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ABSTRACT 

A computer p rogram w h i c h s o l v e s p h y s i c s p r o b 
lems s t a t e d i n E n g l i s h i s d e s c r i b e d i n terms o f 
t h e knowledge w h i c h i s used t o t r a n s f o r m one t y p e 
o f r e p r e s e n t a t i o n i n t o a n o t h e r . The E n g l i s h s e n 
t e n c e s o f t h e p r o b l e m s t a t e m e n t a re p r o g r e s s i v e l y 
t r a n s f o r m e d i n t o a s e m a n t i c n e t w o r k f o r m , a l a n 
g u a g e - f r e e i n t e r n a l model o f t h e o b j e c t s i n t h e 
p r o b l e m and t h e i r a t t r i b u t e s and r e l a t i o n s h i p s , a 
s e t o f c a n o n i c a l o b j e c t f rames w h i c h i n t e r p r e t 
a c t u a l o b j e c t s as c a n o n i c a l o b j e c t s (such as a 
p o i n t mass) , a g e o m e t r i c m o d e l , a s e t of equat ions , 
and a p i c t u r e m o d e l . The g e n e r a l n o t i o n o f a 
c a n o n i c a l o b j e c t f r a m e , w h i c h a b s t r a c t s a s u b s e t 
o f t h e p r o p e r t i e s o f a n o b j e c t t o f o rm a r e p r e 
s e n t a t i o n o f a c a n o n i c a l o b j e c t whose i n t e r a c t i o n s 
w i t h r e l a t e d c a n o n i c a l o b j e c t s can b e f o r m a l l y 
m o d e l l e d , i s d i s c u s s e d as a method o f o r g a n i z i n g 
p r o b l e m - s o l v i n g p r o g r a m s . 

1 . INTRODUCTION 

T h i s paper d e s c r i b e s t h e r e p r e s e n t a t i o n s o f 
knowledge used by a p rogram w h i c h s o l v e s p h y s i c s 
p rob lems s t a t e d i n E n g l i s h . Ra the r t h a n u s i n g a 
s i n g l e u n i f o r m r e p r e s e n t a t i o n , t h e program uses a 
number o f d i f f e r e n t r e p r e s e n t a t i o n s , each o f w h i c h 
i s s p e c i a l i z e d f o r a p a r t i c u l a r t a s k , e . g . , l a n 
guage s y n t a x , l anguage s e m a n t i c s , r e p r e s e n t i n g 
o b j e c t s and t h e i r a t t r i b u t e s and r e l a t i o n s h i p s , 
r e p r e s e n t i n g o b j e c t s a s c a n o n i c a l o b j e c t s used i n 
p h y s i c s , m o d e l l i n g g e o m e t r y , and s o l v i n g e q u a 
t i o n s . Many o f t h e s e r e p r e s e n t a t i o n s a r e based on 
t h e n o t i o n o f f rames [M insky 7 5 ] . The use o f s p e 
c i a l i z e d r e p r e s e n t a t i o n s s i m p l i f i e s many o f t h e 
p rocesses w h i c h must be p e r f o r m e d by t h e p r o g r a m ; 
however , i t r e q u i r e s t h a t t h e program b e a b l e t o 
t r a n s l a t e between t h e v a r i o u s r e p r e s e n t a t i o n s when 
n e c e s s a r y . P r o c e d u r a l knowledge i s r e q u i r e d t o 
c o n v e r t one r e p r e s e n t a t i o n i n t o a n o t h e r , s i n c e i t 
f r e q u e n t l y happens t h a t i n f o r m a t i o n w h i c h i s e s 
s e n t i a l i n t h e t a r g e t r e p r e s e n t a t i o n i s u n s p e c i 
f i e d o r i s s p e c i f i e d o n l y i m p l i c i t l y i n t h e sou rce 
r e p r e s e n t a t i o n ; i n f e r e n c e s a r e r e q u i r e d t o f i l l i n 
such i n f o r m a t i o n . S p e c i a l i z e d r e p r e s e n t a t i o n s 
a l l o w p r o c e d u r e s t o b e a t t a c h e d t o p a r t i c u l a r 
t y p e s o f r e p r e s e n t a t i o n s , b o t h t o c o n v e r t them t o 
o t h e r t y p e s and t o s o l v e p rob lems w h i c h a r e a s s o 
c i a t e d w i t h t h e s p e c i a l i z e d a r e a . I n t h i s p a p e r , 
w e d i s c u s s t h e ways i n w h i c h t h e s e t e c h n i q u e s a r e 
used t o c o o r d i n a t e t h e many k i n d s o f knowledge 
w h i c h a re n e c e s s a r y f o r s o l v i n g p h y s i c s p r o b l e m s . 
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draw p i c t u r e s o f p h y s i c s p rob lems s t a t e d i n Eng
l i s h . R e p r e s e n t a t i v e examples o f t he c l a s s o f 
p rob lems s o l v e d b y t h e p rogram a r e shown i n 
F i g u r e s 1 and 2. The program has s o l v e d a t o t a l 
o f t w e n t y p rob lems i n t h e a rea o f r i g i d body s t a 
t i c s , most o f w h i c h were t a k e n v e r b a t i m f rom h i g h 
s c h o o l and c o l l e g e p h y s i c s t e x t s . 

