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A b s t r a c t 

T h i s p a p e r p r e s e n t s some p r o g r a m m i n g f a c i l i 
t i e s f o r m o d e l i n g t h e s e m a n t i c s o f a t a s k doma in 
and f o r d e s c r i b i n g t h e s i t u a t i o n s t h a t o c c u r i n 
t h a t doma in a s a t a s k i s b e i n g c a r r i e d o u t . Each 
such d e s c r i p t i o n mode l s a " s t a t e " o f t he t a s k e n v i 
r o n m e n t , and any g i v e n s t a t e can b e t r a n s f o r m e d 
i n t o a new s t a t e b y t h e o c c u r r e n c e o f a n e v e n t t h a t 
a I t e r s t h e e n v i r o n m e n t . Such m o d e l i n g s y s t e m s a r e 
v i t a l i n many A l s y s t e m s , p a r t i c u l a r l y t h o s e t h a t 
d o q u e s t i o n a n s w e r i n g and t h o s e t h a t d o a u t o m a t i c 
g e n e r a t i o n and e x e c u t i o n m o n i t o r i n g o f p l a n s . The 
m o d e l i n g mechan isms d e s c r i b e d a r e b a s i c a l l y e x t e n 
s i o n s and m o d i f i c a t i o n s o f f a c i l i t i e s t y p i c a l l y 
f o u n d i n A l p r o g r a m m i n g l a n g u a g e s such as PLANNER, 
CONN1VER, and QA4. In p a r t i c u l a r , we d i s c u s s o u r 
use o f a 3 v a l u e d l o g i c , g e n e r a t o r f u n c t i o n s t o d e 
duce answers t o model q u e r i e s , t he s a v i n g and m a i n 
t a i n i n g o f d e r i ved r e s u l t s , and new f a c i l i t i e s f o r 
m o d e l i n g stntc changes p r o d u c e d by t h e o c c u r r e n c e 
o f e v e n t s . 

I n t r o d u c t i o n 

T h i s p a p e r d e s c r i b e s some model i n g f a c i l i t i e s 
t h a t have been d e v e l o p e d as p a r t o f a l a r g e Com
p u t e r based C o n s u l t a n t s y s t e m (CBC) b e i n g d e s i g n e d 
and i m p l e m e n t e d a t t h e SRI A r t i f i c i a l I n t e l l i g e n c e 
C e n t e r . The CBC i s i n t e n d e d t o s e r v e t h e r o l e o f 
a n e x p e r t c o n s u l t a n t t o a human a p p r e n t i c e d o i n g 
m a i n t e n a n c e and r e p a i r o p e r a t i o n s o n e l e c t r o m e c h a n 
i c a l devices. The a i r c o m p r e s s o r shown in F i g u r e 1 
i s an examp le o f such a d e v i c e t h a t has been used 
d u r i n g t h e ea r l y s t a g e s o f t h e p r o j e c t , A c o m p l e t e 
o v e r v i e w o f t h e p r o j e c t i s g i v e n e l s e w h e r e i n t h i s 
vo lume i n R e f e r e n c e 1 . 

The mode l s t h a t w e a r e c o n c e r n e d a b o u t i n t h i s 
p a p e r c o u l d b e d e s c r i p t i o n s o f any e n v i r o n m e n t o f 
i n t e r e s t a t s p e c i f i c i n s t a n c e s i n t i m e . Each such 
d e s c r i p t i o n i s s a i d t o mode l a " s t a t e " o f t h e e n v i 
r o n m e n t , and a s t a t e can be t r a n s f o r m e d i n t o a new 
s t a t e b y t h e o c c u r r e n c e o f a n even t t h a t a l t e r s t h e 
e n v i r o n m e n t . For t h e CBC, t h e s e mode ls d e s c r i b e 
t h e s t a t e o f t h e w o r k s t a t i o n i n c l u d i n g t h e d e v i c e , 
t o o l s , t e s t e q u i p m e n t , e t c . , and t h e e v e n t s a r e 
p r i m a r i l y m a i n t e n a n c e and r e p a i r o p e r a t i o n s p e r 
f o rmed b y t h e a p p r e n t i c e . 

P r o g r a m m i n g f a c i l i t i e s f o r q u e r y i n g s t a t e d e 
s c r i p t i o n mode l s and f o r u p d a t i n g them t o r e f l e c t 
t h e o c c u r r e n c e o f a n e v e n t a r e v i t a l i n many A l 
s y s t e m s , p a r t i c u l a r l y t h o s e t h a t d o q u e s t i o n a n 
s w e r i n g and t h o s e t h a t d o a u t o m a t i c g e n e r a t i o n and 
e x e c u t i o n m o n i t o r i n g o f p l a n s . P l a n n e r s , f o r exam
p l e , use t h e s e m o d e l s t o s i m u l a t e p o t e n t i a l 

o p e r a t o r ( e v e n t ) sequences and i n v e s t i g a t e t h e i r 
consequences. 

One of the goa ls f o r the CBC p r o j e c t is to 
have the system s y n t h e s i z e p lans f o r t r a n s f o r m i n g 
a dev i ce from any a r b i t r a r y s t a t e of assembly or 
d isassembly i n t o any o t h e r such s t a t e . T h i s 
p l a n n i n g c a p a b i l i t y i s r e q u i r e d f o r component r e -
mo va 1 or replacement o p e r a t i o n s and, in g e n e r a l , 
whenever a c o l l e c t i o n of assembly and d i sassemb ly 
o p e r a t i o n s are needed to he lp accompl ish a t a s k . 
We w i l l r e f e r to t h i s p l a n n i n g domain f o r examples 
th roughou t t h i s paper . 

The mode l ing mechanisms to be d e s c r i b e d here 
are b a s i c a l l y ex tens ions and m o d i f i c a t i o n s o f f a -
c i l i t i e s t y p i c a l l y found i n recen t p l a n n i n g p r o 
grams implemented in languages such as CONNIVEH 
(Ref . 2 ) , PLANNER (Ref . 3 ) , and QA4 (Ref . 4 ) . The 
need f o r such a d d i t i o n a l knowledge r e p r e s e n t a t i o n 
mechanisms is ev iden t as AI p r o j e c t s cont inue to 
move in the d i r e c t i o n o f c o n s i d e r i n g more complex 
task domains. The p r e s e n t a t i o n s here a re meant to 
add an increment to our a b i l i t y to des ign and 
b u i l d such l a r g e systems. 

Express ions and S ta tes 

Our model ing system is implemented as an e x 
t e n s i o n o f the QLISP programming language (Ref . 5 ) . 
[No te : QLISP is a d i r e c t descendant of the QA4 
language and was des igned to m a i n t a i n QA4 language 
f e a t u r e s w h i l e e l i m i n a t i n g the i n e f f i c i e n c i e s i n 
t roduced by the QA4 i n t e r p r e t e r . I t is a se t o f 
f u n c t i o n s l oadab le i n t o the INTERL1SP (Ref . 6 ) 
system, and QLISP " s t a t e m e n t s " are b a s i c a l l y c a l l s 
on these LISP f u n c t i o n s . Hence, the user can 
f r e e l y i n t e r m i x QLISP and LISP code. The c o n t r o l 
f e a t u r e s t h a t were l o s t by e l i m i n a t i n g the QA4 i n 
t e r p r e t e r a re c u r r e n t l y be ing r e s t o r e d by making 
use of new c o n t r o l f a c i l i t i e s p rov ided by the 1N-
TERLISP system (Ref . 7 ) . l Each s t a t e d e s c r i p t i o n 
model can be thought of as a set of QLISP e x p r e s 
s i o n s , w i t h each exp ress i on hav ing a t r u t h v a l u e 
a s s o c i a t e d w i t h i t . An exp ress ion t y p i c a l l y i s a 
s ta tement o f a r e l a t i o n s h i p among e n t i t i e s in the 
task domain such as o b j e c t s , concep ts , or o t h e r 
r e l a t i o n s h i p s . For example, the exp ress i on (CON
NECTED PUMP PLATFORM) is a s ta tement t h a t the pump 
is connected to the p l a t f o r m , and the e x p r e s s i o n 
(FASTENER (CONNECTION PUMP PLATFORM) B0LT:1) is a 
s ta tement t h a t BOLTrl is a f a s t e n e r of the pump-
p l a t f o r m c o n n e c t i o n . 

A l though each QLISP exp ress i on has a L1SP-
s t y l e p r o p e r t y l i s t a s s o c i a t e d w i t h i t , w e use 
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t h e s e p r o p e r t y l i s t s i n o u r mode ls o n l y f o r t r u t h 
v a l u e s and b o o k k e e p i n g i n f o r m a t i o n . T h e r e f o r e , 
i n s t e a d o f p u t t i n g GREEN a s t h e v a l u e o f t h e p r o p 
e r t y COLOR on t h e p r o p e r t y l i s t o f PUMP, we w o u l d 
c r e a t e t h e e x p r e s s i o n (COLOR PUMP GREEN) and p u t 
TRUE as t h e v a l u e o f t h e p r o p e r t y TRUTHVALUE on 
i t s p r o p e r t y l i s t . T h i s c o n v e n t i o n c r e a t e s homog
enous mode l s and a l l o w s a p a t t e r n m a t c h i n g p r o g r a m 
t o a s s o c i a t i v e l y r e t r i eve any r e l a t i o n s h i p i n a 
m o d e l . 

