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A B S T R A C T  

The a u t ~ n a t i c  s e n t e n c e  s t r u c t u r e  a n a l y s i s  p r o c e d u r e  d e s c r i b e d  
ear l ier~ ' - - - -has  b e e n  p r o g r a m m e d .  The f o r m a l i s m  is not  t r a n s -  
f o r m a t i o n a l ,  but  is  s u f f i c i e n t l y  g e n e r a l  to p e r m i t  the e x p r e s s i o n  
of a wide  v a r i e t y  of s t r u c t u r a l  m o d e l s .  It is now be ing  u s e d  to 
ob ta in  a u t o m a t i c  s t r u c t u r a l  d e s c r i p t i o n s  w h i c h  a r e  v e r y  c l o s e  to 
the " d e e p  s t r u c t u r e "  s t r u c t u r a l  d e s c r i p t i o n s  of t r a n s f o r m a t i o n a l  
t h e o r y .  

The formalism will be described, and its use for various structural 
models will be illustrated. A detailed description of the reformula- 
tion of a transformational grammar of English in terms of the 
approximate formalism will be given. 

The salient features of the computer program which operates on 
the formalism will be described, and samples of output will be 
presented. 

(I) D@ Lieberman, "A Procedure for Automatic Sentence Structure 
Analysis". Paper presented at the 1963 Annual Meeting of the 
AMTCL, Denver, Colorado, August 25-27, 1963. 
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The o b j e c t i v e  of the w o r k  d e s c r i b e d  h e r e i n  is the  d e v e l o p m e n t  

of a c o m p u t e r i z e d  l i n g u i s t i c  b a s i s  for  a p p l i c a t i o n  to p r a c t i c a l  and  

t h e o r e t i c a l  p r o b l e m s  in a u t o m a t i c  l a n g u a g e  p r o c e s s i n g ,  The t h r e e  

m a i n  p a r t s  of w o r k  a re :  1) a f o r m a l i s m  for  e x p r e s s i n g  g r a m m a t i c a l  

i n f o r m a t i o n ,  2) a s e n t e n c e  a n a l y s i s  p r o c e d u r e  b a s e d  on the f o r m a l i s m ,  

and  3) a g r a m m a r  of E n g l i s h  e x p r e s s e d  in t e r m s  of the f o r m a l i s m ,  

but m o t i v a t e d  by t r a n s f o r m a t i o n a l  t h e o r y ,  

The Formalism 

The formalism is not intended to represent any particular lin- 

guistic theory or model, but rather, as the name implies, is simply 

a vehicle for expressing various models° It is designed to be suf- 

ficiently restrictive to permit the development of an associated 

sentence analysis procedure, and at the same time, to be suffi- 

ciently flexible to permit the relatively straightforward representa- 

tion of most current linguistic models and variants, such as IC 

analysis, dependency theory, context-free and context-sensitive 

phrase structure grammars, etc. The formalism is not well adapted 

to the direct representation of transformational grammars, but, as 

described below, can be used to obtain structural descriptions very 

close to the "deep structure" of a transformational description. 

In the present system, a structural description is a single 

labeled tree, with no further inherent restrictions (a sentence with 

multiple syntactic readings will have multiple trees, but each reading 

is represented by a single tree)° Further restrictions, such as 

projectivity for example, can be imposed by appropriate use of 

"condition statements" described below. 
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The grammatical information is expressed through the 

formation of a set of category or node types. This collection is 

Each node type in the node dictionary has called a node dictionary. 

the following format: 

Field A - 

Field Bi - 

Field Ci - 

Field Cij - 

Field D - 

F i e l d  E - 

node type 

list of possible immediate ancestors 

(order irrelevant) 

list of possible immediate descendents 

(order irrelevant) 

lists of conditions associated with selection 

of the items in the corresponding Ci-fieldo 

Each condition statement consists of a 

condition type and an appropriate number 

of tree addresses. Conditions are used to 

express restrictions such as word order~ 

government, agreemeut, etc. The types 

of conditions presently in the program are 

described below. 

continuity (do all the lexical items dominated 

by this node type (Field A) occupy a con- 

tinuous segment of the input string). 

blockage (list of node types blocked by the 

current node type). Each of the node types 

in the list may be accompanied by a Tree 

Address, with the interpretation that nodes 

of the given type are blocked by the current 

node only if they are dominated by the node 

at the Tree Address. 
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gram: 

F i e l d s  Gi - s u b c a t e g o r i z a t i o n  f e a t u r e s ,  

The fo l lowing  types  of c o n d i t i o n s  a r e  now i n c l u d e d  in the p r o -  

Type A Format A +- (Tree Address) 

Interpretation: The current branch (the Ci under which 

the condition occurs) requires either the presence (if + 

is used) or the absence (if - is used) of the node at the 

Tree Address. 

