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Abstract 
A new m e t h o d  is  p r e s e n t e d  f o r  s imp l i fy ing  t h e  l o g i c a l  e x p r e s s i o n s  u s e d  to  r e p r e s e n t  

u t t e r a n c e  m e a n i n g  in a n a t u r a l  l a n g u a g e  s y s t e m .  This  s i m p l i f i c a t i o n  m e t h o d  u t i l i z e s  
t h e  e n c o d e d  k n o w l e d g e  a n d  t h e  l im i t ed  i n f e r e n c e - m a k i n g  c a p a b i l i t y  of a t a x o n o m i c  
k n o w l e d g e  r e p r e s e n t a t i o n  s y s t e m  to  r e d u c e  t h e  c o n s t i t u e n t  s t r u c t u r e  of l o g i c a l  
e x p r e s s i o n s .  The  s p e c i f i c  a p p l i c a t i o n  is t o  t h e  p r o b l e m  of  m a p p i n g  e x p r e s s i o n s  of t h e  
m e a n i n g  r e p r e s e n t a t i o n  l a n g u a g e  to  a d a t a b a s e  l a n g u a g e  c a p a b l e  of r e t r i e v i n g  a c t u a l  
r e s p o n s e s .  P a r t i c u l a r  a c c o u n t  is  t a k e n  of t h e  m o d e l - t h e o r e t i c  a s p e c t s  of  t h i s  
p r o b l e m .  

1. Introduction 
A c o m m o n  a n d  u s e f u l  s t r a t e g y  f o r  c o n s t r u c t i n g  n a t u r a l  l a n g u a g e  i n t e r f a c e  s y s t e m s  is 

t o  d iv ide  t h e  p r o c e s s i n g  of a n  u t t e r a n c e  i n t o  two  m a j o r  s t a g e s :  t h e  f i r s t  m a p p i n g  t h e  
u t t e r a n c e  to  a l o g i c a l  e x p r e s s i o n  r e p r e s e n t i n g  i t s  " m e a n i n g "  a n d  t h e  s e c o n d  p r o d u c i n g  
f r o m  t h i s  l o g i c a l  e x p r e s s i o n  t h e  a p p r o p r i a t e  r e s p o n s e .  The  s e c o n d  s t a g e  is  n o t  
n e c c e s a r i l y  t r i v i a l :  t h e  d i f f i c u l t y  of i t s  d e s i g n  is s i g n i f i g a n t l y  a f f e c t e d  b y  t h e  
c o m p l e x i t y  a n d  g e n e r a l n e s s  of t h e  l og i ca l  e x p r e s s i o n s  i t  h a s  t o  d e a l  with.  If t h i s  i s s u e  
is  n o t  f a c e d  s q u a r e l y ,  i t  m a y  a f f e c t  c h o i c e s  m a d e  e l s e w h e r e  in t h e  s y s t e m .  I n d e e d ,  a 
n e e d  to  r e s t r i c t  t h e  f o r m  of t h e  m e a n i n g  r e p r e s e n t a t i o n  c a n  be  a t  o d d s  wi th  
p a r t i c u l a r  a p p r o a c h e s  t o w a r d s  p r o d u c i n g  i t  - a s  f o r  e x a m p l e  t h e  " c o m p o s i t i o n a l "  
a p p r o a c h ,  w h i c h  d o e s  n o t  s e e k  to  c o n t r o l  e x p r e s s i o n  c o m p l e x i t y  b y  g iv ing  
i n t e r p r e t a t i o n s  f o r  who le  p h r a s a l  p a t t e r n s ,  b u t  s i m p l y  c o m b i n e s  t o g e t h e r  t h e  m e a n i n g  
of i n d i v i d u a l  w o r d s  in a m a n n e r  a p p r o p r i a t e  to  t h e  s y n t a x  of t h e  u t t e r a n c e .  S u c h  a 
c o n f l i c t  is c e r t a i n l y  n o t  d e s i r a b l e :  we w a n t  to  h a v e  f r e e d o m  of l i n g u i s t i c  a c t i o n  a s  well  
as  t o  b e  a b l e  to  o b t a i n  c o r r e c t  r e s p o n s e s  to  u t t e r a n c e s .  

This  p a p e r  t r e a t s  in  d e t a i l  t h e  p a r t i c u l a r  m a n i f e s t a t i o n  of t h e s e  i s s u e s  f o r  n a t u r a l -  
l a n g u a g e  s y s t e m s  w h i c h  s e r v e  as  i n t e r f a c e s  to  a d a t a b a s e :  t h e  p r o b l e m s  t h a t  a r i s e  in a 
m o d u l e  w h i c h  m a p s  t h e  m e a n i n g  r e p r e s e n t a t i o n  to  a s e c o n d  l og i ca l  l a n g u a g e  f o r  

1The work presented here was supported under DARPA c o n t r a c t  ~Neee14-85- .c-0016.  The views 
and conc lus ions  c o n t a i n e d  in t h i s  document ore those of the author  and should not be 
i n t e r p r e t e d  as n e c e s s a r i l y  r e p r e s e n t i n g  the o f f i c i a l  p o l i c i e s ,  e i t h e r  expressed or i m p l i e d ,  
of the Defense Advanced Research P r o j e c t s  Agency or of the Un i ted  S ta tes  Government. This  
paper was o r i g i n a l l y  pub l i shed  in the Proceedings o[ the 24th Annual Meeting o[ the 
Association [or  Computational L inguist ics,  10--13 June, 1986, Columbia U n i v e r s i t y ,  New 
York.  Requests for  copies should be addressed to: 

Dr .Donold E. Walker  (ACL) 
Be l l  Communications Research 

435 South S t r e e t  MRE 2A379 
Morr is town,  NJ 07960,  USA 
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e x p r e s s i n g  a c t u a l  d a t a b a s e  q u e r i e s .  A m o d u l e  p e r f o r m i n g  s u c h  a m a p p i n g  is  a 
c o m p o n e n t  of s u c h  q u e s t i o n - a n s w e r i n g  s y s t e m s  a s  TEAM [4],  PHLIQA1 [7]  a n d  IRUS [1]. 
As a n  e x a m p l e  of d i f f i c u l t i e s  w h i c h  m a y  b e  e n c o u n t e r e d ,  c o n s i d e r  t h e  q u e s t i o n  "Was 
t h e  p a t i e n t ' s  m o t h e r  a d i a b e t i c ? "  w h o s e  l o g i c a l  r e p r e s e n t a t i o n  m u s t  b e  m a p p e d  o n t o  a 
p a r t i c u l a r  b o o l e a n  f ie ld  w h i c h  e n c o d e s  f o r  e a c h  p a t i e n t  w h e t h e r  o r  n o t  t h i s  c o m p l e x  
p r o p e r t y  is t r u e .  Any v a r i a t i o n  on  t h i s  q u e s t i o n  w h i c h  a c o m p o s i t i o n a l  s e m a n t i c s  
m i g h t  a l s o  h a n d l e ,  s u c h  a s  "Was d i a b e t e s  a d i s e a s e  t h e  p a t i e n t ' s  m o t h e r  s u f f e r e d  
f r o m ? " ,  wou ld  r e s u l t  in a s e m a n t i c a l l y  e q u i v a l e n t  b u t  v e r y  d i f f e r e n t - l o o k i n g  l o g i c a l  
e x p r e s s i o n ;  t h i s  d i f f e r e n t  e x p r e s s i o n  wou ld  a l s o  h a v e  t o  b e  m a p p e d  to  t h i s  f ie ld .  How 
to  d e a l  wi th  t h e s e  a n d  m a n y  o t h e r  p o s s i b l e  v a r i a n t s ,  w i t h o u t  m a k i n g  t h e  m a p p i n g  
p r o c e s s  e x c e s s i v e l y  c o m p l e x ,  is c l e a r l y  a p r o b l e m .  