The QLISP c o n t e x t mechan ism a l l o w s t h e s y s t e m 
t o b u i I d and m a n i p u l a t e a c o l l e c t i o n o f s t a t e d e 
s c r i p t i o n s w i t h o u t h a v i n g t o c r e a t e and m a i n t a i n 
a c o m p l e t e copy o f each s t a t e . A " c o n t e x t t r e e " 
i s m a i n t a i n e d i n w h i c h each node d e n o t e s a s t a t e . 
T o r e p r e s e n t t h e new s t a t e t h a t i s p r o d u c e d b y 
t h e o c c u r r e n c e o f a n e v e n t i n some s t a t e S i , t h e 
s y s t e m c r e a t e s a new node i n t h e c o n t e x t t r e e as 
a d i r e c t d e s c e n d e n t o f t h e S i n o d e . A l l i n f o r m a 
t i o n i n s t a t e S i t h a t i s n o t e x p l i c i t l y changed i n 
t h e new s t a t e i s assumed t o a l s o h o l d i n t h e new 
s t a t e . T h a t i s , each s t a t e i n h e r i t s mode l i n f o r 
m a t i o n f r o m t h e s t a t e t h a t i s i t s p a r e n t i n t h e 
c o n t e x t t r e e . 

Q u e r y i n g S t a t e Descr i p t i o n Models 

T r u t h V a l u e s 

A s t a t e d e s c r i p t i o n model i s a s o u r c e o f i n -
f o r m a t i o n a h o u t a p a r t i c u l a r s i t u a t i o n , and i t s 
p r i m a r y use i s as a d a t a base f o r a n s w e r i n g q u e 
r i e s abou t t h e s i t u a t i o n . Our m o d e l i n g s y s t e m i n 
t e r a c t s w i t h i t s u s e r s ( b o t h p e o p l e and p r o g r a m s ) 
a s i f QLISP e x p r e s s i o n s w i t h t r u t h v a l u e s a t t a c h e d 
were t h e o n l y r e p r e s e n t a t i o n s b e i n g u s e d , even 
t hough t h e o p t i o n e x i s t s f o r s t o r i n g i n f o r m a t i o n 
i n o t h e r f o r m s . Hence , a l l q u e r i e s f r o m o u t s i d e 
t h e m o d e l i n g s y s t e m c o n c e r n t h e t r u t h v a l u e o f e x 
p r e s s i o n s i n some g i v e n s t a t e . 

When a n s w e r i n g a q u e r y a b o u t a p a r t i c u l a r e x 
p r e s s i o n i n some g i v e n s t a t e , t h e s y s t e m s e a r c h e s 
f o r a t r u t h v a l u e . The s e a r c h b e g i n s w i t h t h e e x 
p r e s s i o n ' s p r o p e r t y l i s t f o r t h e g i v e n s t a t e . I f 
t h e p r o p e r t y TRUTHVALUE has no v a l u e on t h a t p r o p 
e r t y l i s t , t h e p r o p e r t y l i s t f o r t he g i v e n s t a t e ' s 
p a r e n t ( i n t h e c o n t e x t t r e e ) i s c h e c k e d . The 
s e a r c h c o n t i n u e s i n t h i s manner u n t i l a v a l u e i s 
f o u n d o r u n t i l a l l t h e s t a t e s i n t he c o n t e x t a r e 
c o n s i d e r e d . I f n o v a l u e i s f o u n d , t h e s e a r c h r e 
t u r n s UNKNOWN as i t s r e s u l t . 

need s i n c e s t a t e d e s c r i p t i o n mode I s a r c i n h e r -
c n t l y i n c o m p l e t e , and i t i s i m p o r t a n t f o r t h e s y s 
tem to be aware of what i t d o e s n ' t know as we 1 1 as 
what i t does know. 

G e n e r a t o r s I n s t e a d o f B a c k t r a c k i n g 

QLISP p r o v i d e s f a c i l i t i e s f o r a s s o c i a t i v e l y 
r e t r i e v i n g e x p r e s s i o n s f r o m t h e d a t a base t h a t 
ma tch any g i v e n p a t t e r n , where a p a t t e r n i s d e 
f i n e d t o b e a n e x p r e s s i o n t h a t may c o n t a i n unbound 
v a r i a b l e s . The QLISP s t a t e m e n t s f o r q u e r y i n g t h e 
d a t a base use t h i s p a t t e r n m a t c h i n g f a c i l i t y and 
a r e s i m i l a r t o the q u e r y s t a t e m e n t s f o u n d i n 
PLANNER and QAA. They a r e d e s i g n e d to f i n d a s i n 
g l e i n s t a n c e o f a g i v e n p a t t e r n . T o cause t h e p a t 
t e r n m a t c h e r t o c o n t i n u e i t s s e a r c h and o b t a i n 
a n o t h e r such i n s t a n c e , t h e u s e r ' s p r o g r a m must r e 
t u r n t o t h e q u e r y s t a t e m e n t v i a t h e l a n g u a g e ' s 
b a c k t r a c k i n g mechan ism ( i . e . , b y " f a i l i n g " ) . 

U s i n g b a c k t r a c k i n g i n t h i s way t o sequence 
t h r o u g h a c l a s s o f e x p r e s s i o n s t h a t a l l ma t ch a 
g i v e n p a t t e r n has s e v e r e l i m i t a t i o n s i n t h a t i t 
t i e s t h e s e q u e n t i a l p r o d u c t i o n o f each e x p r e s s i o n 
t o t h e c o n t r o l s t r u c t u r e o f t h e u s e r ' s p r o g r a m . 
I n p a r t i c u l a r , i t r e q u i r e s t h a t t h e same p o r t i o n 
o f t h e u s e r ' s p r o g r a m b e e x e c u t e d f o r each e x p r e s 
s i o n ( n a m e l y , t he s t a t e m e n t s i m m e d i a t e l y f o l l o w i n g 
t h e q u e r y s t a t e m e n t ) . A l s o , s i n c e a l l t h e b a c k -
t r a c k a b l e e f f e c t s o f t h a t p o r t i o n a r e b e i n g " u n 
d o n e " a f t e r each f a i l u r e , i t makes cumbersome t h e 
s a v i n g o f r e s u l t s f o r each e x p r e s s i o n g e n e r a t e d . 
Such a b a c k t r a c k i n g mechan ism i s bes t s u i t e d to a 
" g e n e r a t e - a n d - t e s t " s i t u a t i o n where t h e u s e r d e 
s i r e s a s i n g l e e x p r e s s i o n t h a t n o t o n l y passes t h e 
q u e r y s t a t e m e n t ' s t e s t s , b u t a l s o passes a d d i 
t i o n a l t e s t s i n c l u d e d i n t h e u s e r ' s p r o g r a m . 

We have a d o p t e d t h e C0NN1VER s o l u t i o n to 
t h e s e l i m i t a t i o n s i n o u r m o d e l i n g s y s t e m b y p r o 
v i d i n g f u n c t i o n s t h a t a r e g e n e r a t o r s o f e x p r e s 
s i o n s f r o m t h e d a t a b a s e . F o r e x a m p l e , t h e r e i s a 
g e n e r a t o r v e r s i o n o f t h e QLISP I S s t a t e m e n t c a l l e d 
GEN: IS t h a t f i n d s i n s t a n c e s o f a g i v e n p a t t e r n 
h a v i n g t r u t h v a l u e TRUE i n a g i v e n s t a t e . Each 
t i m e a g e n e r a t o r f u n c t i o n such as GEN: IS i s 
c a l l e d , i t p r o d u c e s a s many e x p r e s s i o n s a s i s c o n 
v e n i e n t f o r i t . These e x p r e s s i o n s a r e p u t o n a 
" p o s s i b i l i t i e s l i s t " a l o n g w i t h a " t a g " t h a t i n d i 
c a t e s how t h e g e n e r a t o r can be r e s t a r t e d when more 
e x p r e s s i o n s a r e r e q u e s t e d , and t h i s p o s s i b i l i t i e s 
l i s t i s r e t u r n e d b y t h e g e n e r a t o r a s i t s v a l u e . 