The u n d e r s t a n d i n g and s o l u t i o n o f such a p r o b 
lem p roceeds i n s e v e r a l d i s t i n c t s t e p s . The f i r s t 
s t e p i s , o f c o u r s e , t h e u n d e r s t a n d i n g o f t h e Eng
l i s h s e n t e n c e s o f t h e p rob lem s t a t e m e n t . The 
sen tences a r e p a r s e d i n t o a c a s e - s t r u c t u r e d seman
t i c n e t w o r k f o r m b y a n augmented t r a n s i t i o n n e t 
grammar, w h i c h i s a i d e d by a l a r g e number o f s e 
m a n t i c p r o g r a m s . Semant ic p r o c e s s i n g I s i n t e r 
woven w i t h t h e p a r s i n g p r o c e s s . S t r u c t u r e s p r o 
duced b y t h e p a r s e r , w h i c h i n i t i a l l y c o r r e s p o n d 
c l o s e l y t o s y n t a c t i c f o r m s , a r e made p r o g r e s s i v e l y 
more seman t i c as t h e p a r s i n g p r o c e e d s . One ma jo r 
seman t i c p r o c e s s i s r e f e r e n t i d e n t i f i c a t i o n , i n 
w h i c h a ph rase i s i d e n t i f i e d w i t h t h e o b j e c t o r 
r e l a t i o n s h i p t o w h i c h i t c o r r e s p o n d s i n t h e p r o 
g r a m ' s d e v e l o p i n g model o f t h e p r o b l e m . A second 
ma jo r seman t i c p r o c e s s i s t h e i d e n t i f i c a t i o n o f a 
t y p e o f c o n c e p t u a l e n t i t y (such a s a l o c a t i o n o r 
a t t r i b u t e ) w h i c h i s r e f e r e n c e d b y a p h r a s e . P r o 
cedures a s s o c i a t e d w i t h each t y p e o f semant i c 
f rame a l l o w i n f e r e n c e s t o b e made t o f i l l " s l o t s " 
i n t h e s e m a n t i c f rame whose v a l u e s a re u n s p e c i 
f i e d ; f o r examp le , t h e phrase " a t one e n d " impll-r-
c i t l y r e f e r e n c e s a n u n s p e c i f i e d p h y s i c a l o b j e c t , 
whose I d e n t i t y must be i n f e r r e d t o comp le te t h e 
meaning o f t h e seman t i c f r a m e . The f i n a l s t e p i n 
t h e semantic p r o c e s s i n g o f a sen tence i s t h e e x e c u 
t i o n o f t h e v e r b s e m a n t i c s . A t t h e t i m e when t h e 
semant i c r o u t i n e f o r a v e r b i s e x e c u t e d , t he case 
arguments o f t h e v e r b w i l l t y p i c a l l y b e r e p r e s e n t e d 
as seman t i c f rames (as opposed to s y n t a c t i c -
p h r a s e s ) ; t h i s r e p r e s e n t a t i o n g r e a t l y s i m p l i f i e s 
t he p r o c e s s i n g o f v e r b s . E x e c u t i o n o f v e r b seman
t i c s t y p i c a l l y causes t h e t r a n s f e r o f new i n f o r m a 
t i o n t o e x i s t i n g o b j e c t s i n t h e i n t e r n a l model o f 
t h e p r o b l e m , o r causes t h e c r e a t i o n i n t h e model 
o f new o b j e c t s and r e l a t i o n s h i p s . 

