y  X i s  a s s i g n e d  d i f f e r e n t  e x p o n e n t s  f o r  d i f f e r -  
en t  r u l e s  in w h i c h  i t  o c c u r s  as  g o v e r n o r ,  a s s o c i a t e  a d i s -  
t i nc t  s u b s c r i p t  w i th  e a c h  d i s t i n c t  exponen t .  
R e p l a c e  e v e r y  o c c u r r e n c e  of  X as  d e p e n d e n t  by X s. If  
X has  b e e n  s u b s c r i p t e d ,  i n c l u d e  e a c h  v a r i a n t  in  b r a c e s ,  
thus  : 

j 
Step  2. T e s t  fo r  u n m a r k e d  ( u n p r o c e s s e d )  r u l e s .  If  none  r e m a i n ,  

go to s t e p  4. O t h e r w i s e  take  the f i r s t  u n m a r k e d  r u l e ,  w h e r e  
s o m e  x ~ i  is  g o v e r n o r  and se t  a c o u n t e r  S = s. .  

1 

Step  3. If  S = 0, m a r k  the r u l e  and  r e p e a t  s t e p  2. If S ~ 0, c o n -  
s t r u c t ' a  r u l e  of an  I n t E r m e d i a t e  R u l e  L i s t  of the f o r m  
X~ . . . . .  On the r i g h t  of  the a r r o w  d u p l i c a t e  a l l  d e p e n d e n t  
e l e m e n t s  w h o s e  c o e f f i c i e n t s  n = S. Inc lude  the $ ,  and  p r e -  
cede  i t  w i t h  ~ - i .  D e c r e a s e  S by i ,  and  r e p e a t  s t e p  3. 

S tep  4. E s t a b l i s h  a T a b l e  of S u b s t i t u t e s ,  a s s i g n i n g  a un ique  s y m -  
bol  to e v e r y  d i s t i n c t  XSn i fo r  w h i c h  S i ~ 0. 

S tep  5. A s s i g n  the s u b s t i t u t e  o r  s u b s t i t u t e s  fo r  the a x i o m s  of the 
DG as a x i o m s  of the SPG.  

S tep  6. R e w r i t e  the I R L ,  u s ing  s u b s t i t u t e s  f r o m  the TS, d e l e t i n g  
e x p o n e n t s  and  s u b s c r i p t s  f r o m  any  X 0 and  o m i t t i n g  ~. 

n '  

Step  7. T r a n s f e r  the a s s i g n m e n t  r u l e s .  

T h i s  m e t h o d  w i l l  be i l l u s t r a t e d  u s i n g  an  a b s t r a c t  DG3, w i t h -  
out  a s s i g n m e n t  r u l e s .  DG3 i s  s t r u c t u r e  s e n s i t i v e  s i n c e  t h e r e  a r e  
r u l e s  w h i c h  r e s t r i c t  the c h o i c e s  of  d e p e n d e n t s  of  c a t e g o r i e s  A and 
C to s u b s e t s  of  the o r d e r e d  c a t e g o r i e s  they  a r e  p e r m i t t e d  to g o v -  
e r n  in  o t h e r  r u l e s .  

DG3 ( a u g m e n t e d )  

Axiom: • (A) 
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The 

D e p e n d e n c y  R u l e s  : i  

i. A (IB *) 

Z. A(2 ~cD } IB * 3E) 

3. B (IE *) 

4. B (* i F )  

5. C (IG * iF) 

6. C (*) 

7. D (*) 

8. z ( ,  IG) 

9. F (IA *) 

iO. G (*) 

final augmented form after step i is: 

A x i o m :  * tA32 j 

D e p e n d e n c y  R u l e s  : 

( tB  i *) i. A i 

B i D O 

3 i 
Z. A z (Z C i 

0 
C 2 

3. B i (IE i *) 

4. B i (* i F  i )  

i ( iG  0 , iFi) 5. C i 

0 
6. c z (*) 