The  s o l u t i o n  w h i c h  t h i s  p a p e r  p r e s e n t s  is  a n e w  l eve l  of  p r o c e s s i n g ,  i n t e r m e d i a t e  
b e t w e e n  t h e  o t h e r  two: a n o v e l  s i m p l i f i c a t i o n  t r a n s f o r m a t i o n  w h i c h  is  p e r f o r m e d  on  t h e  
r e s u l t  of  s e m a n t i c  i n t e r p r e t a t i o n  b e f o r e  t h e  a t t e m p t  is  m a d e  to  m a p  i t  t o  t h e  
d a t a b a s e .  This  s i m p l i f i c a t i o n  m e t h o d  r e l i e s  on  k n o w l e d g e  w h i c h  is  s t o r e d  in  a 
t a x o n o m i c  k n o w l e d g e  r e p r e s e n t a t i o n  s y s t e m  s u c h  a s  NIKL [5].  The  p r i n c i p l e  b e h i n d  t h e  
m e t h o d  is t h a t  a n  e x p r e s s i o n  m a y  b e  s i m p l i f i e d  b y  t r a n s l a t i n g  i t s  s u b e x p r e s s i o n s ,  
w h e r e  p o s s i b l e ,  i n t o  t h e  l a n g u a g e  of NIKL, a n d  c l a s s i f y i n g  t h e  r e s u l t  i n t o  t h e  t a x o n o m y  
t o  o b t a i n  a s i m p l e r  e q u i v a l e n t  f o r  t h e m .  The  r e s u l t  is t o  p r o d u c e  a n  e q u i v a l e n t  b u t  
s y n t a c t i c a l l y  s i m p l e r  e x p r e s s i o n  in  w h i c h  f e w e r ,  b u t  m o r e  s p e c i f i c ,  p r o p e r t i e s  a n d  
r e l a t i o n s  a p p e a r .  The b e n e f i t  is t h a t  d e d u c t i o n s  f r o m  t h e  e x p r e s s i o n  m a y  b e  m o r e  
e a s i l y  " r e a d  off";  in p a r t i c u l a r ,  t h e  m a p p i n g  b e c o m e s  e a s i e r  b e c a u s e  t h e  p r o p e r t i e s  
a n d  r e l a t i o n s  a p p e a r i n g  a r e  m o r e  l i k e l y  to  b e  e i t h e r  t h o s e  of  t h e  d a t a b a s e  o r  
c o m p o s a b l e  f r o m  t h e m .  

The b o d y  of t h e  p a p e r  is d i v i d e d  i n t o  f o u r  s e c t i o n s .  In  t h e  f i r s t ,  I will s u m m a r i z e  
s o m e  p a s t  t r e a t m e n t s  of t h e  m a p p i n g  b e t w e e n  t h e  m e a n i n g  r e p r e s e n t a t i o n  a n d  t h e  
q u e r y  l a n g u a g e ,  a n d  s h o w  t h e  p r o b l e m s  t h e y  fa i l  t o  s o l v e .  The s e c o n d  s e c t i o n  
p r e p a r e s  t h e  way  b y  s h o w i n g  how to  c o n n e c t  t h e  t a x o n o m i c  k n o w l e d g e  r e p r e s e n t a t i o n  
s y s t e m  to  a l o g i c a l  l a n g u a g e  u s e d  f o r  m e a n i n g  r e p r e s e n t a t i o n .  The  t h i r d  s e c t i o n  
p r e s e n t s  t h e  " r e c u r s i v e  t e r m i n o l o g i c a l  s i m p l i f i c a t i o n "  a l g o r i t h m  i t s e l f .  The l a s t  s e c t i o n  
d e s c r i b e s  t h e  i m p l e m e n t a t i o n  s t a t u s  a n d  s u g g e s t s  d i r e c t i o n s  f o r  i n t e r e s t i n g  f u t u r e  
w o r k .  

2. A Formal Treatment of the Mapping Problem 
This  s e c t i o n  d i s c u s s e s  s o m e  p r e v i o u s  w o r k  on  t h e  p r o b l e m  of m a p p i n g  b e t w e e n  t h e  

l o g i c a l  l a n g u a g e  u s e d  f o r  m e a n i n g  r e p r e s e n t a t i o n  a n d  t h e  l o g i c a l  l a n g u a g e  in  w h i c h  
a c t u a l  d a t a b a s e  q u e r i e s  a r e  e x p r e s s e d .  The  d i f f i c u l t i e s  w h i c h  r e m a i n  f o r  t h e s e  
a p p r o a c h e s  will be  p o i n t e d  ou t .  

A c o m m o n  o r g a n i z a t i o n  f o r  a d a t a b a s e  is in t e r m s  of t a b l e s  w i th  r o w s  a n d  c o l u m n s .  
The  s t a n d a r d  f o r m u l a t i o n  of t h e s e  i d e a s  is f o u n d  in  t h e  r e l a t i o n a l  m o d e l  of Codd  [3],  
in  w h i c h  t h e  t a b l e s  a r e  c h a r a c t e r i z e d  as  r e l a t i o n s  o v e r  s e t s  of a t o m i c  d a t a  v a l u e s .  
The  e l e m e n t s  ( r ows )  of a r e l a t i o n  a r e  c a l l e d  " t u p l e s " ,  whi le  i t s  i n d i v i d u a l  a r g u m e n t  
p l a c e s  ( c o l u m n s )  a r e  t e r m e d  i t s  " a t t r i b u t e s " .  L o g i c a l  l a n g u a g e s  f o r  t h e  c o n s t r u c t i o n  of 
q u e r i e s ,  s u c h  as  C o d d ' s  r e l a t i o n a l  a l g e b r a ,  m u s t  m a k e  r e f e r e n c e  to  t h e  r e l a t i o n s  a n d  
a t t r i b u t e s  of t h e  d a t a b a s e .  

The  f i r s t  i s s u e  to  b e  f a c e d  in c o n s i d e r a t i o n  of t h e  m a p p i n g  p r o b l e m  is  w h a t  e l e m e n t s  
of  t h e  d a t a b a s e  to  i d e n t i f y  wi th  t h e  o b j e c t s  of  d i s c o u r s e  in  t h e  u t t e r a n c e  - t h a t  is ,  
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with the non-logical constants 2 in the meaning representation. In previous work [9] I 
have argued that these should not be the rows of the tables, as one might first think, 
but rather certain sets of the atomic attribute-values themselves. I presented an 
algorithm which converted expressions of a predicate calculus-based meaning 
representation language to the query language ERL, a relational algebra [3] extended 
with second-order operations. The translations of non-logical constants in the 
meaning representation were provided by fixed and local translation rules that were 
simply ERL expressions for computing the total extension of the constant in the 
database. The expressions so derived were then combined together in an appropriate 
way to yield an expression for computing the response for the entire meaning 
representation expression. If the algorithm encountered a non-logical constant for 
which no translation rule existed, the translation failed and the user was informed as 
to why the system could not answer his question. 