I f t h e f u n c t i o n TRY:NEXT i s c a l l e d w i t h a 
p o s s i b i l i t i e s l i s t a s a n a r g u m e n t , i t w i l l remove 
t h e f i r s t e x p r e s s i o n f r o m t h e l i s t and r e t u r n i t 
a s a v a l u e . I f t he p o s s i b i l i t i e s l i s t c o n t a i n s n o 
e x p r e s s i o n s , t h e n TRY:NEXT a t t e m p t s t o p r o d u c e new 
ones b y u s i n g the t a g t o r e s t a r t t h e g e n e r a t o r . 
S i n c e each c a l l t o TRY:NEXT can be made f r o m a n y 
where i n t h e u s e r ' s p r o g r a m , g e n e r a t o r s o f t h i s 
f o r m s u c c e s s f u l l y s e p a r a t e t h e p r o d u c t i o n o f a 

S i n c e any e x p r e s s i o n can b e s t o r e d a s t h e 
v a l u e o f p r o p e r t y TRUTHVALUE, t h i s r e t r i e v a l mech 
a n i s m a l l o w s use o f a n N - v a l u c d l o g i c . Fo r exam
p l e , one c o u l d have " f u z z y " t r u t h v a l u e s r e p r e 
s e n t e d a s i n t e g e r s f r o m -100 t o + 1 0 0 . F o r o u r 
m o d e l s , w e c u r r e n t l y a r e u s i n g a 3 - v a l u e d l o g i c 
t h a t a l lows t h e s y s t e m t o d i s t i n g u i s h e x p r e s s i o n s 
t h a t a r e " known t r u e , " "known f a l s e , " o r " h a v e u n 
known t r u t h v a l u e " i n any g i v e n s t a t e . T h i s i s 
t he s i m p l i s t l o g i c t h a i meets a m o d e l i n g s y s t e m s 
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n e x t d a t a e l e m e n t f r o m t h e p r o c e s s i n g t h a t i s done 
on each e l e m e n t . 

Cons i d e r , f o r e x a m p l e , a s e t o f q u e r i e s c o n 
c e r n i n g w h i c h components a r e c o n n e c t e d t o t h e pump 
i n s t a t e S i . They can b e i n i t i a l i z e d a s f o l l o w s : 

(SETQ PL (GEN: IS (CONNECTED PUMP -C) S i ) ) . 

Then wheneve r one o f t h e s e componen ts i s n e e d e d , 
e v a l u a t i o n o f (TRY:.NF.XT PL) w i l l r e t u r n a t r u e i n 
s t a n c e o f t h e p a t t e r n (CONNECTED P U M P - C ) and w i l l 
s e t t h e v a l u e o f t h e QLISP v a r i a b l e C t o be t h e 
" f o u n d " componen t . 

We have i m p l e m e n t e d p r o g r a m m i n g f a c i l i t i e s t o 
s u p p o r t t h e w r i t i n g a tu ! use o f g e n e r a t o r f u n c t i o n s 
u s i n g 1NTKRL1SP FUNARC's. A FUNARC is a d a t a o b 
j e c t t h a t c o n c e p t u a 1 l y r e p r e s e n t s a copy o f a 
f u n c t i o n and a p r i v a t e d a t a e n v i ronment f o r t h a t 
c o p y . T h i s FUNAKG i m p ] o m e n t a t i o n a 1 lows t h e d e f i -
n i t i o n o f a g e n e r a t o r f u n c t i o n t o i n c l u d e a s e t o f 
v a r i a b l e s ( i . e . , a d a t a e n v i r o n m e n t ) whose v a l u e s 
w i l l b e saved and r e s t o r e d each t i m e the g e n e r a t o r 
i s r e s t a r t e d . These "own v a r i a b l e s " a l l o w t h e 
g e n e r a t o r f u n d i o n t o save p o i n t e r s i n d i e a t i n g 
where i t i s i n its s e a r c h f o r gene r a t a b l e i t e r n s . 
The FUNARG j s added to t h e p o s s i b i l i t i e s l i s t as 
t h e " t a g " t h a t TRY:NEXT uses t o r e s t a r t t h e g e n 
e r a t o r . I n c l u d e d i n t h e i m p l e m e n t a t i o n a r e 
C O N N l V E R - s t y l e f u n c t i o n s such as NOTE, AU-REVOTR, 
ADIEU, and TRY:NEXT, w h i c h make t h e d e f i n i t i o n and 
use o f g e n e r a t o r s c o n v e n i e n t and p r a c t i c a l . 

FUNARG's do n o t p r o v i d e a c o m p l e t e c o - r o u t i n e 
( p r o c e s s ) f a c i l i t y because t h e c o n t r o l e n v i ronmen t 
i s n o t s a v e d be tween c a l I s , and t h e r e f o r e each r e 
s t a r t n e c e s s a r i l y r e t u r n s c o n t r o l t o t he b e g i n n i n g 
o f t h e f u n c t i o n . Our e x p e r i e n c e w i t h g e n e r a t o r s , 
h o w e v e r , has i n d i c a t e d t h a t m a k i n g a v a i l a b l e a 
FIRST:CALL? p r e d i c a t e f u n c t i o n t h a t can b e c a l l e d 
f r o m i n s i d e a g e n e r a t o r t o d i s t i n g u i s h i n i t i a l 
c a l l s f r o m r e s t a r t s removes e s s e n t i a l l y a l l o f t h e 
h i n d r a n c e caused b y n o t h a v i n g a saved c o n t r o l e n 
v i r o n m e n t . Hence , t h i s i m p l e m e n t a t i o n o f g e n e r a 
t o r s i s s i m p l e and e f f e c t i v e and can b e made 
a v a i l a b l e i n most L ISP s y s t e m s . 

The Query F u n c t i o n s 

We can now d e s c r i b e o u r mode l q u e r y i n g m e c h 
a n i s m . Que ry f u n c t i o n s a r e a v a i l a b l e c a l l e d 
DEDUCE:ONE, DEDUCE:EACH, DEDUCE:ALL, REFUTE:ONE, 
REFUTE:EACH, and REFUTE:ALL. Each o f t h e s e f u n c 
t i o n s t a k e s a p a t t e r n and a s t a t e as a r g u m e n t s . 
The DEDUCE f u n c t i o n s f i n d i n s t a n c e s o f t h e p a t t e r n 
t h a t a r e t r u e i n t h e g i v e n s t a t e , and t h e REFUTE 
f u n c t i o n s f i n d i n s t a n c e s o f t h e p a t t e r n t h a t a r e 
f a l s e i n t h e g i v e n s t a t e . The :ONE f u n c t i o n s 
f i n d o n l y a s i n g l e i n s t a n c e and a r e n o t r e s t a r t -
a b l e ; t h e :EACH f u n c t i o n s a r e g e n e r a t o r s and r e 
t u r n p o s s i b i l i t i e s l i s t s ; and t h e :ALL f u n c t i o n s 
r e t u r n a l i s t o f a l l t h e f i n d a b l e i n s t a n c e s . 

Known t r u t h v a l u e s a r e u s u a l l y n o t a l l e x p l i c -
i t l y s t o r e d i n a m o d e l . I n s t e a d , t h e u s e r t y p i 
c a l l y p r o v i d e s d e r i v a t i o n f u n c t i o n s t h a t compute 
them when t h e y a r e n e e d e d . These f u n c t i o n s may em
body f o r m a l t h e o r e m p r o v i n g s t r a t e g i e s o r s i m p l y 
b e s t a t e m e n t s o f i m p I i c a t i o n a 1 r u l e s d e r i v e d f r o m 
t h e s e m a n t i c s o f t h e t a s k d o m a i n . They s e r v e t o 
e x t e n d each model i n t h e sense t h a t , f r o m t h e 
c a l l i n g p r o g r a m ' s p o i n t o f v i e w , t he d e r i v e d i n 
s t a n c e s o f a p a t t e r n a r e i n d i s t i n g u i s h a b l e f ront i n 
s t a n c e s a c t u a l l y f o u n d i n t h e m o d e l . 

Our q u e r y f u n c t i o n s a r e s i m i l a r t o a PLANNER 
o r QA4 GOAL s t a t e m e n t i n t h a t t h e y f i r s t use t h e 
p a t t e r n m a t c h e r t o f i n d s u i t a b l e i n s t a n c e s o f t h e 
p a t t e r n i n t h e d a t a base and t h e n , i f more i n 
s t a n c e s a r e n e e d e d , t h e y c a l l u s e r s u p p l i e d f u n c 
t i o n s t o a t t e m p t d e r i v a t i o n s o f t h e desired i n 
s t a n c e s . These f u n c t i o n s a r e assumed t o b e 
g e n e r a t o r s t h a t p r o d u c e d e r i v e d i n s t a n c e s o f t h e 
p a t t e r n . 