Type B Format i: B 

Interpretation: The current branch is optional 

Type B Format 2: B + (Tree Address) 

Interpretation: The current branch is optional only if the 

node at the Tree Address is present (if + is used) or 

absent (if - is used)° 

Type DB Format I: DB 

Interpretation: The current branch is optionally deletable@ 

Type DB Format 2: DB + (Tree Address) 

Interpretation: The current branch is optionally deletable 

only if the node at the Tree Address is present (if + is 

used) or absent (if - is used) 

Type DD Format i: DD 

Interpretation: The current branch is obligatorily 

d e l e t a b l e .  

Type  DD F o r m a t  2: DD +- ( T r e e  A d d r e s s }  

I n t e r p r e t a t i o n :  The  c u r r e n t  b r a n c h  is o b l i g a t o r i l y  

d e l e t a b l e  on ly  if  the  node  a t  the T r e e  A d d r e s s  is p r e s e n t  

(if + is used) or absent (if - is used). 
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T y p e  G F o r m a t :  G i / j  ( T r e e  A d d r e s s ) ( T r e e  A d d r e s s )  

I n t e r p r e t a t i o n :  T h e  p r e s e n c e  of  t h e  c u r r e n t  b r a n c h  r e -  

q u i r e s  i d e n t i t y  o f  t h e  f e a t u r e s  a t  s u b f i e l d  i o f  t h e  G - f i e l d  

o f  t h e  n o d e  a t  t he  f i r s t  T r e e  A d d r e s s  a n d  s u b f i e l d  j of  t h e  

G f i e l d  o f  t h e  n o d e  a t  t h e  s e c o n d  T r e e  A d d r e s s .  

T y p e  H F o r m a t :  H ( T r e e  A d d r e s s )  ( T r e e  A d d r e s s )  

I n t e r p r e t a t i o n :  T h e  l e x i c a l  i t e m  a t  t he  f i r s t  T r e e  A d d r e s s  

m u s t  p r e c e d e  t he  l e x i c a l  i t e m  a t  t h e  s e c o n d  T r e e  A d d r e s s .  

If  e i t h e r  o f  t he  T r e e  A d d r e s s e s  d o e s  n o t  p o i n t  to  a l e x i c a l  

i t e m ,  t h e  c o n d i t i o n  s t a t e m e n t  is  i n  e r r o r .  

T y p e  S F o r m a t :  S 

I n t e r p r e t a t i o n :  T h e  c u r r e n t  b r a n c h  is  s e l f  s a t i s f y i n g ,  i . e .  

i t  i s  n o t  a l e x i c a l  i t e m  b u t  h a s  n o  d e s c e n d e n t s .  T h i s  c o n -  

d i t i o n  is  u s e d ,  f o r  e x a m p l e ,  w i t h  s e n t e n c e  b o u n d a r y  

b r a n c h e s .  

In  a d d i t i o n  to t he  a b o v e  c o n d i t i o n  t y p e s ,  a s p e c i a l  d e v i c e  is  

u s e d  to i n d i c a t e  t h a t  a g r o u p  of  p o s s i b l e  d e s c e n d e n t s  o f  a g i v e n  n o d e  

a r e  m u t u a l l y  e x c l u s i v e .  W h e n  o n l y  two  b r a n c h e s  a r e  i n v o l v e d ,  a 

T y p e  A - c o n d i t i o n  c a n  be  u s e d ,  b u t  w h e n  m o r e  t h a n  t w o  b r a n c h e s  

a r e  i n v o l v e d ,  t h e  u s e  of  T y p e  A - c o n d i t i o n s  b e c o m e s  a w k w a r d .  

T h e  S e n t e n c e  A n a l y s i s  ' P r o c e d u r e  

A c e n t r a l  f e a t u r e  o f  a n y  a u t o m a t i c  s e n t e n c e  s t r u c t u r e  a n a l y s i s  

p r o c e d u r e  is  t h e  m a n n e r  in  w h i c h  s y n t a c t i c  a m b i g u i t y  i s  h a n d l e d  

d u r i n g  t he  p r o c e s s i n g .  E v e n  s y n t a c t i c a l l y  u n i q u e  s e n t e n c e s  w i l l ,  

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

m a l i s m  f o r  h a n d l i n g  s u c h  i n t e r m e d i a t e  r e p r e s e n t a t i o n s  i s  a v e r y  i m -  

p o r t a n t  p a r t  o f  t h e  h e u r i s t i c  c a p a c i t y  o f  t h e  p r o g r a m .  In  t h e  p r e s e n t  
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s y s t e m ,  a compac t  g r a p h - l i k e  s t r u c t u r e  is used  for  i n t e r m e d i a t e  

r e p r e s e n t a t i o n .  At the end of the a n a l y s i s ,  a l l  syn tac t i c  r e ad ings  of 

the sen tence  a r e  r e p r e s e n t e d  by a s ingle  g raph  with  a p p r o p r i a t e l y  

m a r k e d  condi t ions  on its v e r t i c e s  and edges .  A spec i a l  output a l g o r i t h m  

is r e q u i r e d  to e x t r a c t  the s y n t a c t i c a l l y  p e r m i t t e d  t r e e s  f rom the com pa c t  

g raph  representation. 