By way of illustration, consider the following relational database, consisting of 
clinical history information about patients at a given hospital and of information about 
doctors working there: 

PAT I ENTS (PAT I D, SEX, AGE, D I S EASE, PHYS, D I AMOTHER) 
DOCTORS (DOC I D. NAME. SEX, SPECIALTY) 

w h e r e  "PHYS" is the  ID of t h e  t r e a t i n g  p h y s i c i a n ,  a n d  "DIAMOTHER" is a b o o l e a n  f ield 
i n d i c a t i n g  w h e t h e r  or  n o t  t h e  p a t i e n t ' s  m o t h e r  is d i a b e t i c .  Here  a r e  t h e  r u l e s  fo r  t he  
o n e - p l a c e  p r e d i c a t e  PATIENTS, t h e  o n e - p l a c e  p r e d i c a t e  SPECIALTIES, and  t h e  t w o -  
p l ace  p r e d i c a t e  TREATING-PHYSICIAN: 

PATIENTS => (PROJECT PATIENTS OVER PATID) 

SPECIALTIES => (PROJECT DOCTORS OVER SPECIALTY) 

TREATING-PHYSICIAN => (PROJECT (JOIN PATIENTS 
TO DOCTORS 
OVER PHYS DOCID) 

OVER PATID DOCID) 

Note that while no table exists for physician SPECIALTIES, we can nonetheless give a 
rule for this predicate in way that is uniform with the rule given for the predicate 
PATIENTS. 

One advantage of such local translation rules is their simplicity. Another advantage 
is that they enable us to treat database question-answering model-theoretically. The 
set-theoretic structure of the model is that which would be obtained by generating 
from the relations of the database the much larger set of "virtual" relations that are 
expressible as formulas of ERL. The interpretation function of the model is just the 
translation function itself. Note that it is a pczTt~aZ function because of the fact that 
some non-logical constants may not have translations. We speak therefore of the 
database constituting a "partially specified model" for the meaning representation 
language. Computation of a response to a user's request, instead of being 
characterizable only as a procedural operation, becomes interpretation in such a 
model. 

A similar model-theoretic approach is advocated in the work on PHLIQAi [8], in 
which a number of difficulties in writing local rules are identified and overcome. One 
class of techniques presented there allows for quite complex and general expressions 

2Th is  term, w h i l e  a s tandard  one in formal l o g i c ,  may be confused w i t h  o t h e r  uses of the 
word " c o n s t a n t " .  I t  s imply r e f e r s  to  the f u n c t i o n ,  p r e d i c a t e  and o r d i n a r y  constant  symbols, 
such as "MOTHER" or "JOHN", whose d e n o t a t i o n s  depend on the i n t e r p r e t a t i o n  of the language,  
as opposed to f i x e d  symbols l i k e  "FORALL","AND", "TRUE*'. 
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to  r e s u l t  f r o m  loca l  r u l e  a p p l i c a t i o n ,  t o  w h i c h  a p o s t - t r a n s l a t i o n  s i m p l i f i c a t i o n  p r o c e s s  
is app l i ed .  O t h e r  s p e c i a l - p u r p o s e  t e c h n i q u e s  a r e  a l so  p r e s e n t e d ,  s u c h  as  t h e  c r e a t i o n  
of " p r o x i e s "  to  s t a n d  in f o r  e l e m e n t s  of a s e t  f o r  wh ich  on ly  t h e  c a r d i n a l i t y  is known .  

A m o r e  d i f f i cu l t  p r o b l e m ,  f o r  w h i c h  t h e s e  t e c h n i q u e s  do n o t  p r o v i d e  a g e n e r a l  
t r e a t m e n t ,  a r i s e s  w h e n  we w a n t  t o  g e t  a t  i n f o r m a t i o n  c o r r e s p o n d i n g  to  a c o m p l e x  
p r o p e r t y  w h o s e  c o m p o n e n t  p r o p e r t i e s  a n d  r e l a t i o n s  a r e  n o t  t h e m s e l v e s  s t o r e d .  Fo r  
e x a m p l e ,  s u p p o s e  t h e  q u e r y  "Lis t  p a t i e n t s  w h o s e  m o t h e r  was  a d i a b e t i c " ,  is 
r e p r e s e n t e d  by  t h e  m e a n i n g  r e p r e s e n t a t i o n :  

(display t (se to f  X:PATIENT 
(forol  l Y:PERSON (->(MOTHER X Y) 

(DIABETIC Y))))) 

The i n f o r m a t i o n  to  c o m p u t e  t h e  a n s w e r  may  be  f o u n d  in t h e  f ie ld  DIAMOTHER above .  It 
is v e r y  h a r d  to  see  how we will u s e  l o c a l  r u l e s  to  ge t  to  it,  h o w e v e r ,  s i n c e  n o t h i n g  
c o n s t r u c t a b l e  f rom t h e  d a t a b a s e  c o r r e s p o n d s  to  t h e  n o n - l o g i c a l  c o n s t a n t s  MOTHER a n d  
DIABETIC. The p r o b l e m  is t h a t  t h e  d a t a b a s e  c h o o s e s  to  h i g h l i g h t  t h e  c o m p l e x  p r o p e r t y  
DIAMOTHER while  a v o i d i n g  t h e  c o s t  of  s t o r i n g  i t s  c o n s t i t u e n t  p r e d i c a t e s  MOTHER a n d  
DIABETIC - t h e  c o n c e p t u a l  u n i t s  c o r r e s p o n d i n g  to  t h e  w o r d s  of t h e  u t t e r a n c e .  

One way  to  ge t  a r o u n d  t h e s e  d i f f i c u l t i e s  is of c o u r s e  to  al low f o r  a m o r e  g e n e r a l  
k i n d  of t r a n s f o r m a t i o n :  a " g l o b a l  r u l e "  w h i c h  wou ld  m a t c h  a g a i n s t  a who le  s y n t a c t i c  
p a t t e r n  l ike t h e  u n i v e r a l l y  q u a n t i f i e d  s u b - e x p r e s s i o n  above .  The d i s a d v a n t a g e  of th i s ,  
as  is p o i n t e d  o u t  in [8], is t h a t  t h e  r i c h n e s s  of b o t h  n a t u r a l  l a n g u a g e  a n d  logic  al lows 
t h e  s a m e  m e a n i n g  to  be  e x p r e s s e d  in m a n y  d i f f e r e n t  ways ,  w h i c h  a c o m p l e t e  "g loba l  
r u l e "  wou ld  h a v e  to  m a t c h .  S t r i c t l y  s y n t a c t i c  v a r i a t i o n  is p o s s i b l e :  p i e c e s  of t h e  
p a t t e r n  m a y  be  s p r e a d  o u t  o v e r  t h e  e x p r e s s i o n ,  f rom wh ich  t h e  p a t t e r n  m a t c h  wou ld  
h a v e  t o  g r a b  them.  E q u i v a l e n t  f o r m u l a t i o n s  of t h e  q u e r y  may  a l so  u s e  c o m p l e t e l y  
d i f f e r e n t  t e r m s .  For  example ,  t h e  u s e r  migh t  h a v e  e m p l o y e d  t h e  e q u i v a l e n t  p h r a s e  
" f ema le  p a r e n t "  in p l a c e  of t h e  w o r d  " m o t h e r " ,  p r e s u m a b l y  c a u s i n g  t h e  s e m a n t i c  
i n t e r p r e t a t i o n  to  y ie ld  a l og i ca l  f o r m  wi th  t h e  d i f f e r e n t  p r e d i c a t e s  "PARENT" a n d  
"FEM/~LE". This would  n o t  m a t c h  t h e  p a t t e r n .  It b e c o m e s  c l e a r  t h a t  t h e  " p a t t e r n -  
m a t c h i n g "  t o  be  p e r f o r m e d  h e r e  is n o t  t h e  l i t e r a l  k ind,  a n d  t h a t  it i n v o l v e s  u n s p e c i f i e d  
a n d  a r b i t r a r y  a m o u n t s  of i n f e r e n c e .  