Fo r e x a m p l e , a d e d u c t i o n f u n c t i o n i n t h e CBC 
s y s t e m f i n d s and g e n e r a t e s t r u e i n s t a n c e s o f p a t 
t e r n s o f t h e f o r m (POSITIONED ' X - Y ) b y u s i n g 
DEDUCE:EACH t o f i n d t r u e i n s t a n c e s o f t h e p a t t e r n 
(ATTACHED $X $ Y ) , s i n c e componen ts t h a t a r e 
ATTACHED a r e assumed to be POSITIONED. A l s o , a 
r e f u t a t i o n f u n c t i o n f i n d s and g e n e r a t e s f a l s e i n 
s t a n c e s o f p a t t e r n s o f t h e f o r m (POSITIONED - X - Y ) 
b y u s i n g DEDUCE:EACH t o f i n d t r u e i n s t a n c e s o f t h e 
p a t t e r n (REMOVED $ X $ Y ) , s i n c e components t h a t a r e 
REMOVED a r e assumed to be n o t POSITIONED. 

Such d e r i v a t i o n f u n c t i o n s a r e t h e u s e r ' s p r i 
mary means o f e x p r e s s i n g t h e s e m a n t i c l i n k s among 
t h e r e l a t i o n s o c c u r r i n g i n t h e s t a t e d e s c r i p t i o n 
m o d e l s . A l s o , t h e y can p r o v i d e a n i n t e r f a c e t o i n 
f o r m a t i o n t h a t i s s t o r e d i n r e p r e s e n t a t i o n s o t h e r 
t h a n QLISP e x p r e s s i o n s . T h a t i s , i t may b e much 
more c o n v e n i e n t and e f f i c i e n t t o s t o r e some i n f o r 
m a t i o n i n a r r a y s , t r e e s , o r o n d i s k f i l e s ; deduce 
and r e f u t e a c t i o n s s e r v e a s t h e a c c e s s f u n c t i o n s 
t o t h e s e a l t e r n a t e d a t a b a s e s . 

S t o r a g e and R e t r i e v a l . o f A c t i o n F u n c t i o n s 

The f i r s t e l e m e n t o f each n o n a t o m i c e x p r e s 
s i o n i n t h e mode l i s assumed to be t h e name o f a 
r e l a t i o n ( o r a QLISP v a r i a b l e t h a t i s t o b e bound 
to a r e l a t i o n ) . T h e r e f o r e , t h e DEDUCE and REFUTE 
f u n c t i o n s can use r e l a t i o n names a s a n i n d e x t o d e 
t e r m i n e w h i c h d e r i v a t i o n f u n c t i o n s s h o u l d b e 
c a l l e d . A c c o r d i n g l y , w e a s s o c i a t e w i t h each r e l a 
t i o n two l i s t s o f d e r i v a t i o n f u n c t i o n s t h a t can d e 
r i v e i n s t a n c e s o f p a t t e r n s t h a t b e g i n w i t h t h e r e 
l a t i o n . One l i s t c o n t a i n s t h e " d e d u c e a c t i o n s " 
used by t he t h r e e f o r m s o f DEDUCE and t h e o t h e r 
c o n t a i n s t h e " r e f u t e a c t i o n s " used b y t h e t h r e e 
fo rms o f REFUTE. 

T h i s s i m p l e i n d e x i n g t e c h n i q u e i s u s e d a s a n 
a l t e r n a t i v e t o " p a t t e r n d i r e c t e d i n v o c a t i o n " o f 
t h e a c t i o n s ( w h i c h i s a v a i l a b l e i n Q L I S P ) . 
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P a t t e r n d i r e c t e d i n v o c a t i o n , whe re a p a t t e r n i s a s 
s o c i a t e d w i t h each a c t i o n f u n c t i o n and a p a t t e r n 
m a t c h e r d e t e r m i n e s w h i c h a c t i o n s a r e a p p l i c a b l e 
wheneve r a q u e r y i s made, i s a u s e f u l t e c h n i q u e i n 
many s i t u a t i o n s , b u t i t s power and i m p o r t a n c e 
s h o u l d b e l o o k e d a t r e a l i s t i c a l l y . I n t h i s s i t u a 
t i o n t h e i n d e x i n g scheme seems p r e f e r a b l e e v e n 
t h o u g h i t has t h e d i s a d v a n t a g e s t h a t a n a c t i o n ' s 
l o c a l v a r i a b l e s d o n o t a u t o m a t i c a l l y g e t bound t o 
e l e m e n t s o f t h e p a t t e r n and a d d i t i o n a l t e s t s may 
b e needed i n a n a c t i o n t o d e t e r m i n e i f i t i s a p p l i 
c a b l e t o t h e p a t t e r n . 

Howeve r , t h e i n d e x i n g scheme has t h e f o l l o w i n g 
a d v a n t a g e s : ( 1 ) t h e use o f t h e a c t i o n s i s made 
more e f f i c i e n t b y s i g n i f i c a n t l y r e d u c i n g t h e need 
f o r p a t t e r n m a t c h i n g ; ( 2 ) each l i s t o f deduce and 
r e f u t e a c t i o n s i s t y p i c a l l y q u i t e s h o r t s o t h a t t h e 
u s e r can e a s i l y d e t e r m i n e a n a p p r o p r i a t e o r d e r i n g 
o f each l i s t and s i m i l a r l y can d e t e r m i n e where o n 
t h e l i s t a new a c t i o n s h o u l d b e i n s e r t e d ; ( 3 ) a n d , 
f i n a l l y , w e have f o u n d t h a t a s s o c i a t i n g s e m a n t i c 
i n f o r m a t i o n d i r e c t l y w i t h each r e l a t i o n i s a c o n 
v e n i e n t way t o c o n c e p t u a l i z e and l o c a l i z e t h e s e 
m a n t i c i n f o r m a t i o n i n t h e s y s t e m . W i t h t h i s o r g a 
n i z a t i o n , t h e s e t o f a c t i o n f u n c t i o n s a s s o c i a t e d 
w i t h a r e l a t i o n s p e c i f y e s s e n t i a l l y a l l t h e seman
t i c i n f o r m a t i o n t h a t t h e s y s t e m knows a b o u t t h a t 
r e l a t i o n . 

S a v i n g D e r i v e d R e s u l t s 

O v e r v i e w 

When a model q u e r y causes d e r i v a t i o n s to be 
a t t e m p t e d , w e want t h e r e s u l t s o f t h o s e d e r i v a 
t i o n s t o b e s t o r e d and r e t a i n e d i n s u c c e e d i n g 
s t a t e s a s l o n g a s t h e y r e m a i n v a l i d . I n t h i s way 
t h e s y s t e m a c h i e v e s t h e maximum b e n e f i t f r o m d e r i 
v a t i o n s and m i n i m i z e s u n n e c e s s a r y r e d e r i v a t i o n s . 
I t i s a s i m p l e m a t t e r t o s t o r e a r e s u l t I n t h e 
s t a t e whe re a d e r i v a t i o n i s d o n e , b u t more c a r e 
mus t b e t a k e n i f t h e r e s u l t i s t o b e made a v a i l 
a b l e i n o t h e r s t a t e s . I n t h i s s e c t i o n w e w i l l d e 
s c r i b e a s e t o f mechan isms d e s i g n e d t o p r o v i d e max
imum r e t e n t i o n o f d e r i v e d i n f o r m a t i o n w i t h a m i n i 
mum o f b o o k k e e p i n g o v e r h e a d . 

A m o d e l q u e r y i s a n a t t e m p t t o f i n d t r u e ( o r 
f a l s e ) i n s t a n c e s o f a g i v e n p a t t e r n . Each t i m e 
such an i n s t a n c e i s d e t e r m i n e d , o u r DEDUCE and 
REFUTE q u e r y f u n c t i o n s s a v e t h e d e r i v e d r e s u l t b y 
a s s i g n i n g a t r u t h v a l u e t o t h e i n s t a n c e ( i . e . , p u t 
i t as t h e v a l u e o f TRUTHVALUE on t h e e x p r e s s i o n ' s 
p r o p e r t y l i s t ) s o t h a t t h e v a l u e w i l l n o t h a v e t o 
b e r e d e r i v e d i f i t i s needed a g a i n . Fo r e x a m p l e , 
i f a deduce a c t i o n f o r ASSEMBLED d e t e r m i n e s t h a t 
t h e pump i s a s s e m b l e d b y q u e r y i n g t h e model a b o u t 
each o f t h e pump 's c o m p o n e n t s , t h e n t h e e x p r e s s i o n 
(ASSEMBLED PUMP) w i l l be a s s i g n e d a t r u t h v a l u e o f 
TRUE. 