7. D O (*) 

8. E i (* IG 0) 

i B  1 , 3E 1) 

iNo te  the i m p o s s i b i l i t y  of f u r t h e r  conf l a t ion ,  a nd  that  e v e r y  c a t e -  
g o r y ' o c c u r r i n g  as  de pe nde n t  in  a r u l e  of l e v e l  m a nd  a l s o  o c c u r -  
r i n g  in  s o m e  o the r  r u l e  of l e v e l  n < m is  a l w a y s  o p t i o n a l l y  c h o s e n  
as  a dependen t .  Tha t  i s ,  t h e r e  is  t-he p o s s i b i l i t y  of a v o i d i n g  i t s  
r e i n t r o d u c t i o n .  Thus  A, the ax iom,  is  r e i n t r o d u c e d  in  r u l e  9, 
but  i t s  g o v e r n o r ,  F ,  i s  op t i ona l l y  c h o s e n  as  a dependen t .  O t h e r -  
w i se  no d e r i v a t i o n  could  t e r m i n a t e .  
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9. F i (t  i 3 * )  

[A2 
io .  G O (*) 

At the end of iterationm on steps 2 and 3, the IRL is 

i --~ B i A0, 
i. A i 

2. S A2, E ~ 
A2 ~ [ B t D O } 

I --~ B I A02 , 4. A 2 

5. B i -~ E i B 0 

6. B i -- B 0 F i 

i_,. G O C0~ F i 
7. C i 

8. E i ~ E 0 G O 

A possible TS is: 
i 

S :A i 

3 
Z :A z 

2 
Y :A z 

i 
X :A 2 
W:B i 

i 
V :C  i 
U : E  i 
T :F  i 
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SPG3 is  : 

A x i o m ( s ) :  { S }  

R e w r i t i n g  R u l e  s : 

i .  S -*W A 

Z. Z - * Y  U 

{ W  D }  
3. Y ~ V 

C 

4. X --~W A 

5. W ---~U B 

6. W ~ B  T 

7. V ~ G  C T 

8. U ---*E G 

t L J  

X 

SPG3 i s  s t r u c t u r e  s e n s i t i v e ,  s i n c e  two c a t e g o r i e s ,  S and 
X, a r e  r e w r i t t e n  the s a m e  way.  Th i s  r e s u l t s  f r o m  the f a c t  that ,  
i n  DG3, A has  two s e t s  of  d e p e n d e n t s  and one se t  i s  i n c l u d e d  in the 
o t h e r .  The  s t r u c t u r e - s e n s i t i v e  r u l e s  f o r  C in DG3 p r o d u c e d  no 
a d d i t i o n a l  s t r u c t u r e - s e n s i t i v e  r u l e s  in SPG3,  h o w e v e r ,  s i nce  one 
of t hem,  C ($1, w a s  not  p r o c e s s e d  in  s t ep  3 and did not  f o r m  p a r t  
of the IRL.  