The a l t e r n a t i v e  a p p r o a c h  p r e s e n t e d  b y  t h i s  p a p e r  t a k e s  exp l i c i t  a c c o u n t  of t h e  f a c t  
t h a t  c e r t a i n  p r o p e r t i e s  a n d  r e l a t i o n s ,  l ike "DIAMOTHER", c a n  be  r e g a r d e d  as bu i l t  up  
f r o m  o t h e r s .  In t h e  n e x t  s e c t i o n  we will s h o w  how t h e  p r o p e r t i e s  a n d  r e l a t i o n s  w h o s e  
e x t e n s i o n s  t h e  d a t a b a s e  s t o r e s  c a n  be  a x i o m a t i z e d  in t e r m s  of t h e  o n e s  t h a t  a r e  m o r e  
b a s i c  in t h e  a p p l i c a t i o n  doma in .  This p r e p a r e s  t h e  way  fo r  t h e  s i m p l i f i c a t i o n  
t r a n s f o r m a t i o n  i tse l f ,  w h i c h  will r e l y  on  a l imi ted  a n d  s o u n d  fo rm of i n f e r e n c e  to  
r e v e r s e  t h e  a x i o m a t i z a t i o n  a n d  t r a n s f o r m  t h e  m e a n i n g  r e p r e s e n t a t i o n ,  w h e r e  p o s s i b l e ,  
t o  a n  e x p r e s s i o n  t h a t  u s e s  o n l y  t h e s e  d a t a b a s e  p r o p e r t i e s  a n d  r e l a t i o n s .  In t h i s  way,  
t h e  l o c a l  r u l e  p a r a d i g m  c a n  be  s u b s t a n t i a l l y  r e s t o r e d .  

3. Knowledge Representation and Question-Answering 
The p u r p o s e  o f  t h i s  s e c t i o n  of t h e  p a p e r  is to  p r e s e n t  a way  of c o n n e c t i n g  t h e  

m e a n i n g  r e p r e s e n t a t i o n  l a n g u a g e  t o  a t a x o n o m i c  k n o w l e d g e  r e p r e s e n t a t i o n  s y s t e m  in 
s u c h  a way  t h a t  t h e  i n f e r e n c e - m a k i n g  c a p a b i l i t y  of t he  l a t t e r  is a v a i l a b l e  a n d  u s e f u l  
f o r  t h e  p r o b l e m s  th i s  I ~ p e r  a d d r e s s e s .  Our  a p p r o a c h  may  be c o n s t r a s t e d  wi th  t h a t  of 
o t h e r s ,  e.g. TEAM in w h i c h  s u c h  a t a x o n o m y  is u s e d  main ly  fo r  s imple  i n h e r i t a n c e  a n d  
a t t a c h m e n t  du t i e s .  

The k n o w l e d g e  r e p r e s e n t a t i o n  s y s t e m  u s e d  in t h i s  w o r k  is NIKL [5]. S ince  NIKL h a s  
b e e n  d e s c r i b e d  r a t h e r  fu l ly  in t h e  r e f e r e n c e s ,  I will give o n l y  a b r i e f  s u m m a r y  h e r e .  

::NIKL is a t a x o n o m i c  f r a m e - l i k e  s y s t e m  wi th  two b a s i c  d a t a  s t r u c t u r e s :  c o n c e p t s  a n d  
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roles. Concepts are just classes of entities, for which roles function somewhat as 
attributes. At any given concept we can restrict a role to be filled by some other 
concept, or place a restriction on the number of individual "fillers" of the role there. 
A role has one concept as its "domain" and another as its "range": the role is a 
relation between the sets these two concepts denote. Concepts are arranged in a 
hierarchy of sub-concepts and superconcepts; roles are similarly arranged. Both 
concepts and roles may associated with names. In logical terms, a concept may be 
identified as the one-place predicate with its name, and a role as the two-place 
predicates with its name. 

I will now give the meaning postulates for a term--forming algebra, similar to the one 
described in [2] in which one can write down the sort of NIKL expressions I will need. 
Expressions in this language are combinable to yield a complex concept or role as 
their value. 

(CONJ Cl - -  CN) =- (lambdo (X) (ond (C1 X) - -  (Cn X))) 

(VALUERESTRICT R C) =- (lambda (X) ( fo ra l l  Y (-> (R X Y) 
(c ¥))) 

(NUMBERRESTRICT R 1 NIL) 5 (Iombdo (X) (exists Y (R X Y))) 

(VRDIFF R C) ~ (Iombdo (X Y) (ond (R X Y) (C Y))) 

(DOMAINDIFF R C) -= (Iombdo (X Y) (ond (R X Y) (C X))) 

The k e y  f e a t u r e  of NIKL w h i c h  we wil l  m a k e  u s e  of is  i t s  c l a s s i f i e r ,  w h i c h  c o m p u t e s  
s u b s u m p t i o n  a n d  e q u i v a l e n c e  r e l a t i o n s  b e t w e e n  c o n c e p t s ,  a n d  a l i m i t e d  fo rm of t h i s  
a m o n g  r o l e s .  S u b s u m p t i o n  is  s o u n d ,  a n d  t h u s  i n d i c a t e s  e n t a i l m e n t  b e t w e e n  t e r m s :  

(SUBSUMES C1 C2) -> ( foro l l  X (-> (C2 X) (C1 X))) 

If t h e  c l a s s i f i e r  a l g o r i t h m  is c o m p l e t e ,  t h e  r e v e r s e  is  a l s o  t r u e ,  a n d  e n t a i l m e n t  
i n d i c a t e s  s u b s u m p t i o n .  I n t u i t i v e l y ,  t h i s  m e a n s  t h a t  c l a s s i f i e d  c o n c e p t s  a r e  p u s h e d  
d o w n  a s  f a r  in  t h e  h i e r a r c h y  a s  t h e y  c a n  go. 

Also  a s s o c i a t e d  w i th  t h e  NIKL s y s t e m ,  t h o u g h  n o t  a p a r t  of t h e  c o r e  l a n g u a g e  
d e f i n i t i o n ,  i s  a s y m b o l  t a b l e  w h i c h  a s s o c i a t e s  a t o m i c  n a m e s  w i th  t h e  r o l e s  o r  c o n c e p t s  
t h e y  d e n o t e ,  a n d  c o n c e p t s  a n d  r o l e s  w i t h  t h e  n a m e s  d e n o t i n g  t h e m .  If a c o n c e p t  o r  
r o l e  d o e s  n o t  h a v e  a n a m e ,  t h e  s y m b o l  t a b l e  is  a b l e  to  c r e a t e  a n d  i n s t a l l  o n e  f o r  i t  
w h e n  d e m a n d e d .  