A f t e r a l l o f t h e sen tences o f t h e p rob lem s t a t e 
ment have been read and p rocessed s e m a n t i c a l l y , the 
i n f o r m a t i o n conveyed b y t h e sen tences w i l l have 
been t r a n s f e r r e d t o a l a n g u a g e - f r e e i n t e r n a l mode l , 
and t h e s t r u c t u r e s p roduced i n p a r s i n g t h e s e n 
t e n c e s w i l l have been d i s c a r d e d . The i n t e r n a l 
model c o n t a i n s r e p r e s e n t a t i o n s o f p h y s i c a l o b j e c t s 
( e . g . , l a d d e r s , r o p e s , and p e r s o n s ) , f e a t u r e s o r 
a s p e c t s o f o b j e c t s ( e . g . , l o c a t i o n s ) , and r e l a t i o n 
s h i p s among o b j e c t s ( e . g . , a t t a c h m e n t r e l a t i o n s ) , 

I n o r d e r t o s o l v e t h e p h y s i c s p r o b l e m , i t i s 
n e c e s s a r y to a s s o c i a t e a C a n o n i c a l O b j e c t Frame 
w i t h each p h y s i c a l o b j e c t i n t h e p r o b l e m , A Canon
i c a l O b j e c t Frame i s a n i d e a l i z a t i o n o r a b s t r a c t i o n 
o f c e r t a i n f e a t u r e s o f a n a c t u a l o b j e c t , such a s a 
r i g i d body o r a p o i n t mass. P h y s i c a l laws a r e d e 
f i n e d i n t e rms o f t h e s e i d e a l i z e d c a n o n i c a l objects, 
w h i c h o n l y a p p r o x i m a t e t h e b e h a v i o r o f r e a l ob jec ts . 
The c a n o n i c a l o b j e c t f rame t o b e used f o r a n ob jec t 
depends o n t h e o b j e c t ' s c o n t e x t ; t h u s , a p e r s o n 
m i g h t be m o d e l l e d as a p i v o t when c a r r y i n g a p l a n k , 
or as a p o i n t mass when s i t t i n g on a p l a n k . There 
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a r e p r o c e d u r e s a s s o c i a t e d w i t h each t y p e o f canon*-
i c a l o b j e c t w h i c h t e s t f o r t h e p resence o f n e c e s 
s a r y f e a t u r e s and make a p p r o p r i a t e i n f e r e n c e s f o r 
f e a t u r e s w h i c h a r e m i s s i n g . For examp le , i f t h e 
w e i g h t o f a r i g i d body i s unknown, i t i s assumed 
t o b e z e r o ; i f t h e l e n g t h i s unknown, t h e assump
t i o n i s made t h a t t h e o b j e c t must have a f i n i t e 
l e n g t h , and a s y m b o l i c c o n s t a n t i s c r e a t e d t o r e 
p r e s e n t t h e l e n g t h . 

A g e o m e t r i c model i s c r e a t e d t o r e l a t e t h e p o s i 
t i o n s o f t h e o b j e c t s i n t h e p rob lem t o a common 
c o o r d i n a t e s y s t e m . Knowledge o f t h e p r o t o t y p i c a l 
geometry o f each o b j e c t i s used to c r e a t e a com
p o s i t e g e o m e t r i c model b y c o m b i n i n g t h e g e o m e t r i c 
models o f i n d i v i d u a l o b j e c t s a t p o i n t s o f a t t a c h 
ment . I n some c a s e s , t h i s r e q u i r e s mapping f e a 
t u r e s o f o b j e c t s ( such a s t h e d i s t a n c e between 
two p o i n t s ) i n t o a f o r m a l sys tem (such as a t r i 
a n g l e ) , s o l v i n g a p r o b l e m in t h e f o r m a l s y s t e m , 
and mapping t h e r e s u l t s back t o t h e o r i g i n a l o b 
j e c t ( f o r e x a m p l e , d e f i n i n g t h e s i z e o f a n o b j e c t 
based on t h e computed d i s t a n c e between two p o i n t s 
o n t h e o b j e c t ) . 

A f t e r c a n o n i c a l o b j e c t f rames have been selected 
f o r each o b j e c t and t h e g e o m e t r i c model has been 
c o n s t r u c t e d , e q u a t i o n s a r e w r i t t e n t o d e s c r i b e the 
i n t e r a c t i o n s o f t h e o b j e c t s a c c o r d i n g t o p h y s i c a l 
l a w s . These e q u a t i o n s a r e s o l v e d by a s m a l l sym
b o l i c m a n i p u l a t i o n package , and a n answer t o t h e 
q u e s t i o n asked i n t h e p r o b l e m s t a t e m e n t i s g e n e r 
a t e d f r om t h e e q u a t i o n s o l u t i o n s . 

The l a s t s t e p p e r f o r m e d b y t h e p rog ram i s t h e 
g e n e r a t i o n o f a p i c t u r e model and a d i ag ram of the 
p r o b l e m . The p i c t u r e model i s s i m i l a r t o t he geo
m e t r i c m o d e l ; howeve r , i t i s n e c e s s a r y t o d e t e r 
mine r e a s o n a b l e s i z e s i n t h e d r a w i n g f o r o b j e c t s 
wh i ch have no g e o m e t r i c s i z e ( f o r examp le , a p e r 
son who i s m o d e l l e d as a p o i n t m a s s ) , and to i n f e r 
r e a s o n a b l e p o i n t s o f a t t a c h m e n t when t h e y a re u n 
s p e c i f i e d ( f o r examp le , t h e p o i n t o f a t t a c h m e n t 
f o r a p e r s o n whose c a n o n i c a l o b j e c t f rame i s PIVOT 
i s assumed t o b e HANDS). F i n a l l y , t h e compos i te 
d r a w i n g must b e s c a l e d t o f i t t he a v a i l a b l e p i c 
t u r e a r e a . 