The scanning sequence (single-pass, iterative, multipass, 

left-to-rlght, right-to-left, chunk and process, etc° ) has been made 

a semi-independent component of the procedure in order to permit 

flexibility in the future application of theoretically or heuristically 

motivated approaches to search strategy° In the present version of 

the system, a left-to-right single-pass search strategy is used. 

This very simple search strategy was chosen as a start in order to 

permit concentration on the complexities in the other parts of the 

procedure. 

The sentence is analyzed one item at a time from left to right. 

The items on which the analysis procedure operates are not the 

orthographic words, but rather, the result of a dictionary lookup 

step which includes some morphophonemic analysis. Thus, went 

would be analyzed into go + ~ painted would be analyzed into 

paint +past or e n, etc. The dictionary lookup step would also 

yield, for each item, the node type or types (A-field) of which the 

item is a descendent, and subcategorization features to be placed 

in the corresponding G-fields. Thus, after dictionary lookup, the 

input sentence would be replaced by a string of nodes° These nodes are 

the items which are processed one at a time, left-to-right. 

The following sketch of the analysis procedure is intended to 

indicate current status; numerous details are omitted° 
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S u p p o s e  d i c t i o n a r y  l o o k u p  y i e l d e d  t h e  f o l l o w i n g  s t r i n g  of  n o d e s :  

A l l  p o s s i b l e  i m m e d i a t e  a n c e s t o r s  o f  X ( l i s t e d  in  i t s  B - f i e l d )  a r e  b u i l t  

up .  T h u s ,  i f  t h e  B - f i e l d  o f  n o d e  X c o n t a i n e d  

B1 P 

B2  Q 

B3 R 

t h e  f o l l o w i n g  s t r u c t u r e  w o u l d  r e s u l t  

and branches PX, QX and RX would be marked as mutually exclusive 

in  a n y  o n e  r e a d i n g  o f  t h e  s e n t e n c e .  T h e n ,  in  t h e  s a m e  m a n n e r ,  a l l  

p o s s i b l e  a n c e s t o r s  o f  n o d e  P w o u l d  b e  f o r m e d ,  a n d  t h e  b u i l d i n g  u p w a r d  

p r o c e s s  w o u l d  c o n t i n u e  u n t i l  a s p e c i a l  n o d e  t y p e  w i t h o u t  a n c e s t o r s  

( t he  r o o t  o f  t h e  t r e e )  w a s  r e a c h e d .  If  t h e  g r a m m a r  p e r m i t s  r e c u r s i o n ,  

s o m e  m e t h o d  f o r  p r e v e n t i n g  i n f i n i t e  d e p t h  m u s t  b e  i n t r o d u c e d .  A t  

p r e s e n t ,  we  u s e  a n  i n p u t  p a r a m e t e r  n w h i c h  l i m i t s  t h e  n u m b e r  o f  n e w  

n o d e s  o f  a n y  o n e  t y p e  on  a s i n g l e  a n c e s t o r  s t r i n g  to  no As  w i l l  b e -  

c o m e  c l e a r e r  b~=low, t h i s  d o e s  n o t  l i m i t  t h e  t o t a l  r e c u r s i o n  in  a 

s e n t e n c e  to  no 

At  t h i s  p o i n t ,  w e  h a v e  a s t r u c t u r e  o f  t h e  f o r m :  
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w h e r e  t h e  n o d e s  h a v e  b e e n  a s s i g n e d  n u m b e r s  f o r  c o n v e n i e n c e  of  

r e f e r e n c e  h e r e i n .  In  t h e  a c t u a l  p r o c e s s ,  t h e y  w o u l d ,  o f  c o u r s e ,  be  

s p e c i f i c  n o d e  t y p e s .  

Nex t ,  t h e  n e w  n o d e s  w i t h o u t  a n c e s t o r s  a r e  b u i l t  u p w a r d  s y s -  

t e m a t i c a l l y o  T h e  e n d  r e s u l t  ( s y n t a c t i c  r e a d i n g s  o f  t h e  s e n t e n c e )  

s h o u l d  n o t  d e p e n d  on  t h e  s e q u e n c e  u s e d .  T h e  s e q u e n c e  we  a r e  n o w  

u s i n g  w a s  c h o s e n  f o r  p r o g r a m m i n g  c o n v e n i e n c e .  I t  i s  n o t  p e r f e c t l y  

c l e a r  t h a t  t h e  e n d  r e s u l t  i s  i n  f a c t  i n d e p e n d e n t  o f  t h e  s e q u e n c e ,  b u t  

t h e r e  a r e ,  a s  y e t ,  n o  i n d i c a t i o n s  to  t h e  c o n t r a r y .  In  t h e  s e q u e n c e  w e  

a r e  n o w  u s i n g ,  n o d e  2 w o u l d  be  b u i l t  u p w a r d  n e x t .  I f  n e w  n o d e s  

w i t h o u t  a n c e s t o r s  w e r e  f o r m e d ,  t h e y  w o u l d  b e  p r o c e s s e d  n e x t .  W h e n  

p r o c e s s i n g  of  n o d e  2 a n d  i t s  a n c e s t o r s  i s  c o m p l e t e d ,  n o d e  5 i s  b u i l t  

u p w a r d  s i m i l a r l y ,  t h e n  n o d e  7, 8, Q a n d  R in  t h a t  o r d e r .  
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D u r i n g  t h e  b u i l d i n g  u p w a r d  o f  t h e  v e r y  f i r s t  a n c e s t o r  s t r i n g  