The domain model 

In o r d e r  t o  b e  a b l e  to  u s e  NIKL in  t h e  a n a l y s i s  of e x p r e s s i o n s  in  t h e  m e a n i n g  
r e p r e s e n t a t i o n  l a n g u a g e ,  we m a k e  t h e  f o l l o w i n g  s t i p u l a t i o n s  f o r  a n y  u s e  of t h e  
l a n g u a g e  in  a g i v e n  d o m a i n .  F i r s t ,  a n y  o n e - p l a c e  p r e d i c a t e  m u s t  n a m e  a c o n c e p t ,  a n d  
a n y  t w o - p l a c e  p r e d i c a t e  n a m e  a r o l e .  S e c o n d ,  a n y  c o n s t a n t ,  u n l e s s  a n u m b e r  o r  a 
s t r i n g ,  m u s t  n a m e  a n  " i n d i v i d u a l "  c o n c e p t  - a p a r t i c u l a r  k i n d  of NIKL c o n c e p t  t h a t  is  
d e f i n e d  t o  h a v e  a t  m o s t  one  m e m b e r .  N - a r y  f u n c t i o n s  a r e  t r e a t e d  as  a N + I  - a r y  
p r e d i c a t e s .  A p r e d i c a t e  of N a r g u m e n t s ,  w h e r e  N is g r e a t e r  t h a n  2, i s  r e i f i e d  a s  a 
c o n c e p t  w i t h  N r o l e s .  This  s e t  of c o n c e p t s  a n d  r o l e s ,  t o g e t h e r  w i t h  t h e  l o g i c a l  
r e l a t i o n s h i p s  b e t w e e n  t h e m ,  we c a l l  t h e  " d o m a i n  m ode l " .  

N o t e  t h a t  a l l  we h a v e  d o n e  i s  t o  s t i p u l a t e  a n  o n e - t o - o n e  c o r r e s p o n d e n c e  b e t w e e n  
two  s e t s  of t h i n g s  - t h e  c o n c e p t s  a n d  r o l e s  in  t h e  d o m a i n  m o d e l  a n d  t h e  n o n - l o g i c a l  
c o n s t a n t s  of t h e  m e a n i n g  r e p r e s e n t a t i o n  l a n g u a g e .  If we wish  t o  i n c l u d e  a new n o n -  
l o g i c a l  c o n s t a n t  in  t h e  l a n g u a g e  we m u s t  e n t e r  t h e  c o r r e s p o n d i n g  c o n c e p t  o r  r o l e  in  
t h e  d o m a i n  mode l .  S i m i l a r l y ,  t h e  NIKL s y s t e m ' s  c r e a t i n g  a new c o n c e p t  o r  r o l e ,  a n d  
c r e a t i o n  of  a n a m e  in  t h e  s y m b o l  t a b l e  t o  s t a n d  f o r  i t ,  f u r n i s h e s  u s  w i t h  a new n o n -  

J 0 g i c a l  c o n s t a n t .  
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Axiomatization of the database in terms of 
the domain model 

The t r a n s l a t i o n  r u l e s  p r e s e n t e d  e a r l i e r  e f f e c t i v e l y  s e e k  to  a x i o m a t i z e  t h e  p r o p e r t i e s  
a n d  r e l a t i o n s  of t h e  d o m a i n  mode l  in t e r m s  of t h o s e  of t h e  d a t a b a s e .  This  is n o t  t h e  
o n l y  way  to  b r i d g e  t h e  gap .  One migh t  a l so  t r y  t h e  r e v e r s e :  to  a x i o m a t i z e  t h e  
p r o p e r t i e s  a n d  r e l a t i o n s  of t h e  d a t a b a s e  in t e r m s  of t h o s e  of t h e  d o m a i n  model .  
C o n s i d e r  t h e  DIAMOTHER f ie ld  of o u r  s amp le  d a t a b a s e .  We c a n  wr i t e  t h i s  in NIKL as  t h e  
c o n c e p t  PATIENT-WITH-DIABETIC-MOTHER u s i n g  t e r m s  a l r e a d y  p r e s e n t  in t h e  d o m a i n  
model :  

(CONJ PATIENT 
(VALUERESTRICT MOTHER 

DIABETIC)) 
l 

If we w a n t e d  to  a x i o m a t i z e  t h e  r e l a t i o n  impl ied  by  t h e  SEX a t t r i b u t e  of t h e  PATIENTS 
t a b l e  in o u r  d a t a b a s e ,  we c o u l d  r e a d i l y  do so  by  d e f i n i n g  t h e  r o l e  PATIENT-SEX in 
t e r m s  of t h e  d o m a i n  model  r e l a t i o n  SEX: 

(DOMAINDI FF SEX 
PAT I ENT) 

These  two d e f i n e d  t e r m s  c a n  a c t u a l l y  be  e n t e r e d  i n t o  t h e  model ,  a n d  be  t r e a t e d  j u s t  
l ike a n y  o t h e r s  t h e r e .  Fo r  example ,  t h e y  c a n  now a p p e a r  as  p r e d i c a t e  l e t t e r s  in 
m e a n i n g  r e p r e s e n t a t i o n s .  M o r e o v e r ,  t o  t h e  a s s o c i a t e d  d a t a  s t r u c t u r e  we c a n  a t t a c h  a 
t r a n s l a t i o n  ru le ,  j u s t  as  we h a v e  b e e n  do ing  wi th  t h e  o r i g i n a l  doma in  m o d e l  e l e m e n t s .  
Thus ,  will a t t a c h  to  t h e  c o n c e p t  PATIENT-WITH-DIABETIC-MOTHER the  ru l e :  

(PROJECT (SELECT FROM PATIENTS WHERE (EQ DIAMOTHER "YES")) 
OVER PATID) 

The n e x t  s e c t i o n  will i l l u s t r a t e  how we map f rom e x p r e s s i o n s  u s ing  " o r i g i n a l "  d o m a i n  
mode l  e l e m e n t s  to  t he  o n e s  we c r e a t e  f o r  a x i o m a t i z i n g  t h e  d a t a b a s e ,  u s i n g  t h e  NIKL 
s y s t e m  a n d  i ts  c l a s s i f i e r .  

4. Recursive Terminological Simplification 
We now p r e s e n t  t he  a c t u a l  s i m p l i f i c a t i o n  m e t h o d .  It is c o m p o s e d  of two s e p a r a t e  

t r a n s f o r m a t i o n s  which  a r e  a p p l i e d  one  a f t e r  t h e  o t h e r .  The f i r s t ,  t h e  " c o n t r a c t i o n  
p h a s e " ,  s e e k s  to  c o n t r a c t  c o m p l i c a t e d  s u b e x p r e s s i o n s  ( p a r t i c u l a r l y  n e s t e d  
q u a n t i f i c a t i o n s )  to  s imple r  o n e - p l a c e  p r e d i c a t i o n s ,  a n d  to  f u r t h e r  r e s t r i c t  t h e  " s o r t s "  
of r e m a i n i n g  b o u n d  v a r i a b l e s  on t h e  b a s i s  of t h e  o n e - p l a c e  p r e d i c a t e s  so f o u n d .  The 
s e c o n d  p a r t  of t h e  t r a n s f o r m a t i o n ,  t h e  " r o l e - t i g h t e n i n g "  p h a s e ,  r e p l a c e s  g e n e r a l  
r e l a t i o n s  in t h e  e x p r e s s i o n  wi th  m o r e  s p e c i f i c  r e l a t i o n s  w h i c h  a r e  l o w e r  in t h e  NIKL 
h i e r a r c h y .  These  more  s p e c i f i c  r e l a t i o n s  a r e  o b t a i n e d  f rom the  m o r e  g e n e r a l  b y  
c o n s i d e r i n g  t h e  s o r t s  of t h e  v a r i a b l e s  u p o n  wh ich  a g i v e n  r e l a t i o n a l  p r e d i c a t i o n  is 
made .  