3. UNDERSTANDING ENGLISH SENTENCES 

P a r s i n g o f t h e E n g l i s h sen tences o f t h e p r o b l e m 
s t a t e m e n t i s c o n t r o l l e d b y a n Augmented T r a n s i t i o n 
Network Grammar [Woods 7 0 ] . Ra the r t h a n u s i n g a 
grammar i n t e r p r e t e r , t h e grammar i s imp lemented 
d i r e c t l y as a s e t o f LISP f u n c t i o n s , u s i n g a s e t 
o f s m a l l sys tem f u n c t i o n s t o c o n t r o l movement o f 
t h e scanner and to p r o v i d e a u t o m a t i c backup when 
a n a t t e m p t e d p a r s i n g f a i l s . The grammar f u n c t i o n s 
i n t h e p a r s e r b u i l d s t r u c t u r e s w h i q h r e p r e s e n t t h e 
c o n t e n t o f t h e ph rase b e i n g p a r s e d , o r make changes 
t o a l r e a d y e x i s t i n g s t r u c t u r e s . I n a d d i t i o n , t h e 
p a r s i n g f u n c t i o n s f r e q u e n t l y make c a l l s t o semant ic 
r o u t i n e s ; a grammar f u n c t i o n may f a i l on seman t i c 
g rounds even t hough i t succeeded i n p a r s i n g t ne 
d e s i r e d s y n t a c t i c c o n s t r u c t . 

The s t r u c t u r e s p roduced b y t h e p a r s e r i n i t i a l l y 
bea r a s t r o n g resemb lance to Semant ic Ne tworks as 
used by Simmons [Simmons 7 3 ] , These s t r u c t u r e s a r e 
n o t p roduced f o r a l l s y n t a c t i c c o n s t r u c t s , b u t o n l y 
f o r t h o s e w h i c h r e p r e s e n t l a r g e r u n i t s o f mean ing 
( p r i m a r i l y noun ph rases and v e r b p h r a s e s ) . As t h e 
p a r s i n g c o n t i n u e s , t h e p a r s e s t r u c t u r e s a r e made 
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progress ive ly more semantic and less s y n t a c t i c , 
u n t i l f i n a l l y the meaning of a phrase is ext racted 
and incorporated i n t o the i n t e r n a l model or i n t o 
the semantic s t r uc tu re of another phrase; t he re 
a f t e r , the parse s t r uc tu re is no longer used (w i th 
the except ion of poss ib le l a t e r use f o r f i n d i n g 
pronoun r e f e r e n t s ) . Rather than being representa
t i ons of the meanings of phrases, these parse struc
tures may be considered to be temporary s t ruc tu res 
where the in fo rmat ion provided by the syn tac t i c 
pars ing may be stored in a r e a d i l y accessible form 
u n t i l s u f f i c i e n t context has been co l lec ted to 
a l low the semantics of the phrase to be determined 
The form and use of the parse s t ruc tu res are shown 
l a t e r in t h i s sec t i on , where the complete proces
s ing fo r an example sentence is o u t l i n e d . 

As the processing of a noun phrase proceeds, the 
phrase w i l l genera l ly be i d e n t i f i e d as an instance 
of a Semantic Frame. The semantic frame designa
t i o n spec i f i es the type of conceptual e n t i t y de
noted by the phrase, e . g . , PHYSENT (phys ica l ent i ty) 
ATTROF ( a t t r i b u t e - o f ) , or LOCPART ( l o c a t i o n / p a r t ) . 
In a d d i t i o n , the semantic frame contains " s l o t s " 
fo r the "arguments" of the frame; f o r example, the 
A t t r i bu te -O f semantic frame contains s l o t s f o r the 
name of the a t t r i b u t e ( e . g . , LENGTH) and the r e 
ferent object ( tha t i s , the object in the i n t e r n a l 
model of the problem) w i t h which the a t t r i b u t e is 
associated. I f the values o f essen t i a l s l o t s i n 
the semantic frame are not spec i f i ed e x p l i c i t l y in 
a sentence, procedures associated w i t h the semantic 
frame can examine the i n t e r n a l model of the problem 
and make the inferences necessary to f i l l in the 
missing va lues. Such inferences are f requen t l y 
requi red when, fo r example, a l oca t i on is named 
wi thout the object w i th which i t is assoc ia ted, as 
in " the center" or "one end". Thus, the procedures 
associated w i t h a semantic frame perform the dual 
funct ions of determining when a conceptual e n t i t y 
is incompletely spec i f i ed and p rov id ing s p e c i a l i s t 
programs to complete the s p e c i f i c a t i o n s by making 
appropr iate in ferences. 