I f a q u e r y i s one o f t h e :ALL f o r m s , o r i f i t 
i s a n :EACH f o r m and t h e g e n e r a t i o n c o n t i n u e s u n t i l 

a l l d e r i v a b l e i n s t a n c e s o f t h e p a t t e r n a r e p r o 
d u c e d , o r i f t h e q u e r y p a t t e r n c o n t a i n s n o unbound 
v a r i a b l e s ( a n d t h e r e f o r e has o n l y one p o s s i b l e i n 
s t a n c e ) , t h e n t h e s y s t e m a l s o r e c o r d s t h e f a c t t h a t 
a l l i n s t a n c e s o f t h e p a t t e r n have been d e r i v e d . 
T h e n , i f t he same q u e r y i s r e p e a t e d , t h e s y s t e m 
w i l l know t h a t t h e a c t i o n f u n c t i o n s c a n n o t f i n d any 
new i n s t a n c e s and can t h e r e f o r e p r e v e n t i l l - f a t e d 
a t t e m p t s a t r e d e r i v a t i o n . For e x a m p l e , i f d u r i n g a 
q u e r y a l l t h e componen ts t h a t a r e p o s i t i o n e d w i t h 
r e s p e c t t o t h e pump have been f o u n d a s i n s t a n c e s o f 
t h e p a t t e r n (POSITIONED PUMP - C ) , t h e n when t h a t i n 
f o r m a t i o n i s r e q u e s t e d i n a l a t e r q u e r y , d e r i v a t i o n 
f u n c t i o n s such a s t h e one t h a t l o o k s f o r c o m p o n e n t s 
a t t a c h e d t o t h e pump w i l l n o t b e r e c a l l e d . 

These " s e t c o m p l e t e n e s s i n d i c a t o r s " a r e a l s o 
f r e q u e n t l y u s e f u l t o i n d i c a t e t h e case whe re t h e r e 
a r e n o d e r i v a b l e i n s t a n c e s o f a p a t t e r n . F o r exam
p l e , i f a l l d e r i v a t i o n a t t e m p t s a r e u n s u c c e s s f u l a t 
d e t e r m i n i n g w h e t h e r t h e pump i s a s s e m b l e d , t h e n t h e 
s e t o f d e r i v e d i n s t a n c e s i s empty and marked a s com
p l e t e . 

S a v i n g and M a i n t a i n i n g D e r i v e d I n s t a n c e s 

Our a l g o r i t h m s f o r m a i n t a i n i n g t h e s e s a v e d d e 
r i v e d r e s u l t s i n s u c c e e d i n g s t a t e s depend o n a v a i l 
a b i l i t y o f t he " s u p p o r t " f o r each d e r i v a t i o n . The 
" s u p p o r t " f o r a d e r i v e d i n s t a n c e i s d e f i n e d t o b e 
t h o s e e x p r e s s i o n s f r o m t h e mode l t h a t a r e u s e d a s 
ax i oms i n c o n s t r u c t i n g t h e d e r i v a t i o n . F o r exam
p l e , i f a n a c t i o n f u n c t i o n q u e r i e s t h e mode l f o r 
t h e l o c a t i o n s o f two o b j e c t s and c o n c l u d e s t h a t one 
o f t h e o b j e c t s i s above t h e o t h e r , t h e n t h e l o c a 
t i o n s o f t he two o b j e c t s f o r m t h e s u p p o r t s e t f o r 
t h e r e s u l t . A c t u a l l y , s i n c e any mode l q u e r y may r e 
t u r n a d e r i v e d r e s u l t , t h e s u p p o r t s e t f o r t h e 
" a b o v e " r e s u l t w o u l d b e t h e u n i o n o f t h e s u p p o r t 
s e t s f o r t h e two l o c a t i o n e x p r e s s i o n s . 

The u s e r s u p p l i e d deduce and r e f u t e a c t i o n s 
a r e r e s p o n s i b l e f o r c o m p u t i n g and s t o r i n g s u p p o r t 
f o r each d e r i v e d i n s t a n c e t h a t t h e y f i n d . I n a l 
most a l l cases t h i s i s a n e a s y t a s k . F o r e x a m p l e , 
i f a n a c t i o n embod ies t h e i m p l i c a t i o n " X i m p l i e s 
Y , " t h e n t h e a c t i o n can s i m p l y f e t c h t h e s u p p o r t 
f o r X and a t t a c h i t t o Y . GET:SUPPORT and 
PUT:SUPPORT f u n c t i o n s a r e p r o v i d e d f o r p e r f o r m i n g 
t h e s e s u p p o r t s e t m a n i p u l a t i o n s . 

F u n c t i o n s a r e a l s o p r o v i d e d f o r deduce and r e 
f u t e a c t i o n s t o c a l l when t h e y have d e r i v e d a t r u t h 
v a l u e f o r a n i n s t a n c e o f t h e q u e r y p a t t e r n and h a v e 
d e t e r m i n e d t h e s u p p o r t f o r t h a t d e r i v a t i o n . T h e s e 
f u n c t i o n s add t h e e x p r e s s i o n t o t h e c u r r e n t p o s s i 
b i l i t i e s l i s t ( remember t h a t a c t i o n f u n c t i o n s a r e 
g e n e r a t o r s ) , s e t t h e t r u t h v a l u e ( i . e . , TRUTHVALUE) 
o f t h e i n s t a n c e , p u t t h e s u p p o r t s e t o n t h e i n 
s t a n c e ' s p r o p e r t y l i s t , and p u t a p o i n t e r t o t h e i n 
s t a n c e o n t h e p r o p e r t y l i s t o f each member o f t h e 
s u p p o r t s e t . Use o f t h e s e f u n c t i o n s t o " n o t e " d e 
r i v e d r e s u l t s i m p l i e s t h a t d e r i v e d t r u t h v a l u e s can 
b e f o u n d b y t h e p a t t e r n m a t c h e r ' s s e a r c h t h r o u g h 
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t h e d a t a base a t t h e b e g i n n i n g o f a mode l q u e r y , 
and each e x p r e s s i o n t h a t s u p p o r t s a d e r t v a t i o n 
w i l l have o n i t s p r o p e r t y l i s t a p o i n t e r t o t h e e x 
p r e s s i o n s t h a t i t s u p p o r t s . 

A d e r i v e d r e s u l t r e m a i n s v a l i d i n s u c c e e d i n g 
s t a t e s a s l o n g a s i t s s u p p o r t r e m a i n s v a l i d . W e 
t h e r e f o r e have t h e s y s t e m d o t h e r e q u i r e d m a i n t e 
nance o n d e r i v e d i n s t a n c e s i n new s t a t e s b y i n 
c l u d i n g w i t h t h e s t a n d a r d mode l u p d a t i n g f u n c t i o n s 
( d e s c r i b e d b e l o w ) t h e f o l l o w i n g f a c i l i t y . When
e v e r a n e x p r e s s i o n w i t h a known t r u t h v a l u e has 
i t s t r u t h v a l u e changed d u r i n g a mode l u p d a t e , t h e 
t r u t h v a l u e o f each o f t h e e x p r e s s i o n s t h a t i t s u p 
p o r t s i s s e t t o UNKNOWN i n t h e new s t a t e . The 
t r u t h v a l u e s o f t h e s e " s u p p o r t e e s " may n o t i n f a c t 
have changed i n t h e new s t a t e , b u t t h e d e r i v a t i o n s 
t h a t made t h e t r u t h v a l u e s known a r e n o l o n g e r 
v a l i d . Hence , i f a mode l q u e r y i n t h e new s t a t e 
needs t o know one o f t h e d e l e t e d t r u t h v a l u e s , a 
new d e r i v a t i o n must b e a t t e m p t e d . F o r e x a m p l e , i f 
(ATTACHED PUMP PLATFORM) is t h e s u p p o r t f o r 
(POSITIONED PUMP PLATFORM) and a d e t a c h pump f r o m 
p l a t f o r m a c t i o n causes a new s t a t e t o b e c r e a t e d , 
t h e n t h e t r u t h v a l u e o f (POSITIONED PUMP PLATFORM) 
w i l l b e s e t t o " u n k n o w n , " t h e pump may s t i l l b e i n 
p o s i t i o n o n t h e p l a t f o r m , b u t t h e j u s t i f i c a t i o n 
f o r t h e e a r l i e r c o n c l u s i o n a b o u t t h e pump 's p o s i -
t i o n i s n o l o n g e r v a l i d . 

The mechan ism w e have d e s c r i b e d t h u s f a r i s 
e f f e c t i v e , easy t o u s e , and e f f i c i e n t f o r s a v i n g 
and m a i n t a i n i n g d e r i v e d t r u t h v a l u e s o f e x p r e s 
s i o n s t h a t a r e i n s t a n c e s o f a q u e r y p a t t e r n . Each 
d e r i v e d i n s t a n c e i s a s s i g n e d a t r u t h v a l u e , t h e 
s u p p o r t p o i n t e r s a r e e s t a b l i s h e d , and when a s t a t e 
t r a n s i t i o n i n v a l i d a t e s t h e d e r i v a t i o n t h e d e r i v e d 
t r u t h v a l u e i s d e l e t e d . 