The contraction phase 

The contraction phase is an algorithm with three steps, which occur sequentially 
upon application to any expression of the meaning representation. First, the 
contraction phase applies itself recursively to each non-constant subexpression of the 
expression. Second, depending upon the syntactic category of the expression, one of 
the "pre-simplification" transformations is applied to place it in a normalized form. 
Third and finally, one of the actual simplification transformations is used to convert 
the expression to one of a simpler syntactic category. 

Before working through the example, I will lay out the transformations in detail. In 
what follows, X and XI,X2 -- Xn are variables in the meaning representation language. 
The symbol "<rest>" denotes a (possibly empty) sequence of formulae. The expression 
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"(FORMULA X)" d e n o t e s  a f o r m u l a  of  t h e  m e a n i n g  r e p r e s e n t a t i o n  l a n g u a g e  in  w h i c h  t h e  
v a r i a b l e  X ( a n d  p e r h a p s  o t h e r s )  a p p e a r s  f r e e l y .  The  s y m b o l  " < q u a n t > "  is  t o  b e  
u n d e r s t o o d  as  b e i n g  r e p l a c e d  b y  e i t h e r  t h e  o p e r a t o r  SETOF o r  t h e  q u a n t i f i e r  EXISTS. 

F i r s t ,  t h e  n o r m a l i z a t i o n  t r a n s f o r m a t i o n s ,  w h i c h  s i m p l y  r e - a r r a n g e  t h e  c o n s t i t u e n t s  of  
t h e  e x p r e s s i o n s  to  a m o r e  c o n v i e n e n t  f o r m  w i t h o u t  c h a n g i n g  i t s  s y n t a c t i c  c a t e g o r y :  

(1) (ond (P1X1) (P2 X1) - -  (PN X1) 
(Q1X2) (Q2 X2) - -  (QN X2) 
<rest>)  

==> (and (P' X1) (Q' X2) <rest>)  

where P' := (CONJ P1 P2 - -  PN) 
ond Q' := (CONJ Q1 Q2 - -  QN) 

(2) (<quant> X:S (ond (P X) <rest>)  -~> 

(<quont> X:S' (ond <res t>) )  
where S' := (CONJ S P) 

(3) (<quont> X:S (P X)) = >  

(<quont> X:S')  
where S' := (CONJ S P) 

(4) ( f o r a l l  X:S (-> (and (P X) <rest>)  
(FORMULA X)) -~> 

( f o r o l l  X:S' ( -> (and <rest>)  
(FORMULA X)) )  

In  (2) a n d  (4) a b o v e ,  t h e  c o n j u n c t i o n  o r  i m p l i c a t i o n ,  r e s p e c t i v e l y ,  a r e  c o l l a p s e d  o u t  if  
t h e  s e q u e n c e  < r e s t >  is e m p t y .  

Now t h e  a c t u a l  s i m p l i f i c a t i o n  t r a n s f o r m a t i o n s ,  wh ich  s e e k  to  r e d u c e  a c o m p l e x  s u b -  
e x p r e s s i o n  t o  a o n e - p l a c e  p r e d i c a t i o n .  

(5) ( f o r a l l  X2:S (-> (R X1X2) (P X2)))  
-~> (P' X1 ) 

where P' := (VALUERESTRICT (VRDIFF R S) P) 

(6) (ex is ts  X2:S (R X1X2))  -~> (e'  X1) 

where P' := (VALUERESTRICT R S) 
and R m~st be o functionol role 

(7) (ex is ts  X2:S (R Xl X2)) = >  (P' Xl)  

where P' := (NUMBERRESTRICT (VRDIFF R S) 1 NIL) 

(8) (and (P X)) ===> (P X) 

(9) (R X C) = >  (P X) 

where P := (VALUERESTRICT R C) 
and R is func t i ono l ,  C on ind i v idua l  concept 

Now, l e t  u s  s u p p o s e  t h a t  t h e  e x e r c i s e  a t  t h e  e n d  of t h e  l a s t  s e c t i o n  h a s  b e e n  c a r r i e d  
ou t ,  a n d  t h a t  t h e  c o n c e p t  PATIENT-WITH-DIABETIC-MOTHER h a s  b e e n  c r e a t e d  a n d  g i v e n  
t h e  a p p r o p r i a t e  t r a n s l a t i o n  r u l e .  To r e t u r n  to  t h e  q u e r y  "Lis t  p a t i e n t s  w h o s e  m o t h e r  
w a s  a d i a b e t i c " ,  we r e c a l l  t h a t  i t  h a s  t h e  m e a n i n g  r e p r e s e n t a t i o n :  

(DISPLAY t(SETOF X:PATIENTS 
(FORALL Y:PERSON 
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(-> (MOTHER X Y) 
(DIABETIC Y))))) 

U p o n  a p p l i c a t i o n  to  t h e  SETOF e x p r e s s i o n ,  t h e  a l g o r i t h m  f i r s t  a p p l i e s  i t s e l f  t o  t h e  
i n n e r  FORALL. The s y n t a c t i c  p a t t e r n s  of n o n e  of t h e  p r e - s i m p l i f i c a t i o n  
t r a n s f o r m a t i o n s  (2) - (4) a r e  s a t i s f i e d ,  so t r a n s f o r m a t i o n  (5) is a p p l i e d  r i g h t  way  to  
p r o d u c e  t h e  NIKL c o n c e p t :  

(VALUERESTRICT (VRDIFF MOTHER PERSON) 
DIABETIC) 

This is g iven  to  t h e  NIKL c l a s s i f i e r ,  w h i c h  c o m p a r e s  it to  o t h e r  c o n c e p t s  a l r e a d y  in t h e  
h i e r a r c h y .  S ince  MOTHER h a s  PERSON as  i t s  r a n g e  a l r e a d y ,  (VRDIFF MOTHER PERSON) is 
j u s t  MOTHER aga in .  The c l a s s i f i e r  t h u s  c o m p u t e s  t h a t  t h e  c o n c e p t  s p e c i f i e d  a b o v e  is a 
s u b c o n c e p t  of PERSON - a PERSON s u c h  t h a t  his  MOTHER was a DIABETIC. If t h i s  is 
n o t  f o u n d  to  be e q u i v a l e n t  t o  a n y  p r e - e x i s t i n g  c o n c e p t ,  t h e  s y s t e m  a s s i g n s  t h e  
c o n c e p t  a new n a m e  wh ich  no  o t h e r  c o n c e p t  has ,  s a y  P E R S O N - I .  The o u t c o m e  of t h e  
s i m p l i f i c a t i o n  of t h e  whole  FORALL is t h e n  j u s t  t h e  m u c h  s imp le r  e x p r e s s i o n :  

(PERSON-1 X) 

The r e c u r s i v e  s i m p l i f i c a t i o n  of t h e  a r g u m e n t s  to  t he  SETOF is now c o m p l e t e d ,  a n d  t h e  
r e s u l t i n g  e x p r e s s i o n  is: 