The use of semantic frames g rea t l y s i m p l i f i e s 
the processing requi red f o r " h i g h e r - l e v e l " semantic 
rout ines which reference mu l t i p l e phrases, such as 
the semantic rou t ines fo r verbs and p repos i t i ons . 
A s ing le type of conceptual e n t i t y , such as a l o c a 
t i o n , may .be denoted by a v a r i e t y of syntac t ic 
forms; by i d e n t i f y i n g the type of conceptual e n t i t y 
and c o l l e c t i n g the arguments of the semantic frame 
i n t o a standard form (making inferences as r e 
quired) , a l l of these syn tac t i c forms are converted 
to an i d e n t i c a l semantic frame form. Thus, the 
h i g h e r - l e v e l semantic rou t ines may d i r e c t l y access 
the a t t r i b u t e s o f the conceptual e n t i t y wi thout 
being concerned w i th the syn tac t i c form which was 
used to spec i fy that e n t i t y . 

Phrases in a sentence f requen t l y r e f e r , e i t h e r 
e x p l i c i t l y o r i m p l i c i t l y , t o ob jects i n the p r o 
gram's developing model of the problem. Referent 
I d e n t i f i c a t i o n is the process of determining the 
ob jec t ( s ) in the i n t e r n a l model to which a phrase 
r e f e r s . The referenced " o b j e c t " may be a phys ica l 
o b j e c t , an a t t r i b u t e of a phys ica l object (such as 
a l o c a t i o n ) , or a r e l a t i onsh ip (such as an a t t a c h 
ment between two phys ica l o b j e c t s ) ; there is a set 
o f s p e c i a l i s t rou t ines fo r i d e n t i f y i n g re fe ren ts 
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of each type. Referent i d e n t i f i c a t i o n is in gen
e r a l a very d i f f i c u l t problem [Chamiak 72 ] ; even 
in the microworld of physics problems, the p r o 
cesses fo r i d e n t i f y i n g re ferents are f a i r l y com
p lex . F i r s t , i t i s necessary to determine whether 
a phrase re fe rs to an e x i s t i n g object in the model, 
or whether a new object must be created and added 
to the model. If the model contains more than one 
possib le r e f e r e n t , i t i s necessary to se lect the 
correct one(s) ; t h i s se lec t ion may be spec i f i ed in 
the sentence by means of an a t t r i b u t e value (" the 
l e f t end" . . . " the other end" ) , or an i n tens lona l 
desc r ip t i on (" the l o a d " , i . e . , the object which i s 
being c a r r i e d ) . When the re fe ren t i d e n t i f i c a t i o n 
process is complete, the " r e f e r e n t " which is r e 
turned is a l i s t o f the objects in the i n t e r n a l 
model to which the phrase r e f e r s . The var ious 
semantic frame forms have s l o t s fo r the re fe ren t 
of the semantic frame and/or the object the seman
t i c frame is about, e . g . , the object whose a t t r i 
bute is re ferenced. In many cases, the re fe ren t 
cons t i t u tes the e n t i r e meaning of the phrase; thus, 
a phrase l i k e "one end of a po le " has a meaning in 
i s o l a t i o n (even though i t is not an acceptable 
sentence), namely, the po in ter to the l oca t i on ob
j e c t in the i n t e r n a l model to which the phrase r e 
f e r s . Once aga in , the use of semantic frames and 
the re fe ren t i d e n t i f i c a t i o n process r e l i e v e higj ier-
l e v e l semantic, rou t ines of the burden of knowing 
how a re fe ren t was s p e c i f i e d ; these rout ines need 
only deal w i t h the po in ter to the re fe ren t ob ject 
in the i n t e r n a l model. 

The s t ruc tu res produced by the parser and the 
s t ruc tu res created in the i n t e r n a l model in r e 
sponse to an example sentence are shown in Figures 
3 and A, r espec t i ve l y . Each word which is under
l i ned represents a LISP GENSYM atom; the columns 
below the atom names are the i nd i ca to r / va l ue pa i r s 
from the atom's proper ty l i s t . The numbered state
ments below descr ibe the sequence of events in pro
cessing the example sentence; the numbers shown in 
the Figures correspond to t h i s sequence, and i n d i 
cate the p o s i t i o n of the scanner as the sentence is 
parsed, or the time at which atoms are created or 
new in fo rmat ion is added to t h e i r proper ty l i s t s . 