X - P - 6 - 4 - 3 - 1 - R O O T ,  t h e r e  w a s  no  c h o i c e  b u t  to  c o n t i n u a l l y  c r e a t e  

n e w  n o d e s  to  s e r v e  a s  t h e  r e q u i r e d  a n c e s t o r s .  H o w e v e r ,  in  s u b -  

s e q u e n t  b u i l d - u p s ,  a r e q u i r e d  a n c e s t o r  n o d e  t y p e  m a y  a l r e a d y  e x i s t ,  

in  w h i c h  c a s e  i t  i s  u s e d ,  p r o v i d i n g  t h a t  i t  d o e s n ' t  r e s u l t  in  a n o d e  d o m -  

i n a t i n g  i t s e l f .  If  t w o  o r  m o r e  n o d e s  s h a r e  a c o m m o n  a n c e s t o r ,  t h e  

c o r r e s p o n d i n g  b r a n c h e s  a r e  m a r k e d  a s  m u t u a l l y  e x c l u s i v e  e v e n  i f  t h e  

d e s c e n d e n t  n o d e  t y p e s  a r e  d i f f e r e n t  a n d  c o m p a t i b l e  f r o m  t h e  p o i n t  o f  

v i e w  of  t he  a n c e s t o r  n o d e  (i .  e .  t h e y  a t t a c h  to  d i f f e r e n t  p a r t s  o f  t h e  

a n c e s t o r ' s  C - f i e l d ) ,  b e c a u s e  w e  a r e  s t i l l  c o n s i d e r i n g  t h e  b u i l d u p  of  

a s i n g l e  i t e m ,  n o d e  X, w h i c h  c o u l d  n o t  s e r v e  a s  t w o  c o n s t i t u e n t s  

s i m u l t a n e o u s l y  in  a n y  g i v e n  s y n t a c t i c  r e a d i n g  of  t h e  s e n t e n c e .  

F o l l o w i n g  c o m p l e t i o n  o f  t h e  b u i l d i n g  up  o f  n o d e  X, t h e  r e -  

s u l t a n t  s t r u c t u r e  i s  s c a n n e d  f o r  c l o s e d  b r a n c h e s .  A b r a n c h  is  c a l l e d  

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

T h e  t e s t  f o r  w h e t h e r  a b r a n c h  is  c l o s e d  i s  w h e t h e r  r e m o v a l  of  t h e  

b r a n c h  w o u l d  c o m p l e t e l y  d i s c o n n e c t  n o d e  X f r o m  t h e  r o o t °  F o r  

e x a m p l e ,  i n  t h e  £ o l l o w l n g  s t r u c t u r e :  
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b r a n c h e s  U - T  and  P - X  a r e  c l o s e d .  C l o s e d  b r a n c h e s  a r e  m a r k e d  

a c c o r d i n g l y .  

A node w i th  a c l o s e d  b r a n c h  is c a l l e d  d e f i n i t e .  If a node  is 

not  de f in i t e ,  i t  is c a l l e d  p o t e n t i a l .  Th i s  n o m e n c l a t u r e  w i l l  be u s e d  

be low.  

The nex t  s t ep  is the t e s t i n g  of the c o n d i t i o n s  a s s o c i a t e d  wi th  

the  v a r i o u s  b r a n c h e s  e s t a b l i s h e d  d u r i n g  the bu i ldup .  The  cond i t i ons  

to be t e s t e d  fo r  a g i v e n  b r a n c h  a r e  l i s t e d  in the c o r r e s p o n d i n g  p a r t  of 

the C - f i e l d  of the node  f r o m  w h i c h  the b r a n c h  d e s c e n d s .  S ince  the 

r e s u l t s  of c o n d i t i o n  t e s t i n g  d e p e n d  on b l o c k a g e ,  w h i c h  has  not  y e t  

b e e n  d i s c u s s e d ,  a d e t a i l e d  d e s c r i p t i o n  of c o n d i t i o n  t e s t i n g  wi l l  be 

p o s t p o n e d  un t i l  p r o c e s s i n g  of the nex t  ~ e m  (one w h i c h  is  not  the 

l e f t m o s t  i t e m )  is c o n s i d e r e d .  