(DISPLAY t(SETOF X:PATIENT 
(PERSON- I X))) 

T r a n s f o r m a t i o n s  c a n  now be a p p l i e d  to  t he  SETOF e x p r e s s i o n  i t se l f .  The p r e -  
s i m p l i f i c a t i o n  t r a n s f o r m a t i o n  (3) is f o u n d  to  app ly ,  a n d  a c o n c e p t  e x p r e s s e d  by:  

(CONJ PATIENT PERSON-I) 

is g i v e n  t o  t h e  c l a s s i f i e r ,  w h i c h  r e c o g n i z e s  it as e q u i v a l e n t  to  t h e  a l r e a d y  e x i s t i n g  
c o n c e p t  PATIENT-WITH-DIABETIC-MOTHER. S ince  a n y  c o n c e p t  c a n  s e r v e  as  a s o r t ,  t h e  
f ina l  s i m p l i f i c a t i o n  is: 

(DISPLAY t(SETOF X:PATIENT-WITH-DIABETIC-MOTHER)) 

This is t h e  v e r y  c o n c e p t  fo r  w h i c h  we h a v e  a ru le ,  so t he  ERL t r a n s l a t i o n  is: 

(PRINT FROM (SELECT FROM PATIENT 
WHERE (EQ DIAMOTHER "YES")) 

PATID) 

S u p p o s e  now t h a t  t h e  s e m a n t i c  i n t e r p r e t a t i o n  s y s t e m  a s s i g n e d  a d i f f e r e n t  l og i ca l  
e x p r e s s i o n  t o  r e p r e s e n t  t h e  q u e r y  "Lis t  p a t i e n t s  w h o s e  m o t h e r  was  a d i a b e t i c " ,  in 
w h i c h  t h e  e m b e d d e d  q u a n t i f i c a t i o n  is e x i s t e n t i a l  i n s t e a d  of u n i v e r s a l .  This migh t  
a c t u a l l y  be  more  in l ine wi th  t h e  n u m b e r  of t h e  e m b e d d e d  n o u n .  The m e a n i n g  
r e p r e s e n t a t i o n  would  now be:  

(display t(setof X:PATIENT 
(exists Y:PERSON (and (MOTHER X Y) 

(DIABETIC Y))) 

The r e c u r s i v e  a p p l i c a t i o n  of t h e  a l g o r i t h m  p r o c e e d s  as  b e f o r e .  Now, h o w e v e r ,  t h e  p r e -  
s i m p l i f i c a t i o n  t r a n s f o r m a t i o n  (2) may  be  a p p l i e d  to  y ie ld :  

(exists Y:DIABETIC (MOTHER X Y)) 

s i n c e  a DIABETIC is a l r e a d y  a PERSON. T r a n s f o r m a t i o n  (6) c a n  be  a p p l i e d  if MOTHER is 
a " f u n c t i o n a l "  ro le  - m a p p i n g  e a c h  a n d  e v e r y  p e r s o n  to  e x a c t l y  one  m o t h e r .  This c a n  
be  c h e c k e d  by  a s k i n g  t h e  NIKL s y s t e m  if a n u m b e r  r e s t r i c t i o n  h a s  b e e n  a t t a c h e d  a t  
t h e  d o m a i n  of t h e  ro le ,  PERSON, s p e c i f y i n g  t h a t  i t  h a v e  b o t h  a min imum a n d  a max imum 
of one .  If t h e  a u t h o r  of t h e  d o m a i n  mode l  h a s  p r o v i d e d  t h i s  r e a s o n a b l e  a n d  p e r f e c t l y  
t r u e  f a c t  a b o u t  m o t h e r h o o d ,  (6) c a n  p r o c e e d  to  yield:  
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(PATI ENT-WITH-DIABETIC-MOTHER X) 

as in t h e  p r e c e d i n g  example .  

The role  t ightening  phase  

This p h a s e  is qu i t e  s imple.  Af t e r  t h e  c o n t r a c t i o n  p h a s e  h a s  b e e n  r u n  on t h e  whole  
e x p r e s s i o n ,  a n u m b e r  of v a r i a b l e s  h a v e  h a d  t h e i r  s o r t s  c h a n g e d  to  t i g h t e r  ones .  This 
t r a n s f o r m a t i o n  sweeps  t h r o u g h  an  e x p r e s s i o n  and  c h a n g e s  t h e  r o l e s  in t h e  e x p r e s s i o n  
on t h a t  bas i s .  Thus:  

( l e )  (R X Y) ===> (R' X Y) 

where $1 is the sor t  of X 
ond $2 is the sor t  of Y 
end R' := (DOMAINDIFF (VRDIFF R $2) 

sl)  

One c a n  see  t h a t  a u s e  of t h e  r e l a t i o n  SEX, w h e r e  t h e  s o r t  of t h e  f i r s t  a r g u m e n t  is 
k n o w n  to  be  DOCTOR, c a n  r e a d i l y  be  c o n v e r t e d  to  a u se  t h e  r e l a t i o n  DOCTOR-SEX. 

B a c k  convers ion:  going in the  r e v e r s e  d irect ion  

T h e r e  will be t imes  w h e n  t h e  s i m p l i f i c a t i o n  t r a n s f o r m a t i o n  will " o v e r s h o o t " ,  c r e a t i n g  
a n d  u s i n g  new p r e d i c a t e  l e t t e r s  w h i c h  h a v e  n o t  b e e n  s e e n  b e f o r e  b y  c l a s s i f y i n g  new 
d a t a  s t r u c t u r e s  i n t o  t h e  mode l  t o  c o r r e s p o n d  to  them.  The u s e  of s u c h  a new 
p r e d i c a t e  l e t t e r  c a n  t h e n  be  t r e a t e d  e x a c t l y  as would  i ts  e q u i v a l e n t  l a m b d a - d e f i n i t i o n ,  
w h i c h  we c a n  r e a d i l y  o b t a i n  by  c o n s u l t i n g  t h e  NIKL model .  Fo r  example ,  a q u e r y  a b o u t  
t h e  s e x e s  of  l e u k e m i a  v ic t ims  m ay  a f t e r  s imp l i f i c a t i on  r e s u l t  in a r a t h e r  s t r a n g e  ro le  
b e i n g  c r e a t e d  a n d  e n t e r e d  i n t o  t h e  h i e r a r c h y :  

PATIENT-SEX-I := (DOMAINDIFF PATIENT-SEX LEUKEMIA-PATIENT) 

This ro l e  is a d i r e c t  d e s c e n d a n t  of PATIENT-SEX; i ts  n a m e  is s y s t e m  g e n e r a t e d .  By t h e  
m e a n i n g - p o s t u l a t e  of DOMAINDIFF g iven  in s e c t i o n  3 above ,  i t  c a n  be r e w r i t t e n  as  t h e  
fo l lowing l a m b d a - a b s t r a c t :  

(Iornbdo (X Y) (and (PATIENT-SEX X Y) 
(LEUKEMIA-PATI ENT X) ) ) 

For  PATIENT-SEX we of c o u r s e  h a v e  a t r a n s l a t i o n  ru l e  as  d i s c u s s e d  in s e c t i o n  2. A 
r u l e  fo r  LEUKEMIA-PATIENT c a n  be  i m a g i n e d  as invo lv ing  t h e  DISEASE field of t h e  
PATIENTS t ab le .  At t h i s  p o i n t  we c a n  s imply  cal l  t he  t r a n s l a t i o n  a l g o r i t h m  r e c u r s i v e l y ,  
a n d  it  will come  up  wi th  a t r a n s l a t i o n :  

(PROJECT (SELECT FROM PATIENTS 
WHERE (EQ DISEASE "LEUK")) 

OVER PATID SEX) 

This s u p p l i e s  us  wi th  t h e  n e e d e d  ru le .  As a b o n u s ,  we c a n  avo id  h a v i n g  to  r e c o m p u t e  
it  l a t e r  by  s imply  a t t a c h i n g  it  to  t h e  ro l e  in the  n o r m a l  way. The s imi la r  c o m p u t a t i o n  
of r u l e s  f o r  comp lex  c o n c e p t s  a n d  r o l e s  wh ich  a r e  a l r e a d y  in t h e  d o m a i n  c o m e s  fo r  
f r ee .  