1. The i n i t i a l noun phrase "one end" is parsed, 
producing the s t ruc tu re T0K1 w i t h i t s f i r s t 
four p r o p e r t i e s . 

2,3 The p r e p o s i t i o n a l phrase parser causes the 
noun phrase "a po le " to be parsed, producing 
the s t r uc tu re T0K2 w i t h i t s f i r s t four p r o 
p e r t i e s . 

4. The phrase "10 ft l ong" causes a mod i f i e r to 
be added to T0K2. 

5. The p repos i t i on semantics rou t ine fo r OF is 
ca l l ed w i t h T0K1 and T0K2 as arguments. By 
means of a d i sc r im ina t i on net using tes ts on 
these arguments, t h i s p a r t i c u l a r instance of 
the use of OF is c l a s s i f i e d as being of the 
form "< locat ion> OF <object>" . 

6. The func t i on IDRFNT is ca l led to i d e n t i f y the 
re fe ren t of "a p o l e " . This causes T0K2 to be 
assigned the Semantic Frame PHYSENT (Physical 
E n t i t y ) , and causes the object P0LE3 to be 
added to the i n t e r n a l model. P0LE3 is added 
to TOK2 as i t s r e f e r e n t . 
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7. The semantic rou t i ne fo r OF next assigns the 
Semantic Frame LOCPART (Locat ion/Par t ) to 
T0K1 and f i l l s the Semantic Object s l o t of 
t h i s frame w i t h the re fe ren t of the phrase 
which was the object of the p r e p o s i t i o n , i . e . , 
the l i s t (P0LE3). Note tha t since the mean-
ing of T0K2 has been ext rac ted and used, T0K2 
is no longer a par t of the parse s t r u c t u r e . 

8. The verb phrase parser is ca l l ed (w i th T0K1 
as the syn tac t i c subject argument). Since 
the verb phrase is passive, T0K1 is attached 
to the verb token s t ruc tu re T0K4 as the OBJ 
case argument. 

9. The p repos i t i ona l phrase parser causes the 
noun phrase "a man" to be parsed, generat ing 
the s t ruc tu re T0K5. "Man" is def ined in 
terms of an under ly ing concept ("person") 
w i t h mod i f i e r s . 

10. The p repos i t i on semantics rou t i ne fo r BY calls 
IDRFNT to i d e n t i f y the re fe ren t of a "man"; 

t h i s causes T0K5 to be assigned the Semantic 
Frame PHYSENT, and causes a new object 
PERS0N6 to be added to the i n t e r n a l model 
as i t s r e f e ren t . 

11 . The verb semantics fo r the verb SUPPORT are 
c a l l e d ; t h i s rou t ine sees a s t ruc tu re of 
the form <physent> SUPPORT < locpar t> . 

12. The l oca t i on object L0C7 is added to the 
i n t e r n a l model and spec i f i ed as the re fe ren t 
of T0K1. 

13. The semantic rou t ine fo r the verb SUPPORT 
c a l l s the func t ion IDATT to i d e n t i f y an 
attachment r e l a t i o n between P0LE3 at locat ion 
L0C7 and PERS0N6 ( l oca t i on unknown); t h i s 
causes the c rea t ion of the attachment r e l a -
t i o n ATTACH8. 

4. CANONICAL OBJECT FRAMES 

A Canonical Object Frame represents an i dea l i za 
t i o n of an ac tua l object as a canonical object 
whose behavior approximates the behavior of the 
idea l i zed aspects of the ac tua l object . For ex
ample, in a physics problem, a man standing on a 
plank might be modelled as a Point Mass canonical 
ob jec t . A canonical object frame does not repre 
sent a superset of the ac tua l ob ject ( t y p i c a l l y 
represented by an ISA l i n k in semantic networks) , 
but ra ther represents a "v iew" of the object in 
the sense of [Bobrow and Winograd 77 ] , In a large 
A . I . system, a complex object such as a person 
might be modelled by a v a r i e t y of canonical object 
frames, each of which would represent some aspect 
of the person; in our microworld of physics p rob
lems, each object is modelled (w i t h i n a s ing le 
problem) as a s ing le canonical ob jec t . The types 
of canonical object frames which may be used to 
represent an object depend upon i t s contex t ; a 
person would be modelled as a Pivot object when 
car ry ing a plank ra ther than standing on I t , 

In order to model an object using a canonical 
object frame, i t is necessary to se lect the ap
propr ia te frame, and then to abst ract the charac
t e r i s t i c s of the object which are requ i red fo r 
the frame representa t ion . Select ion of the p ro 
per frame is done by s p e c i a l i s t programs fo r the 
type of problem area ( i n t h i s case, physics prob-
lems) . The spec ia l i s t programs know what types of 
canonical objects might be appropr ia te representa
t ions for each type of ac tua l ob jec t ; se lec t i on of 
the proper one is done by examining the context of 
the object ( e . g . , how many objects i t is attached 
t o , whether i t supports something or is supported 
or is attached to something tha t supports some
t h i n g , e t c . ) . 