Af t e r  c o n d i t i o n  t e s t i n g ,  b l o c k a g e s  a r e  a p p l i e d .  T h e r e  a r e  two 

types  of b l o c k a g e  - p e r m a n e n t  and t e m p o r a r y ,  and e a c h  type  can  be 

de f in i t e  or  p o t e n t i a l .  The i n f o r m a t i o n  c a u s i n g  b l o c k a g e  is in the 

D - f i e l d  and the E - f i e l d  of e a c h  node  type .  The D - f i e l d  is u s e d  to in -  

dicate whether or not the node is continuous, i.e. whether the lexlcal 

items dominated by the node occupy a continuous segment of the input 

string. Each of the continuous nodes created during the building up 

process causes temporary blockage to be applied to every node which 

it does not dominate. If the node causing blockage is definite, the 

blockage is definite; if the node causing blockage is potential, the 

blockage is potential. When a node causes temporary definite blockage 

a list is kept, at the node causing blockage, of all the temporary 

blockages caused by that node. Later, when the node causing blockage 

has been filled with the required constituents, the blockage it caused 
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is removed. In the case of temporary potential blockage, a similar 

list is created and, in addition (for reasons described below), a 

record of the node causing blockage is made at each blocked node. 

The next blockage action involves permanent blockage (both 

definite and potential) and is guided by information in the E-fields of 

the various nodes created during the building up process° However, 

we are still discussing the processing of the very first (leftmost) 

item in the input string, and in this case, permanent blockage does 

not apply. Permanent blockage action will be described below when 

processing of the next input item is considered. 

This completes processing of the first item, and we proceed 

to the next input item. The same building up process is carried out, 

except that now, a node (other than the root of the tree) required as 

an ancestor may already exist° In this case, the existing node is 

used as the ancestor, providing that: I) it is not definitely blocked, 

and 2) the required branch is not closed° If the existing node is 

potentially blocked, a connection is made, but the connection and the 

node which caused the potential blockage are marked as mutually 

exclusive in any one reading of the sentence. This is why (as 

described above) a record of the node causing potential blockage is 

kept at the potentially blocked node. If a connection is made to a 

potentially blocked node, alternative ancestors are also created 

since (as described below) the potential blockage may later be 

changed, retroactively, to definite blockage and the previously made 

connection would be erased. 

It can now be seen why (as mentioned above) the recursion 

parameter n does not limit the total recursion in a sentence to n° 
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The recursion parameter limits the number of ne___w nodes of a given 

type which can be created along an ancestor string during the building 

up of a given input item. Thus, in the building up of item 2, for 

example, n nodes of a given type mat be created along an ancestor 

string and the string may then be connected to an already existing 

node which in turn may have had n nodes of the given type created 

along its ancestor string. 

A f t e r  t h e  b u i l d i n g  u p  o f  i t e m  2 i s  c o m p l e t e d ,  c l o s e d  b r a n c h e s  

a r e  m a r k e d  o n  t h e  n e w l y  c r e a t e d  s t r u c t u r e  a s  w a s  d o n e  in  t h e  p r o c e s s -  

i ng  of  i t e m  1. H o w e v e r ,  in  t h e  c a s e  o f  i t e m  2 a n d  s u b s e q u e n t  i t e m s ,  

f u r t h e r  a c t i o n  i s  t a k e n .  If  a b r a n c h  m a r k e d  c l o s e d  h a d  a l s o  b e e n  

p r e v i o u s l y  ( d u r i n g  t h e  b u i l d i n g  up)  m a r k e d  a s  m u t u a l l y  e x c l u s i v e  

w i t h  s o m e  o t h e r  b r a n c h ,  t h e  o t h e r  b r a n c h  is  e r a s e d .  

W h e n e v e r  a b r a n c h  is  e r a s e d ,  a r o u t i n e  c a l l e d  C L E A N U P  is  

b r o u g h t  i n t o  a c t i o n .  T h i s  r o u t i n e  f o l l o w s  u p  a l l  t h e  c o n s e q u e n c e s  o f  

e r a s i n g  a b r a n c h ,  a n d  c l e a n s  u p  t h e  s t r u c t u r e  a c c o r d i n g l y .  F o r  

e x a m p l e ,  i f  t h e  b r a n c h  b e i n g  e r a s e d  i s  m a r k e d  a s  a n e c e s s a r y  c o -  

o c c u r r e n c e  o f  s o m e  o t h e r  b r a n c h ,  t h e  o t h e r  b r a n c h  is  a l s o  e r a s e d .  