SPG3 m a y  be r e w r i t t e n  as  a s t r u c t u r e - f r e e  g r a m m a r  in a 
p u r e l y  ad  hoc  way  by e l i m i n a t i n g  the r e w r i t i n g  r u l e  fo r  X and shb-  
s t i t u t i ng  S f o r  the o c c u r r e n c e  of X on the r igh t .  M o r e  g e n e r a l l y ,  
i t  is  r e a s o n a b l e  to r e q u i r e  of the  o r i g i n a l  DG that  i t s  r u l e s  be d e -  
s i g n e d  so  tha t  i t  i s  p o s s i b l e  to w r i t e  a s i n g l e  r u l e  ( schema}  a s -  
s i gn ing  d e p e n d e n t s  to any g i v e n  c a t e g o r y .  Th i s  r e q u i r e m e n t  i s  
r e a s o n a b l e  if  the DG is  a b a s e  c o m p o n e n t  of a t r a n s f o r m a t i o n a l  
g r a m m a r  w h o s e  t r a n s f o r m a t i o n s  take c a r e  of the e v e n t u a l  o r d e r  of 
e l e m e n t s  in a s e n t e n c e .  The  p r i m a r y  func t i on  of the D O ' s  d e p e n -  
d e n c y  r u l e s  i s ,  in th is  c a s e ,  only  tha t  of l i s t i n g  ' c o - o c c u r r i n g  c a t e -  
g o r i e s  in  the d e p e n d e n c y  r e l a t i o n s  in s o m e  c a n o n i c a l  o r d e r .  In 
DO3, A a l w a y s  o c c u r s  wi th  B as  dependen t .  W h e n e v e r  E is  a 
d e p e n d e n t  of  A, then  e i t h e r  a s e c o n d  B or  a C a r e  a l s o  d e p e n -  
den t s ,  and i f  a s e c o n d  B i s  a d e p e n d e n t  of  A, D i s  a l s o .  Th is  s e t  
of cond i t i ons  i s  s u m m e d  up by 
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Similarly, B always occurs with E or F as dependents, i.e., 

and C occurs with no dependents o r  else with both G and F, i.e., 

c (* [O F]). 
These rules express co-occurrence relationships more directly 
than the original rules do. Let us assume this constraint and re- 
design DG3 as DG4. Let the augmented DG4 be: 

Axiom: • (A) 

Dependency Rules : 

i. A ( z B "  I [tC D} El) 

3. c(* JiG F]) 

4. D (#;) 

5. E ( ,  IG) 

6. F (tA *) 

v. G (*) 

The IRL is: 

A z __. B I Ai~ 

° 

AI--A' L[ CI } E~] 
o, 

c i _ c o [G O F ~1 

E i _. E 0 G O 

F I _ A z F 0 

With appropriate substitutions, this becomes SPG4: 

Axiom: Z 

Rewriting Rules : 

1. Z-~X Y 

ZZ 



4. w - c [G u]  

5~ V--E G 

6. U--Z F 

v] 

S P G 4  i s  s t r u c t u r e  f r e e .  F u r t h e r m o r e ,  i t  h a s  o n l y  o n e  a x i o m ,  
w h e r e a s  S P G 3  h a d  t w o  e v e n  t h o u g h  d e r i v e d  f r o m  a D G  w h i c h  h a d  
o n l y  o n e .  

T h e  a d d i t i o n a l  r e s t r i c t i o n s  p r o p o s e d  f o r  D G  a n d  S P G  i n  
d i s c u s s i o n s  of  t h e  r e s u l t s  of  c o n v e r s i o n  by  t h e s e  m e t h o d s  a r e  n o t  
c r u c i a l  a s  f a r  a s  o b t a i n i n g  s y s t e m a t i c a l l y  c o r r e s p o n d i n g  g r a m -  
m a r s  i s  c o n c e r n e d .  W i t h o u t  t h e m ,  e v e r y  c o m p l e t e  s u b t r e e  of  a 
D - t r e e  w i l l  c o r r e s p o n d  to  a c o m p l e t e  s u b t r e e  of  a P - t r e e  o v e r  t h e  
s a m e  s t r i n g ,  a n d  e v e r y  c o m p l e t e  s u b t r e e  of  t h e  P - t r e e  w i l l  c o r -  
r e s p o n d  to  a c o n n e c t e d  s u b t r e e  of a D - t r e e  o v e r  t h e  s a m e  s t r i n g .  
(No  f o r m a l  p r o o f  of  t h i s  w a s  g i v e n ,  b u t  t h e  m e t h o d s  of  c o n s t r u c t i n g  
a n  I R L  m a k e  i t  m o d e r a t e l y  a p p a r e n t . )  H a y s  [5] s u g g e s t s  t h e  t e r m  
r e l a t i o n a l  c o r r e s p o n d e n c e  f o r  t h i s  s t a t e  of a f f a i r s .  A l s o  t h e r e  i s  a 
s y s t e m a t i c  r e l a t i o n s h i p  b e t w e e n  t h e  c a t e g o r i e s  of  t h e  t w o  g r a m -  
m a r s ~  w h i c h  t h e  TS m a k e s  e x p l i c i t .  