S a v i n g and M a i n t a i n i n g C o m p l e t e S e t s 

C o n s i d e r now t h e m a i n t e n a n c e o f t h e " c o m p l e t e 
n e s s " i n d i c a t o r s t h a t a r e a t t a c h e d t o p a t t e r n s 
when a l l d e r i v a b l e i n s t a n c e s have been f o u n d . 
S p e c i f y i n g t h e s u p p o r t f o r such i n d i c a t o r s poses 
some s u b t l e p r o b l e m s , b e c a u s e t h e c o m p l e t e n e s s d e 
pends n o t o n l y o n t h e v a l i d i t y o f t h e d e r i v e d i n 
s t a n c e s b u t a l s o o n w h e t h e r any o t h e r i n s t a n c e s 
a r e d e r i v a b l e . T h i s l a t t e r c o n s i d e r a t i o n i m p l i e s 
t h a t i f any change s h o u l d o c c u r i n a s u c c e e d i n g 
s t a t e t h a t c o u l d p o s s i b l y a l l o w some a c t i o n f u n c 
t i o n t o d e r i v e a new i n s t a n c e , t h e n t h e c o m p l e t e 
ness i n d i c a t o r s h o u l d b e removed f r o m t h e p a t t e r n 
i n t h e new s t a t e * F o r e x a m p l e , d u r i n g t h e d e t e r 
m i n a t i o n o f a l l t h e componen ts t h a t a r e p o s i t i o n e d 
w i t h r e s p e c t t o t h e pump, some deduce a c t i o n may 
have l o o k e d f o r componen ts t h a t a r e a t t a c h e d t o 
t h e pump. T h e r e f o r e , any s u c c e e d i n g s t a t e p r o 
d u c e d by an a c t i o n t h a t a t t a c h e s a component t o 
t h e pump w i l l cause t h e r e m o v a l o f t h e c o m p l e t e 
ness i n d i c a t o r f r o m t h e d e r i v e d p o s i t i o n i n g s . 
Each d e r i v e d i n s t a n c e w i l l s t i l l b e v a l i d i n t h e 
new s t a t e ; o n l y t h e c o m p l e t e n e s s o f t h e s e t i s i n 
d o u b t . 

W e have a p p r o a c h e d t h i s p r o b l e m o f t h e v a l i d 
i t y o f c o m p l e t e n e s s i n d i c a t o r s b y k e e p i n g a r e c o r d 
o f a l l t h e mode l q u e r i e s made d u r i n g a d e r i v a t i o n . 
I f any o f t h e s e q u e r i e s w i l l p r o d u c e d i f f e r e n t r e 
s u l t s i n a new s t a t e ( i . e . , a d i f f e r e n t s e t o f d e 
r i v e d i n s t a n c e s ) , t h e n t h e a c t i o n f u n c t i o n s t h a t 
made t h e o r i g i n a l d e r i v a t i o n may behave d i f f e r 
e n t l y i n t h e new s t a t e and i n p a r t i c u l a r may d e 
r i v e a d i f f e r e n t s e t o f i n s t a n c e s . T h e r e f o r e , t o 
m a i n t a i n t h e c o m p l e t e n e s s i n d i c a t o r s w e r e c o r d 
d u r i n g a mode l q u e r y ( i . e . , a c a l l o n one o f t h e 
DEDUCE o r REFUTE f u n c t i o n s ) a l l t h e o t h e r mode l 
q u e r i e s t h a t o c c u r . 

C o n s i d e r a q u e r y t o f i n d i n s t a n c e s o f a p a t 
t e r n P O d u r i n g w h i c h a r e e x e c u t e d q u e r i e s Q 1 , 
Q2, . . . , Q n t o f i n d i n s t a n c e s o f p a t t e r n s P 1 , P 2 , 
. . . , Pn. The s y s t e m r e c o r d s f o r each q u e r y Q l 
w h e t h e r i t i s a d e d u c t i o n o r a r e f u t a t i o n and t h e 
p a t t e r n P i a s s o c i a t e d w i t h i t . I f a l l d e r i v a b l e 
i n s t a n c e s o f PO a r e f o u n d , t h e n PO is g i v e n a com
p l e t e n e s s i n d i c a t o r , t h e s e t o f d e r i v e d i n s t a n c e s 
i s p u t o n i t s p r o p e r t y l i s t , t h e q u e r i e s Q l , . . . , 
Q n a r e p u t o n " s t a t e t r a n s i t i o n t e s t l i s t s , " and a 
p o i n t e r t o p a t t e r n P O i s p u t o n t h e p r o p e r t y l i s t 
o f each o f t h e p a t t e r n s P 1 , . . . . , Pn. 

Whenever a n e x p r e s s i o n w i t h a known t r u t h 
v a l u e i s h a v i n g i t s t r u t h v a l u e changed d u r i n g a 
s t a t e t r a n s i t i o n , a t e s t i s made t o d e t e r m i n e i f 
i t m a t c h e s t h e p a t t e r n o f any q u e r y o n t h e a p p r o 
p r i a t e s t a t e t r a n s i t i o n t e s t l i s t . I f a ma tch o c 
c u r s , t h e c o m p l e t e n e s s i n d i c a t o r s o f t h e p a t t e r n s 
p o i n t e d t o b y t h e m a t c h i n g p a t t e r n a r e removed 
s i n c e t h i s s t a t e t r a n s i t i o n may a f f e c t t h e com
p l e t e n e s s o f t h o s e d e r i v a t i o n s . T h i s e n t i r e m e c h 
a n i s m i s b u i l t i n t o t h e DEDUCE, REFUTE, and mode l 
u p d a t i n g f u n c t i o n s , s o t h a t t h e u s e r who w r i t e s a c 
t i o n f u n c t i o n s need n o t b e aware o f i t . 

I n Summary 

T o s u m m a r i z e , o u r mode l q u e r y i n g mechan isms 
p r o v i d e f o r t h e a u t o m a t i c d e r i v a t i o n o f t r u t h 
v a l u e s f o r p a t t e r n i n s t a n c e s when t h e y a r e n o t e x 
p l i c i t l y s t o r e d i n t h e m o d e l , f o r t h e s a v i n g o f 
a l l such d e r i v e d r e s u l t s s o t h a t s i m i l a r l a t e r q u e 
r i e s w i l l n o t r e i n i t i a t e t h e d e r i v a t i o n f u n c t i o n s , 
and f o r t h e m a i n t e n a n c e o f such saved r e s u l t s . 
A l s o , a n i m p o r t a n t s i d e e f f e c t o f t h e s e mechan isms 
i s t h a t each d e r i v e d i n s t a n c e has t he s u p p o r t f o r 
i t s d e r i v a t i o n s compu ted and s t o r e d w i t h i t . Such 
s u p p o r t i n f o r m a t i o n has many uses because i t i n d i 
c a t e s p r e c i s e l y w h i c h s t a t e m e n t s i n t h e s t a t e 
mode l a p a r t i c u l a r p r e c o n d i t i o n , s u b g o a l , o r a c 
t i o n depends o n ( R e f . 8 ) . 

S t a t e T r a n s i t i o n s 

U p d a t i n g F u n c t i o n s 

The mode ls o f s t a t e c h a n g i n g o p e r a t o r s t h a t a 
s y s t e m works w i t h must c o n t a i n s u f f i c i e n t i n f o r m a 
t i o n a b o u t t h e e f f e c t s o f each o p e r a t o r s o t h a t 
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t h e y can be s i m u l a t e d and a d e s c r i p t i o n p r o d u c e d 
o f t h e e x p e c t e d r e s u l t i n g s t a t e . A s i n mos t 
p l a n n i n g s y s t e m s , w e a r e a s s u m i n g t h a t t h e a p p l i 
c a t i o n o f a n o p e r a t o r i n some s t a t e S O i s mode led 
by p r o d u c i n g a new s t a t e S1 t h a t i s c o n c e p t u a l l y 
an u p d a t e d copy o f SO ( i . e . , S1 i s a d i r e c t d e s c e n -
d e n t o f S O i n t h e QLISP c o n t e x t t r e e ) . The e f 
f e c t s o f t h e o p e r a t o r a r c i n d i c a t e d b y a s s e r t i n g , 
d e n y i n g , and d e l e t i n g e x p r e s s i o n s i n t h e new s t a t e 
S 1 . 

I n o u r m o d e l i n g s y s t e m w e p r o v i d e t h e f o l 
l o w i n g s e t o f mode l u p d a t i n g s t a t e m e n t s : 

(S1M:ASSERT < e x p r e s s i o n < s t a t e > ) , 
(S1M:DENY < - e x p r e s s i o n . < s t a t e > ) , and 
( S I M : DELETE < - p a t t e r n s < s t a t e ) . 