If t h e  b r a n c h  b e i n g  e r a s e d  i s  t h e  s o l e  a n c e s t o r  o f  s o m e  n o d e ,  t h a t  

n o d e  i s  e r a s e d ,  i . e .  a l l o f  i t s  b r a n c h e s  a r e  e r a s e d .  If a b r a n c h  

b e i n g  e r a s e d  i s  a n  o b l i g a t o r y  c o n s t i t u e n t  o f  s o m e  p e r m a n e n t l y  

d e f i n i t e l y  b l o c k e d  n o d e ,  a n d  t h e r e  a r e  no  c o m p e t i n g  b r a n c h e s  

r e p r e s e n t i n g  t h a t  c o n s t i t u e n t ,  t h e  n o d e  i s  e r a s e d .  D u r i n g  c l e a n u p ,  

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

m a k i n g  s o m e  p r e v i o u s l y  p o t e n t i a l  n o d e  d e f i n i t e .  I f  t h e  n o d e  in  q u e s t i o n  

c a u s e d  b l o c k a g e  a t  t h e  t i m e  i t  w a s  c r e a t e d ,  t h e  b l o c k a g e  w o u l d  h a v e  

b e e n  p o t e n t i a l .  T h e  b l o c k a g e  i s  n o w  m ~ d e  d e f i n i t e  r e t r o a c t i v e l y .  
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This  is the p u r p o s e  of the b o o k k e e p i n g  d e s c r i b e d  above  r e g a r d i n g  

c o n n e c t i o n s  m a d e  in to  p o t e n t i a l l y  b l o c k e d  n o d e s .  A r e c o r d  was kep t  

of a l l  b r a n c h e s  c o n n e c t e d  into p o t e n t i a l l y  b l o c k e d  n o d e s .  When a p a r t i c -  

u l a r  p o t e n t i a l  b l o c k a g e  b e c o m e s  de f in i t e ,  the c o r r e s p o n d i n g  m a r k e d  

b r a n c h e s  a r e  e r a s e d .  Or,  c l eanup  m a y  o p e r a t e  in the r e v e r s e  

direction. If a branch which had been connected into a potentially 

blocked node becomes closed during cleanup, the node which caused 

the blockage is erased. 

The above account of cleanup is not meant to be exhaustive, 

but simply to describe the main features of the CLEANUP routine. 

The cleanup routine may run into a contradiction. For 

example, a definite node or a closed branch might be marked for 

erasure. When this happens, the analysis is terminated, and the 

sentence is labeled "non-grammatical"o 

Returning to the main routine (CLEANUP is a subroutine 

used repeatedly during the main routine), the next step is condition 

testing. Each of the conditions listed in the various newly created 

node Ci-fields which received candidates are tested. The result of 

a condition test is YES, NO, or UNTESTABLE. YES means the 

condition is satisfied, NO means the condition is violated, and 

UNTESTABLE means that the condition was untestable because one 

or more of the nodes involved in the condition did not exist at the 

time the condition was tested. 

If the result of a condition test is YES, no further action is 

taken. If the result is NO~ the subsequent action depends on the 

status of the various branches involved in the test. If none of the 

branches (including the one under which the test is listed) are 
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c l o s e d ,  t h e y  a r e  m a r k e d  a s  m u t u a l l y  e x c l u s i v e .  If t h e  b r a n c h  u n d e r  

w h i c h  t h e  t e s t  i s  l i s t e d  i s  c l o s e d  a n d  t h e  o t h e r  b r a n c h e s  i n v o l v e d  in  

t h e  t e s t  a r e  no t ,  t h e  l a t t e r  a r e  e r a s e d .  If b o t h  a r e  c l o s e d ,  

t h e  a n a l y s i s  is  t e r m i n a t e d  a n d  t h e  s e n t e n c e  i s  l a b e l e d  " n o n - g r a m -  

m a t i c a l " .  T h e  e r a s u r e s  a r e  c a r r i e d  ou t  b y  t h e  C L E A N U P  r o u t i n e  

a n d  a l l  c o n s e q u e n c e s  o f  e a c h  e r a s u r e  a r e  f o l l o w e d  u p  a s  d e s c r i b e d  

a b o v e .  

A few U N T E S T A B L E  r e s u l t s  c a n  be  a c t e d  u p o n .  F o r  e x a m p l e ,  

i f  a c o n d i t i o n  on  X i s  t h a t  i t  f o l l o w  Y, a n d  Y d o e s  n o t  e x i s t ,  t h e  r e -  

s u l t  is  e q u i v a l e n t  to  a NO r e s u l t .  H o w e v e r ,  w i t h  m o s t  c o n d i t i o n  t e s t s  

r e s u l t i n g  in  U N T E S T A B L E ,  no i m m e d i a t e  a c t i o n  is  t a k e n .  A l i s t  of  

s u c h  e v e n t s  is  k e p t  a n d  t h e  t e s t s  a r e  r e a p p l i e d  a f t e r  t h e  l a s t  i t e m  in  

t h e  s e n t e n c e  i s  p r o c e s s e d .  It  i s ,  of  c o u r s e ,  h i g h l y  d e s i r a b l e  to  

r e a p p l y  p r e v i o u s l y  u n t e s t a b l e  c o n d i t i o n s  t h e  m o m e n t  t h e y  b e c o m e  

t e s t a b l e .  M e t h o d s  f o r  a c c o m p l i s h i n g  t h i s ,  w i t h o u t  p a y i n g  so  h i g h  a 