In general , a mapping func t i on is requ i red to 
abstract the features of an object f o r use in i t s 
corresponding canonical ob ject frame. The neces
sary features may be spec i f i ed i m p l i c i t l y , or in 
a d i f f e r e n t form from that which is needed, or they 
may not be spec i f i ed at a l l , For example, in the 
problem shown in F igure 2, the length of the pole 
and the weight of the weight are unspec i f i ed ; the 
values of these necessary a t t r i b u t e s must be i n 
fe r red ( i n t h i s case, by c rea t ing symbolic con
stants fo r them) in order to complete the canonical 
object frame represen ta t ions . A second set of 
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mapping func t ions may be needed to t r ans la te the 
r e s u l t s of reasoning processes performed on the 
canonical ob jec ts i n t o the form requi red fo r the 
" a c t u a l " object representa t ions , and to propagate 
the consequences of the new r e s u l t s . 

The advantage of v iewing an ac tua l object as a 
canonical ob ject i s that canonical ob jects i n t e r -
act w i t h each other in p rec i se l y spec i f i ed ways. 
The in fo rmat ion about the ac tua l object which may 
be used in an attempt to solve a problem is re-
s t r i c t e d to those aspects of the object which were 
abstracted to form the canonical object frame, 
which g rea t l y reduces the s ize of the problem 
space compared to a uniform representa t ion in 
which a l l in fo rmat ion i s equal ly access ib le . I n 
a d d i t i o n , s p e c i a l i s t procedures may be attached to 
a canonical object frame type to spec i fy the i n te r 
act ions w i t h other canonical ob jects and to solve 
spec ia l problems which occur f r equen t l y . In the 
physics problem so lve r , the i n t e r a c t i o n s of canon
i c a l objects obey phys ica l laws which are expres
sed as equat ions; these laws inc lude those taught 
in physics t ex t s ( e . g . , the laws of r i g i d body 
s t a t i c s ) as w e l l as other phys ica l laws which are 
"obvious" ( e . g . , the tension forces exerted at the 
ends of a rope are equal in magnitude, nonnegat ive, 
and d i rec ted toward the center of the rope) . The 
s p e c i a l i s t procedures associated w i t h each type of 
canonical object examine the ob jec t rs r e l a t i o n 
ships w i t h other objects and w r i t e equations which 
describe the i n te rac t i ons of the o b j e c t s ; so l u t i on 
of the set of generated equations y i e l d s the an
swer to the problem. 

As an example of the use of Canonical Object 
Frames, consider the man standing on the ladder in 
the problem of Figure 1, The problem statement 
says only tha t "a 150 l b . man is 10 f t . from the 
t o p " ; in order to solve the problem c o r r e c t l y , the 
program must determine what ro le the man plays in 
t h i s p a r t i c u l a r problem. I t i s inadequate to as
sume that a man w i l l always play a s ing le r o l e , 
since in the problem of Figure 2 the man is ca r r y 
ing the pole ra ther than standing' on i t . In order 
to choose the cor rect Canonical Object Frame, the 
context of the man is examined: he is attached ( i n 
some way) to the ladder , which is known to be sup
ported at two p o i n t s ; t he re fo re , the ladder is 
assumed to support the man, and a "po in t mass" 
Canonical Object Frame is chosen. Choosing the 
correct Canonical Object Frame is essen t ia l to 
so lv ing a problem c o r r e c t l y : i f the wrong one is 
chosen, i t i s l i k e l y to cause unsolvable equations 
to be w r i t t e n , or to cause essent ia l in fo rmat ion 
to be l e f t out of the equat ions, so that the answer 
w i l l be wrong. 