SIM:ASSERT (SIM:DENY) changes t h e t r u t h v a l u e o f 
t h e g i v e n e x p r e s s i o n t o TRUE (FALSE) i n t h e g i v e n 
s t a t e . SIM:DELETE changes t h e t r u t h v a l u e o f a l l 
e x p r e s s i o n s t h a t match t h e g i v e n p a t t e r n t o 
UNKNOWN i n t h e g i v e n s t a t e . These s t a t e m e n t s a l s o 
c a l l a s o t o f u s e r s u p p l i e d f u n c t i o n s ( l i k e 
PLANNER a n t e c e d e n t t h e o r e m s ) t h a t t y p i c a l l y make 
a d d i t i o n a l changes i n t h e new mode l t h a t a r e d i 
r e c t r e s u l t s o f t h e a s s e r t i o n , d e n i a l , o r d e l e t i o n 
b e i n g d o n e . These u s e r s u p p l i e d f u n c t i o n s p l a y a n 
i m p o r t a n t r o l e i n s i m p l i f y i n g o p e r a t o r mode l s i n 
t h a t t h e y a l l o w t h e u s e r t o e x p r e s s i n one p l a c e 
s i d e e f f e c t s o f p a r t i c u l a r a s s e r t i o n s , d e n i a l s , o r 
d e l e t i o n s t h a t a l w a y s o c c u r n o m a t t e r what o p e r a 
t o r does t h e m . I n t h i s way, t h e s e s i d e e f f e c t s d o 
n o t have t o b e r e p e a t e d i n each o p e r a t o r t h a t 
causes them t o o c c u r . 

As in t h e c a s e o f t h e DEDUCE and REFUTE f u n c 
t i o n s ( a n d f o r s i m i l a r r e a s o n s ) , w e have e l e c t e d 
t o s t o r e t h e u s e r s u p p l i e d u p d a t i n g f u n c t i o n s o n 
each r e l a t i o n ' s p r o p e r t y l i s t . Hence , a r e l a t i o n 
c a n have a l i s t o f ASSERT:ACTIONS, DENY:ACTIONS, 
and DELETE:ACTIONS. These l i s t s i n d i c a t e how a 
mode l u p d a t i n g o p e r a t i o n s h o u l d p r o c e e d f o r a n e x 
p r e s s i o n h a v i n g t h e g i v e n r e l a t i o n a s i t s f i r s t 
e l e m e n t . 

The s t a n d a r d mode l u p d a t i n g f u n c t i o n s ( a s 
f o u n d i n QA4, PLANNER, QL ISP , CONNIVER, e t c . ) a p 
p l y u s e r s u p p l i e d f u n c t i o n s o n l y a f t e r t h e e x p r e s 
s i o n ' s t r u t h v a l u e has been c h a n g e d . O f t e n i t 
w o u l d b e c o n v e n i e n t t o have u s e r s u p p l i e d f u n c 
t i o n s a p p l i e d b e f o r e t h e e x p r e s s i o n ' s t r u t h v a l u e 
i s changed a s w e l l a s a f t e r . F o r e x a m p l e , i f a r e 
l a t i o n l i k e LOCATION has c e r t a i n u n i q u e n e s s p r o p 
e r t i e s , t h e n any a s s e r t i o n o f a n e x p r e s s i o n c o n 
t a i n i n g t h a t r e l a t i o n ( s u c h a s (LOCATION B 0 L T : 1 3 
4 5 ) ) can a u t o m a t i c a l l y be p r e c e e d e d by a d e n i a l 
( s u c h as (SIM:DENY (LOCATION B 0 L T : 1 < - L O C ) ) ) . By 
a l l o w i n g t h e p rog rammer t o s p e c i f y such a n a u t o 
m a t i c d e n i a l i n a n a s s e r t " p r e - a c t i o n , " w e remove 
t h e n e c e s s i t y f o r s p e c i f y i n g t h e d e n i a l each t i m e 
such a n a s s e r t i o n i s d o n e . 

W e p r o v i d e f o r b o t h " p r e - a c t i o n s " and " p o s t -
a c t i o n s " d u r i n g model u p d a t i n g b y g i v i n g t h e p r o 
grammer t h e o p t i o n o f s p e c i f y i n g when t h e t r u t h 
v a l u e o f t h e e x p r e s s i o n w i l l b e c h a n g e d . T h i s i s 
done b y i n c l u d i n g a n a s t e r i s k ( * ) i n t h e a c t i o n 
l i s t . The a s t e r i s k i n d i c a t e s when i n t h e c o u r s e 
o f a p p l y i n g t h e a c t i o n s t h a t t h e e x p r e s s i o n ' s 
t r u t h v a l u e i s t o b e c h a n g e d . Hence , a l l a c t i o n s 
p r e c e e d i n g t h e a s t e r i s k a r e " p r e - a c t i o n s " and a l l 
a c t i o n s f o l l o w i n g t h e a s t e r i s k a r e " p o s t - a c t i o n s . " 

When t h e u p d a t i n g f u n c t i o n s e n c o u n t e r t h e a s 
t e r i s k i n t h e a c t i o n l i s t , t h e y a l s o p e r f o r m t h e 
m a i n t e n a n c e o p e r a t i o n s o n d e r i v e d r e s u l t s . T h i s 
means t h a t i f t he e x p r e s s i o n had a known t r u t h 
v a l u e and t h a t v a l u e i s b e i n g c h a n g e d , t h e n a l l 
t h e e x p r e s s i o n ' s s u p p o r t e e s must b e d e l e t e d . A l s o , 
t h e s t a t e t r a n s i t i o n t e s t l i s t s a r e c h e c k e d t o d e 
t e r m i n e i f any s e t c o m p l e t e n e s s i n d i c a t o r s s h o u l d 
be r e m o v e d . 

Mode l U p d a t i n g Using. Deduce and R e f u t e A c t i o n s 

The i n f o r m a t i o n i n many deduce and r e f u t e a c 
t i o n s can a l s o b e u s e d t o d e t e r m i n e t h e s e c o n d a r y 
e f f e c t s o f a s s e r t i o n s and d e n i a l s . W e w o u l d l i k e 
f o r t h e s y s t e m t o make use o f t h i s i n f o r m a t i o n 
d u r i n g model u p d a t i n g s o t h a t t h e u s e r does n o t 
have t o d u p l i c a t e i t i n u p d a t i n g f u n c t i o n s . Fo r 
e x a m p l e , i f t h e u s e r has w r i t t e n a deduce a c t i o n 
t h a t embod ies t he r u l e " X i m p l i e s Y , " t h e n w e d o 
n o t want h i m t o a l s o have t o w r i t e a deny a c t i o n 
f o r Y t h a t removes f r o m t h e mode l any t r u t h v a l u e s 
t h a t c o u l d b e used t o d e r i v e X . The i n f o r m a t i o n 
n e c e s s a r y t o d o t h e s e changes a t t h e a p p r o p r i a t e 
t i m e i s i n c l u d e d i n t h e o r i g i n a l deduce a c t i o n . 

C o n s i d e r a c o n s i s t e n c y c h e c k i n g p r o c e d u r e 
t h a t w o u l d make use o f deduce and r e f u t e a c t i o n s 
and t h a t c o u l d b e a p p l i e d a s a s t a n d a r d p a r t o f 
mode l u p d a t i n g . We can d e s c r i b e t h i s p r o c e d u r e by 
i n d i c a t i n g how i t w o u l d w o r k f o r d e n i a l s . The 
t r u t h v a l u e o f t he e x p r e s s i o n b e i n g d e n i e d w o u l d 
be s e t to UNKNOWN and an a t t e m p t w o u l d be made to 
deduce t h e e x p r e s s i o n . I f t h i s a t t e m p t p r o d u c e s a 
s u c c e s s f u l d e r i v a t i o n , t h e n t h e new s t a t e c o n t a i n s 
s u p p o r t f o r t h e t r u t h o f t h e e x p r e s s i o n even 
t h o u g h i t i s b e i n g d e n i e d . The i n c o n s i s t e n c y can 
b e e l i m i n a t e d b y r e m o v i n g t h e s u p p o r t f o r t h e d e r i 
v a t i o n . I f t h e s u p p o r t s e t has e x a c t l y one e x p r e s 
s i o n i n i t , t h e n t h a t e x p r e s s i o n can have i t s 
t r u t h v a l u e r e v e r s e d . ( T h i s i s t h e " X i m p l i e s Y " 
case where d e n y i n g Y i s i m p l y i n g t h a t X s h o u l d 
a l s o b e d e n i e d . ) The r e v e r s e d t r u t h v a l u e w o u l d 
b e s t o r e d a s a d e r i v e d r e s u l t w i t h t he o r i g i n a l 
e x p r e s s i o n t h a t i s b e i n g d e n i e d ( Y ) a s i t s s u p p o r t . 
When t h e s u p p o r t s e t c o n t a i n s more t h a n one e x p r e s 
s i o n , w e know t h a t a t l e a s t one o f t h e e x p r e s s i o n s 
mus t have i t s t r u t h v a l u e r e v e r s e d , b u t w e d o n o t 
know w h i c h o n c ( s ) . T h e r e f o r e , t h e b e s t w e c a n d o 
i s s e t t o UNKNOWN t h e t r u t h v a l u e s o f a l l t h e s u p 
p o r t e x p r e s s i o n s . 
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I f t h e s y s t e m knows w h i c h r e l a t i o n s a r e 
c h a n g e a b I e b y e v e n t s and w i n c h ones a r e t r u e i n a l l 
s t a t e s , t h e n i t can d e c r e a s e u n n e c e s s a r y d e l e t i o n s 
b y r e m o v i n g t h e u n e h a n g c a b l e e x p r e s s i o n s f r o m t h e 
s u p p o r t s e t b e f o r e cons i d e r i n g d e l e t i o n s o r a t r u t h 
v a l u e r e v e r s a l - A f t e r t h e s u p p o r t f o r t h e d e r i v a 
t i o n has been r e m o v e d , a new d e r i v a t i o n i s a t 
t e m p t e d and 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 n o new 
d e r i v a t i o n can b e t o u n d . 