p r i c e  in  m a c h i n e  t i m e  a n d / o r  s p a c e  t h a t  t h e  a d v a n t a g e s  a r e  n u l l i f i e d ,  

a r e  b e i n g  c o n s i d e r e d ,  b u t  a t  t h i s  p o i n t  in  t h e  w o r k  a r e  n o t  o f  t h e  

h i g h e s t  p r i o r i t y ,  b e c a u s e  t he  e n d  r e s u l t  ( the  s t r u c t u r a l  d e s c r i p t i o n )  

s h o u l d  d e p e n d  o n l y  on  t h e  c o l l e c t i o n  of  c o n d i t i o n s  a n d  n o t  on  t h e  o r d e r  

in  w h i c h  t h e y  a r e  a p p l i e d .  T h i s  a n d  o t h e r  p r o b l e m s  c o n c e r n e d  

p r i m a r i l y  w i t h  m a c h i n e  r u n n i n g  t i m e  w i l l  r e c e i v e  i n c r e a s e d  

e m p h a s i s  in  t h e  f u t u r e .  

C o n t i n u i n g  w i t h  t h e  m a i n  c y c l e ,  t h e  n e x t  s t e p  is  a p p l i c a t i o n  

of  b l o c k a g e .  F i r s t ,  t e m p o r a r y  b l o c k a g e ,  a s  i n d i c a t e d  b y  t h e  D - f i e l d s  

o f  t h e  n e w l y  c r e a t e d  n o d e s ,  i s  a p p l i e d  to  a l l  r e l e v a n t  n o d e s ,  b o t h  

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

in  t he  c a s e  o f  t h e  f i r s t  i n p u t  i t e m .  
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Next, p e r m a n e n t  b lockage ,  as ind ica ted  by the E - f i e l d s  of the 

newly created nodes, is applied. The procedure is similar to that 

used for applying temporary blockage, the essential difference being 

that blockage is applied only to previously existing nodes, and not to 

newly created nodes. This explains why permanent blockage did not 

apply during the processing of the first item -- there were no pre- 

viously existing nodes, only newly created nodes° In the actual 

program, it was convenient to allow permanent blockage to be applied 

during the processing of the first item, but the result is, of course, 

VACUOUS. 

Application of permanent blockage provides possibilities for 

cleanup which do not occur in the case of temporary blockage. If a 

node is marked permanently definitely blocked, it is checked to see 

whether it contains all of its non-deletable obligatory branches. If 

it does not, it is m~rked for erasure and the CLEANUP subroutine 

goes into action. 

This completes the processing of item 2. The next and sub- 

sequent input items are processed similarly, until the final item, 

representing end of sentence, is reached. This item has only one 

possible ancestor (the special node at the root of the tree) and its 

E-field lists all node types. Thus, it permanently and definitely 

blocks all nodes° When all of these blockages have been applied and 

the resulting cleanups have been carried out, the analysis is com- 

pleted, and we proceed to the output routine. 

The purpose of the output routine is to print out, explicitly, 

each of the possible syntactic readings of the sentence assigned by 

the analysis procedure° The individual readings are not explicit at 
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the end  of the a n a l y s i s  r o u t i n e  b e c a u s e  t hey  a r e  a l l  r e p r e s e n t e d  by a 

s i n g l e  c o m p a c t  g r a p h - l i k e  s t r u c t u r e  wi th  d e p e n d e n c i e s  ( r e q u i r e d  c o -  

o c c u r r e n c e  and  m u t u a l  e x c l u s i o n )  m a r k e d  on v a r i o u s  b r a n c h e s .  The 

output  r o u t i n e  s c a n s  the  g r a p h - l i k e  s t r u c t u r e  s y s t e m a t i c a l l y  and  

p r i n t s  out  a l l  t r e e s  w h i c h  s a t i s f y  the  m a r k e d  d e p e n d e n c i e s ,  have  the 

s p e c i a l  r o o t  node  as t h e i r  roo t ,  and  in w h i c h  e a c h  inpu t  i t e m  a p p e a r s  

once  and  on ly  once  as a l e a f .  

The  r e s u l t s  a r e  p r i n t e d  out in a t r e e  f o r m a t .  As a c o m p r o m i s e  

b e t w e e n  r e a d a b i l i t y  and  m a c h i n e  c o n v e n i e n c e ,  the t r e e  is r o t a t e d  

c o u n t e r c l o c k w i s e  t h r o u g h  90 ° , and  the c o n s t i t u e n t s  of  e a c h  node a r e  

j u s t i f i e d  u p w a r d s  ( a f t e r  r o t a t i o n )  to the l e v e l  of tha t  n o d e .  Thus ,  the 

u s u a l  f o r m  of a t r e e ,  s u c h  as  

A 

B 

E F 
/ , , ,  

G H 

C D 

I J K P 

L M 

I 
N 

would  a p p e a r  in the fo l lowing  output  f o r m a t :  

A D P 

K 

C 3" 

I 

B F 

E 

M 

L 

H 

G 

N 
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T h e  p r o b l e m  of l i n i n g  s y m b o l s  up p r o p e r l y  is s i m p l i f i e d  by  o u r  r e -  

q u i r e m e n t  t ha t  a l l  s y m b o l s  be f ive  o r  l e s s  c h a r a c t e r s  long .  