S o m e t i m e s  t h a t  r e l a t i o n s h i p  i s  s i m p l e ,  a s  i n  t h e  c a s e  of  
D G 4  a n d  S P G 4 .  G i v e n  a n y  c a t e g o r y  o f  D G 4 ,  t h e r e  i s  e x a c t l y  o n e  
c a t e g o r y  of  S P G 4  f r o m  w h i c h  t h e  s a m e  s e t  o f  s t r i n g s  i s  d e r i v a b l e .  
T h e  r e l a t i o n s h i p  a l s o  h o l d s  b e t w e e n  t h e  c a t e g o r i e s  of  D G t  a n d  
S P G t ,  a n d  b e t w e e n  t h o s e  of  D G 2  a n d  S P G 2 .  U n d e r  t h e s e  c o n d i -  
t i o n s ,  H a y s  [5] c a l l s  t h e  c a t e g o r i e s  " s u b s t a n t i v e l y  e q u i v a l e n t " .  
T h e  r e l a t i o n s h i p  b e t w e e n  t h e  c a t e g o r i e s  of  D G 3  a n d  S P G 3  i s  l e s s  
s i m p l e .  T h e r e  t he  s e t  of  s t r i n g s  d e r i v a b l e  f r o m  A of  t h e  D G  i s  
t h e  u n i o n  of  t h e  s e t  of  s t r i n g s  d e r i v a b l e  f r o m  S a n d  Z of  t h e  S P G ,  
a n d  t he  s e t  d e r i v a b l e  f r o m B  i s  t h e  u n i o n  d t h e  s e t  d e r i v a b l e  f r o m  
W a n d  V. 

Hays says that a D-tree and a P-tree correspond if they 
correspond relationally and if the category at the origin of every 
complete subtree of the D-tree is substantively equivalent to the 
c a t e g o r y  l a b e l i n g  t h e  c o m p l e t e  s u b t r e e  of  t h e  P - t r e e  r e l a t e d  to  i t .  
I f  a D G  a n d  a n  S P G  " h a v e  t h e  s a m e  t e r m i n a l  a l p h a b e t ,  a n d  f o r  
e v e r y  s t r i n g  o v e r  t h a t  a l p h a b e t ,  e v e r y  s t r u c t u r e  a t t r i b u t e d  b y  
e i t h e r  c o t / r e s p o n d s  to  a s t r u c t u r e  a t t r i b u t e d  b y  t h e  o t h e r " ,  h e  c a l l s  

t h e  t w o  g r a m m a r s  " s t r o n g l y  e q u i v a l e n t " .  [5, p.  5 2 t ]  W e  p r e f e r  
to  s a y  t h a t  t h e y  c o r r e s p o n d  s u b s t a n t i v e l y ,  s i n c e  r e l a t i o n a l  c o r r e -  
s p o n d e n c e  i s  a s y m m e t r i c  a n d  t h e r e  a r e  a l w a y s  " l e f t - o v e r "  S P G  
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categories to which no DG category is substantively equivalent. 
The weaker relationship exhibited by SPG3 and DG3, where some 
DG categories are not substantively equivalent to any single SPG 
category, we have been calling systematic correspondence. 

i 

Conversion by the methods given here results in systema- 
tic' correspondence. If the suggested constraints, which appear to 
be linguistically well-mot~vated for base components of transfor- 
mational grammars, are imposed on the form of the source gram- 
mar, the target grammar corresponds substantively as well as 
systematically to the source grammar and both are structure free. 
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