5. Conclusions, Implementation Status and Further 
Work 

As of t h i s  wr i t ing ,  we h a v e  i n c o r p o r a t e d  NIKL in to  t h e  i m p l e m e n t a t i o n  of o u r  n a t u r a l  
l a n g u a g e  q u e s t i o n - a n s w e r i n g  s y s t e m ,  IRUS. NIKL is u s e d  to  r e p r e s e n t  t h e  k n o w l e d g e  in 
a Navy  b a t t l e - m a n a g e m e n t  doma in .  The s imp l i f i c a t i on  t r a n s f o r m a t i o n  d e s c r i b e d  in t h i s  
p a p e r  h a s  b e e n  i m p l e m e n t e d  in t h i s  c o m b i n e d  sy s t em,  a n d  t h e  a x i o m a t i z a t i o n  of t h e  
. d a t a b a s e  as  d e s c r i b e d  a b o v e  is b e i n g  a d d e d  to  t h e  d o m a i n  model .  At t h a t  p o i n t ,  t h e  
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m e t h o d o l o g y  will be  t e s t e d  as  a s o l u t i o n  to  t h e  d i f f i cu l t i e s  now b e i n g  e x p e r i e n c e d  by  
t h o s e  t r y i n g  to  wr i t e  t h e  t r a n s l a t i o n  r u l e s  f o r  t h e  c o m p l e x  d a t a b a s e  a n d  d o m a i n  of t h e  
F l ee t  Com mand  C e n t e r  .Battle M a n a g e m e n t  P r o g r a m  of DARPA's S t r a t e g i c  C o m p u t i n g  
P r o g r a m .  

I h a v e  p r e s e n t e d  a l imi ted  i n f e r e n c e  m e t h o d  on  p r e d i c a t e  c a l c u l u s  e x p r e s s i o n s ,  w h o s e  
i n t e n t  is t o  p l a c e  t h e m  in a c a n o n i c a l  fo rm t h a t  m a k e s  o t h e r  i n f e r e n c e s  e a s i e r  t o  
make .  M e t a p h o r i c a l l y ,  i t  c a n  be  r e g a r d e d  as  " s i n k i n g "  t h e  e x p r e s s i o n  l ower  in a 
c e r t a i n  l og i ca l  s p a c e .  The goa l  is t o  p u s h  it  down to  t h e  " leve l"  of t h e  d a t a b a s e  
p r e d i c a t e s ,  o r  below. We c a n n o t  g u a r a n t e e  t h a t  we will a lways  p l a c e  t h e  e x p r e s s i o n  as  
low as  it c o u l d  p o s s i b l y  go - t h a t  p r o b l e m  is u n d e c i d a b l e .  Bu t  we c a n  go a g o o d  
d i s t a n c e ,  a n d  t h i s  b y  i t s e l f  is v e r y  u s e f u l  f o r  r e s t o r i n g  t h e  t r a c t a b i l i t y  of t h e  m a p p i n g  
t r a n s f o r m a t i o n  a n d  o t h e r  s o r t s  of  d e d u c t i v e  o p e r a t i o n s  [10].  

S o m e w h a t  s imi la r  s i m p l i f i c a t i o n s  a r e  p e r f o r m e d  in t h e  w o r k  on  ARGON [6], b u t  f o r  a 
d i f f e r e n t  p u r p o s e .  T h e r e  t h e  d a t a b a s e  is a s s u m e d  to  be  a full,  r a t h e r  t h a n  a p a r t i a l l y  
s p e c i f i e d ,  m o d e l  a n d  s i m p l i f i c a t i o n s  a r e  p e r f o r m e d  o n l y  to  g a i n  an  i n c r e a s e  in 
e f f i c i e n c y .  The d i s t i n g u i s h i n g  f e a t u r e  of t h e  p r e s e n t  w o r k  is i t s  o p e r a t i o n  on  a n  
e x p r e s s i o n  in a log ica l  l a n g u a g e  f o r  Eng l i sh  m e a n i n g  r e p r e s e n t a t i o n ,  r a t h e r  t h a n  fo r  
r e s t r i c t e d  q u e r i e s .  A d a t a b a s e ,  g i v e n  t h e  p u r p o s e s  f o r  w h i c h  it  is d e s i g n e d ,  c a n n o t  
c o n s t i t u t e  a full  mode l  f o r  s u c h  a l a n g u a g e .  Thus ,  t h e  t e r m i n o l o g i c a l  s i m p l i f i c a t i o n  is 
n e e d e d  to  r e d u c e  t h e  log ica l  e x p r e s s i o n ,  w h e n  p o s s i b l e ,  t o  an  e x p r e s s i o n  in a " s u b -  
l a n g u a g e "  of t h e  f i r s t  f o r  wh ich  t h e  d a t a b a s e  i s  a full  model .  

An impor ta r~t  o u t c o m e  of t h i s  w o r k  is t h e  p e r s p e c t i v e  it  g ives  on k n o w l e d g e  
r e p r e s e n t a t i o n  s y s t e m s  l ike NIKL. It  s h o w s  how w o r k e r s  in o t h e r  f ie lds ,  whi le  
m a i n t a i n i n g  o t h e r  l og i ca l  s y s t e m s  as  t h e i r  p r i m a r y  mode  of r e p r e s e n t a t i o n ,  c a n  u s e  
t h e s e  s y s t e m s  in p r a c t i c a l  ways.  C e r t a i n l y  NIKL a n d  NIKL- l ike  s y s t e m s  c o u l d  n e v e r  be  
u s e d  as  ful l  m e a n i n g  r e p r e s e n t a t i o n s  - t h e y  d o n ' t  h a v e  e n o u g h  e x p r e s s i v e  power ,  a n d  
w e r e  n e v e r  m e a n t  to .  This d o e s  n o t  m e a n  we h a v e  to  d i s r e g a r d  t hem,  h o w e v e r .  The 
r i g h t  p e r s p e c t i v e  is to  view t h e m  as  a t t a c h e d  i n f e r e n c e  e n g i n e s  t o  p e r f o r m  l imi t ed  
t a s k s  h a v i n g  to  do wi th  t h e i r  s p e c i a l t y  - t h e  r e l a t i o n s h i p s  b e t w e e n  t h e  v a r i o u s  
p r o p e r t i e s  and  r e l a t i o n s  t h a t  m a k e  up  a s u b j e c t  d o m a i n  in t h e  r e a l  wor ld .  
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