T h i s u p d a t i n g p r o c e d u r e does n o t g u a r a n t e e 
c o n s i s t e n c y in t h e new stalc n o r does i t p r e v e n t 
l a t e r c h a n p e s t o t h e s t a t e f r o m i n t r o d u c i n g new i n -
c o n s i s t e n d o s . H o w e v e r , i t does a u t o m a t i c a l l y t a k e 
c a r e o f many model u p d a t i n g d e t a i l s and i t removes 
a l l e x i s t i n g i n c o n s i s t o n e i o s i n t h e s t a t e t h a t a r c 
d i s c o v e r a b l c b y t he s y s t e m ' s d e d u c t i v e m a c h i n e r y . 
I f t h e s y s t e m canno t d e r i v e t h e f a c t s f r om w h i c h a n 
i n c o n s i s t e n c y f o l l o w s , t h e n t h e i n c o n s i s t e n c y i s i r 
r e l e v a n t and can s a f e l y b e i g n o r e d . 

O b v i o u s l y , t h e r e a r e s i t u a t i o n s i n w b i c h t h i s 
p r o c e d u r e i n i t i a t e s c o m p u t a t i o n a l l y e x p e n s i v e d e r i -
v a t i o n s and causes many u n n e c e s s a r y d e l e t i o n s . 
Hence, i t must be s e l e c t i v c l y a p p l i e d . We have p u t 
t h e e n t i r e p r o c e s s u n d e r u s e r c o n t r o l b y a l l o w i n g 
i n d i v i d u a l s p e c i f i c a t i o n o f w h i c h deduce and r e f u t e 
a c t i o n s a r e emp loyed t o d e t e r m i n e t r u t h v a l u e d e l e -
t i o n s and r e v e r s a l s d u r i n g model u p d a t i n g . T h i s i s 
done by p r o v i d i n g a f u n c t i o n UPDATE:W1TH t h a t t a k e s 
a deduce o r r e f u t e a c t i o n and a n e x p r e s s i o n a s a r 
g u m e n t s , and i s used t o s p e c i f y a n a s s e r t o r deny 
a c t i o n . 

N o t e t h a t u s i n g a n " X i m p l i e s Y " deduce a c 
t i o n as a deny a c t i o n f o r Y i s n o t t h e same as 
wr i t i n g a deny a c t i o n f o r Y t h a t s i m p l y d e n i e s X. 
The d i f f e r e n c e i s t h a t i n t h e l a t t e r case X w o u l d 
be d e n i e d e a c h t i m e Y i s d e n i e d , and t h e deny a c 
t i o n s a s s o c i a t e d w i t h X w o u l d t h e n t r i g g e r o f f 
o t h e r a s s e r t i o n s , d e n i a I s , and d e l e t i o n s . Such a 
p r o c e s s cou I d c l u t t e r u p t h e mode l w i t h many i r r e l 
e v a n t i m p l i c a t i o n s o f t he d e n i a l o f Y . However , i n 
t h e f o r m e r case where t h e deduce a c t i o n i s used as 
t h e deny a c t i o n f o r Y , n o changes a r e made i n t h e 
model i f X c a n n o t be d e r i v e d ; and i f X can be d e 
r i v e d , o n l y t h e s u p p o r t e r s o f t h e d e r i v a t i o n a r e 
c h a n g e d . T h i s means t h a t o n l y t h o s e t r u t h v a l u e s 
t h a t a r e a c t u a l l y i n c o n s i s t e n t w i t h t h e d e n i a l o f Y 
a r e c h a n g e d ; n o i r r e l e v a n t i m p l i c a t i o n s a r e s t o r e d . 

The R e l a t i o n s AND,_ OK. and NOT 

AND, OK, and NOT a r c " b u i l t i n t o " ou r m o d e l i n g 
s y s t e m i n t h e sense t h a t d e d u c e , r e f u t e , a s s e r t , 
d e n y , and d e l e t e a c t i o n s have been w r i t t e n f o r each 
o f t hem. Whenever p o s s i b l e , c o n j u n c t i o n s , d i s j u n c 
t i o n s , and n e g a t i o n s a r e decomposed i n t o more p r i m i -
t i v e f o r m s b y t h e a c t i o n f u n c t i o n s . Fo r e x a m p l e , 
t h e a s s e r t a c t i o n f o r AND a l s o a s s e r t s each o f t h e 
c o n j u n c t s , and t h e deduce a c t i o n f o r NOT s t r i p s o f f 
t h e NOT f r o m t h e q u e r y p a t t e r n and a t t e m p t s t o r e 
f u t e t h e r e m a i n i n g p a t t e r n . 

The r e f u t e a c t i o n s f o r AND and OR t r a n s l a t e 
t h e q u e r y i n t o a c a l l o n DEDUC£:EACH b y u s i n g t h e 
r u l e s : 

((NOT X I ) AND . . . AND (NOT X n ) ) i m p l i e s 
(NOT ( X I OR . . . OR X n ) , and 
( (NOT X I ) OR . . . OR (NOT X n ) ) i m p l i e s 
(NOT ( X I AND . . . AND Xn) . 

The deduce a c t i o n s f o r AND a n d OR have an i m p o r 
t a n t r o l e t o p l a y i n t h a t t h e y a r e t h e o v e r l o r d s 
o f t h e d e r i v a t i o n s o f each c o n j u n c t o r d i s j u n c t . 
They c o u l d each b e e x p a n d e d i n t o f u l l p r o b l e m 
s o l v i n g e x e c u t i v e s t h a t w o u l d make use o f c o 
r o u t i n e f a c i l i t i e s t o e x p l o r e a l t e r n a t i v e d e r i v a 
t i o n s i n p a r a l l e l and s e m a n t i c i n f o r m a t i o n t o d e 
t e r m i n e t h e o r d e r i n w h i c h c o n j u n c t s o r d i s j u n c t s 
a r e c o n s i d e r e d . W e have e x p e r i m e n t e d w i t h o n l y u n 
s o p h i s t i c a t e d v e r s i o n s o f t h e s e a c t i o n s , b u t t h e 
i m p o r t a n t p o i n t t o n o t e i s t h a t t h e q u e r y mecha-
n i s m g i v e s t h o s e a c t i o n s c o n t r o l o v e r t h e d e r i v a -
t i o n s o t h a t t h e o p t i o n i s t h e r e t o expand them 
when n e e d e d . 

Summary 

We have d e s c r i b e d a s e t of p r o g r a m m i n g f a c t 1 -
i t i e s f o r b u i l d i n g , m a i n t a i n i n g , and q u e r y i n g 
s t a t e d e s c r i p t i o n m o d e l s . These f a c i l i t i e s a r e 
u s e f u l i n s y s t e m s such a s p l a n n e r s , q u e s t i o n a n 
s w e r e r s , and s i m u l a t o r s . They a l l o w t h e s t o r a g e 
and r e t r i e v a l o f s t a t e m e n t s w i t h t r u e , f a l s e , and 
unknown t r u t h v a l u e s , and p r o v i d e a p r o g r a m m i n g e n 
v i r o n m e n t t h a t a l l o w s d e r i v a t i o n r u l e s e m b o d y i n g 
t h e s e m a n t i c s o f a t a s k doma in t o b e e a s i l y added 
a s f u n c t i o n s t o t h e s y s t e m . These r u l e s can a l s o 
b e u s e d t o a s s i s t i n m o d e l i n g t h e e f f e c t s o f a n 
o p e r a t o r t h a t c r e a t e s a new s t a t e . F a c i l i t i e s a r c 
p r o v i d e d t o save t h e r e s u l t s o f t h e s e d e r i v a t i o n 
f u n c t i o n s , and t o d e l e t e t h e r e s u l t s i n new s t a t e s 
who re t h e d e r i v a t i o n s a r e n o l o n g e r v a l i d . F i n a l l y , 
t h e s e m a n t i c s o f c o n j u n c t i o n s , d i s j u n c t i o n s , and 
n e g a t i o n s a r e p r o v i d e d a s a p a r t o f t h e s y s t e m . 
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