The use of Canonical Object Frames is an impor
tant respect in which t h i s program d i f f e r s from 
the e a r l i e r programs STUDENT [Bobrow 68] and CARPS 
[Chamiak 68 ] . In STUDENT, which solved algebra 
word problems, the words or phrases between key
words were d i r e c t l y reduced to a lgebra ic v a r i a b l e s , 
wi thout any analys is of the meanings of the words 
( i n f a c t , nonsense words could be used). In CARPS, 
which solved ca lcu lus word problems, equations 
were associated d i r e c t l y w i t h object names ( f o r ex-

2 2 2 
ample, x + y = 1 was associated w i t h LADDER). 
These d i r e c t assoc ia t ions caused these e a r l i e r p ro 

grams to f a i l on problems which were otherwise 
w i t h i n t h e i r a b i l i t i e s because an ob ject played a 
" ro le1 ' d i f f e r e n t from the one which the program 
assumed. By the use of Canonical Object Frames, 
ISAAC separates the ro l e played by an object from 
the representa t ion of the object i t s e l f , so that a 
s ing le object can play d i f f e r e n t ro les in d i f f e r 
ent contex ts . Par ts or features of an ob ject may 
be abs t rac ted . For example, the imaginary l i n e 
between two po in ts on a ladder may form one side 
of a t r i a n g l e ; i t is not necessary tha t the e n t i r e 
ladder be a s i de . 

5. GEOMETRIC MODEL 
In order to w r i t e equations descr ib ing the i n 

te rac t i ons of the ob jects in a physics problem, i t 
is necessary to construct a geometric model which 
r e l a t es pos i t i ons on objects to a common coord in 
ate system. Geometric models fo r i n d i v i d u a l ob
j e c t s are constructed by using prototype geometric 
models fo r each type of ob jec t ; a prototype geome
t r y is parameterized by the r o t a t i o n of the ob
j e c t , the o f f s e t o f the object r e l a t i v e to a l a r g 
er geometric model, and scale fac to rs fo r the x 
and y coord inates. Given the r e l a t i v e pos i t i ons 
of loca t ions on an object in the prototype geome
t r y , i t is easy to ca l cu la te the coordinates of a 
l oca t i on on an " a c t u a l " object using simple vector 
geometry. 

The composite geometric model is constructed 
from the i n d i v i d u a l geometric models by r equ i r i ng 
that the coordinates of two po in ts attached to 
each other be equa l ; thus , i f an object is to be 
added to the composite model, i t is only necessary 
to reca lcu la te i t s o f f s e t so that i t s po in t o f 
attachment w i l l have the coordinates of the. cor 
responding po in t in the composite model. However, 
i f severa l ob jects are connected so that they form 
a t r i a n g l e , and the s izes or r o ta t i ons of some of 
the ob jects are unknown, t h i s simple method is i n 
adequate. In t h i s case, i t is necessary to map 
the known l i n e segment lengths and angles i n t o a 
canonical t r i a n g l e form, solve the t r i a n g l e , and 
map the r e s u l t s back to give the desired r o t a t i o n s 
and object s i zes . 

6. CONCLUSION 

The program fo r so lv ing physics problems which 
is described in t h i s paper makes frequent use of 
the not ion of frames [Minsky 75 ] , In our imp le 
mentat ion, frames may be considered to be i n t e r 
p re ta t i ons or "v iews" of other ob jec t s , which then 
a l low problem so lv ing by s p e c i a l i s t programs which 
know how to deal w i t h the canonical ob jec ts rep re 
sented by the frames; a diagram and example of 
t h i s process are shown below. 
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a t l e a s t seven c a n o n i c a l m o d e l s : a l o g i c m o d e l , 
a g e o m e t r i c model and t o p o l o g y model o f t h e c i r 
c u i t package , a t h e r m a l m o d e l , a t i m i n g m o d e l , 
a power consumpt ion m o d e l , and a c i r c u i t mode l 
(wh i ch i n t u r n i s exp ressed i n te rms o f c a n o n i c a l 
o b j e c t s such as t r a n s i s t o r s and lumped r e s i s t a n -
ces) . 

We b e l i e v e t h a t t h e o r g a n i z a t i o n o f knowledge 
i n te rms o f c a n o n i c a l o b j e c t f rames w i t h a s s o c i 
a t e d s p e c i a l i s t p r o c e d u r e s f o r s o l v i n g p rob lems 
i n p a r t i c u l a r a reas i s b a s i c t o a v a r i e t y o f 
d i s c i p l i n e s ( n o t o n l y p h y s i c s and e n g i n e e r i n g , 
b u t a l s o such d i s c i p l i n e s a s m e d i c i n e and l a w ) , 
and t h a t i t has c o n s i d e r a b l e p o t e n t i a l f o r a r t i 
f i c i a l i n t e l l i g e n c e programs a s w e l l . The n a t u r e 
o f t h e p r o c e d u r e s w h i c h r e c o g n i z e a n a c t u a l o b j e c t 
as an i n s t a n c e o f a c a n o n i c a l o b j e c t and c o n s t r u c t 
t h e mappings between t h e model o f t h e o b j e c t and 
t h e c a n o n i c a l o b j e c t f rame i s a n i m p o r t a n t a rea 
f o r f u t u r e r e s e a r c h . 
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