As i n d i c a t e d  a b o v e  in the  d e s c r i p t i o n  of the  t y p e s  of c o n d i t i o n s  

c u r r e n t l y  u s e d ,  a d i s t i n c t i o n  is m a d e  b e t w e e n  o p t i o n a l  a n d  d e l e t a b l e  

c o n s t i t u e n t s .  T h e  e s s e n t i a l  d i f f e r e n c e  is t h a t  a d e l e t e d  c o n s t i t u e n t  

s h o u l d  be  f i l l e d  in if  the  s t r u c t u r a l  d e s c r i p t i o n  is to  be  a r e a s o n a b l e  

a p p r o x i m a t i o n  to d e e p  s t r u c t u r e .  F o r  e x a m p l e ,  the  s u b j e c t  o r  o b j e c t  

in  a r e l a t i v e  c l a u s e  is  d e l e t e d  in  the  s u r f a c e  s t r u c t u r e ,  bu t  c a n  be  

f i l l e d  in in the  d e e p  s t r u c t u r e  by  c o p y i n g  the  n o u n  in the  n o u n  p h r a s e  

w h o s e  d e t e r m i n e r  c o n t a i n s  the  s e n t e n c e  w h i c h  is r e l a t i v i z e d .  Or ,  i f  

t he  a g e n t  in a p a s s i v e  s e n t e n c e  is d e l e t e d  in  the  s u r f a c e  s t r u c t u r e ,  i t  

c a n  be f i l l e d  in a t  l e a s t  by  an  i n d e f i n i t e  s u c h  as  s o m e o n e  o r  s o m e -  

th ing  in the  d e e p  s t r u c t u r e .  At p r e s e n t ,  o u r  o u t p u t  o n l y  i n d i c a t e s  

t h a t  a d e l e t e d  c o n s t i t u e n t  e x i s t s  in the  d e e p  s t r u c t u r e ,  bu t  we  h a v e  

no t  y e t  f o r m u l a t e d  a n d  p r o g r a m m e d  the  r u l e s  f o r  f i l l i ng  in s u c h  

c o n s t i t u e n t s .  T h e s e  r u l e s  a r e  a l s o  n e e d e d  d u r i n g  the  a n a l y s i s  to 

p e r m i t  c o n d i t i o n  t e s t i n g  w h e r e  d e l e t e d  i t e m s  a r e  i n v o l v e d .  At 

p r e s e n t ,  i f  a c o n d i t i o n  t e s t  t u r n s  out  to i n v o l v e  a d e l e t e d  i t e m ,  the  

t e s t  is i g n o r e d .  

The Grammar 

An overview of the grammatical categories (node types) and 

t h e i r  r e l a t i o n s  in s t r u c t u r a l  d e s c r i p t i o n s  is g i v e n  in F i g u r e  1. M o s t  

of  the  u n d e r l i n e d  s y m b o l s  a r e  p r e - l e x i c a l  i t e m s ,  bu t  s o m e  ( t h o s e  

b e g i n n i n g  w i t h  S) w i l l  be  e x p a n d e d  l a t e r .  T h e  o v e r l i n e  on s o m e  of  

the  s y m b o l s  is u s e d  to  i n d i c a t e  t ha t  t h e y  a r e  e x p a n d e d  e l s e w h e r e  in  

the  d i a g r a m .  An e x a m p l e  of a n o d e  t y p e  a n d  i ts  a s s o c i a t e d  f i 'e lds  
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is given in Figure Z in the form in which we work with the grammar. 

Each line is on a separate punched card. 

The collection of categories was taken, for the most part, from 

the phrase structure portion of a transformational grammar of English 

being developed at IBM. Some additional categories such as SREL, 

SMNL, SFT, SPT and SCOND were introduced to simplify condition 

statements using the current set of condition types. As more condition 

types are formulated and incorporated into the program, these 

additional and essentially redundant categories may be eliminated. 

Symbols beginning with X have no descriptive significance. They 

were also introduced as a temporary expedient to overcome certain 

defects in the present formalism, and will be eliminated when the 

formalism is appropriately modified. If these structurally super- 

fluous nodes cause too much clutter in the output, they can be 

eliminated by simply erasing each one and connecting its immediate 

descendents to its ancestor as each tree is printed out. 

The present grammar is very far from complete, in any sense 

of the word. The category types are reasonably extensive, but only 

a smattering of conditions are present, and these were selected 

mainly to test various portions of the program as they were 

completed. However, problems encountered thus far in using the 

formalism to express grammatical information have been solved 

without undue difficulty. 

Some samples of output, and details regarding the programming 

will be presented during one of the informal afternoon group meetings. 
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SRmZL 
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