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From i t s b e g i n n i n g s , a r t i f i c i a l i n t e l l i g e n c e 
has bor rowed f r e e l y f r om the v o c a b u l a r y o f psycho l ­
o g y . The use o f t h e word " i n t e l l i g e n c e " t o l a b e l 
ou r a rea o f r e s e a r c h i s a case in p o i n t . Other 
te rms r e f e r r i n g o r i g i n a l l y t o human menta l p r o c e s ­
ses t h a t have c o n s i d e r a b l e c u r r e n c y i n A l a re 
" t h i n k i n g , " " c o m p r e h e n d i n g , " a n d , w i t h i n c r e a s i n g 
f r e q u e n c y i n t he pas t f i v e y e a r s , " u n d e r s t a n d i n g . " 
I n f a c t , t h e s e te rms a r e p r o b a b l y used more f r e e l y 
in A l t han in e x p e r i m e n t a l p s y c h o l o g y , where a 
deep s u s p i c i o n o f " m e n t a l i s t i c " t e r m i n o l o g y s t i l l 
l i n g e r s as a h e r i t a g e o f b e h a v i o r i s m . 

I t i s no t my i n t e n t to engage in a b a r r e n l e x i ­
c o g r a p h i c e x e r c i s e , nor to b a i t t hose among us who 
a r e a roused t o i n d i g n a n t emo t i on whenever terms 
f r om human psycho logy a r e used in r e f e r e n c e to 
c o m p u t e r s . We employ these a n t h r o p o m o r p h i c terms 
because we f i n d them u s e f u l i n d e f i n i n g our r e ­
sea rch g o a l s , and t h e r e f o r e i t i s i m p o r t a n t t h a t 
we a t t a c h c l e a r o p e r a t i o n a l meanings t o them. 
Be fo re d i s c u s s i n g computer programs t h a t under ­
s t a n d , we need to c o n s i d e r how we can j u d g e whether 
such programs a r e s u c c e s s f u l . 

When we a t t r i b u t e i n t e l l i g e n c e to a compu te r , 
we mean t h a t i t i s d o i n g someth ing w h i c h , i f done 
by a human, wou ld be c a l l e d " i n t e l 1 i g e n t " (Felgenbaun 
and Fe ldman, 1963, p . 3 ) - The c r i t e r i a we use to 
j u d g e w h e t h e r a man or woman is a c t i n g i n t e l l i ­
g e n t l y a r e g e n e r a l l y e x t e r n a l c r i t e r i a ; w e d o no t 
o f t e n a t t a c h e l e c t r o d e s t o ou r s u b j e c t ' s head , 
much l e s s open i t up to peer i n s i d e . I n s t e a d , we 
ask q u e s t i o n s l i k e , " I s h e behav ing a p p r o p r i a t e l y 
t o t he c i r c u m s t a n c e s ? " o r " I s she s o l v i n g t h e 
p r o b l e m ? " 1 

We do no t ge t much h e l p f rom e i t h e r e x p e r i m e n t a l 
p s y c h o l o g y o r o r d i n a r y speech i n d e f i n i n g " u n d e r ­
s t a n d i n g " i n a p r e c i s e way. I t i s d o u b t f u l t h a t 
t h e r e i s a s i n g l e , unambiguous concep t l y i n g behind 
t h e d i v e r s i t y o f usage . T h i s vagueness o f eve ryday 
language s h o u l d p r e p a r e us to e n c o u n t e r a m u l t i ­
p l i c i t y o f d i f f e r e n t k i n d s o f u n d e r s t a n d i n g , and a 
c o r r e s p o n d i n g m u l t i p l i c i t y o f c r i t e r i a t h a t w e must 
a p p l y to b e h a v i o r (whe ther of a computer or a human 
b e i n g ) t o t e s t whe the r u n d e r s t a n d i n g has been 
a c h i e v e d . 

1The d i s c u s s i o n he re i s l i m i t e d t o t h e g o a l s o f 
A l , a s u s u a l l y d e f i n e d b y i t s p r a c t i t i o n e r s . O n 
t h e o t h e r hand , when we a r e u s i n g t h e computer as 
a n i n s t r u m e n t o f p s y c h o l o g i c a l r e s e a r c h , t o s i m u ­
l a t e human t h i n k i n g , t h e c r i t e r i a f o r d e f i n i n g 
i n t e l l i g e n c e a r e s t r i c t e r . I n t h e l a t t e r case w e 
must i n s i s t on s i m i l a r i t y o f p rocess as w e l l a s 
s i m i l a r i t y o f p r o d u c t . See A. Newel l and H. A. 
S imon, Human Prob lem S o l v i n g , c h . 1-5. 

Moore and Newel l (1974), p .203) have o f f e r e d a 
po r tman teau d e f i n i t i o n o f u n d e r s t a n d i n g a s a r e l a ­
t i o n between a s y s t e m , S, and some know ledge , K: 

S unde rs tands knowledge K if S uses K whenever 
a p p r o p r i a t e . 

Wh i l e t he d e f i n i t i o n i s comprehens i ve , i t does 
not h e l p us d e c i d e what i s an " a p p r o p r i a t e " use o f 
knowledge. A p p r o p r i a t e n e s s must be judged in r e ­
l a t i o n t o t h e t a s k s t h e sys tem i s r e q u i r e d t o p e r ­
f o r m . A system may u n d e r s t a n d m u l t i p l i c a t i o n w e l l 
enough to f i n d t h e p r o d u c t o f 3 and 4 , bu t no t w e l l 
enough t o a p p l y t h e d i s t r i b u t i v e law t o numer i ca l 
e x p r e s s i o n s , o r t o s t a t e how m u l t i p l i c a t i o n i s d e ­
f i n e d b y Peano 's ax ioms f o r t he p o s i t i v e i n t e r g e r s . 

In eve ryday l a n g u a g e , we speak not o n l y of 
u n d e r s t a n d i n g knowledge ( e . g . , " I unde rs tood t h e 
t e x t b o o k p r e t t y w e l l . " ) , bu t a l s o o f u n d e r s t a n d i n g 
how to do a t a s k ; and so may d e f i n e : 

S u n d e r s t a n d s t a s k T i f S has the knowledge 
and p r o c e d u r e s needed to p e r f o r m T . 

From these two d e f i n i t i o n s , we see t h a t unde r ­
s t a n d i n g is a t h r e e - t e r m e d r e l a t i o n among S, K, and 
T , and t h a t e i t h e r t h e know ledge , K , o r the t a s k , 
T , may be t a k e n as t h e o b j e c t o f t h e u n d e r s t a n d i n g . 
We may e x p e c t , t h e r e f o r e , t h a t r e s e a r c h p r o g r e s s in 
c o n s t r u c t i n g systems t h a t u n d e r s t a n d w i l l c o n s i s t 
i n e n r i c h i n g b o t h t h e b o d i e s o f knowledge a v a i l a b l e 
t o t h e s y s t e m s , and t h e p rocedu res f o r u s i n g t h a t 
knowledge i n t h e pe r fo rmance o f w i d e r and w i d e r 
ranges o f t a s k s . Knowledge w i t h o u t a p p r o p r i a t e 
p rocedu re f o r i t s use i s dumb, and p rocedure w i t h ­
ou t s u i t a b l e knowledge i s b l i n d . 

Some S imp le U n d e r s t a n d i n g C a p a b i l i t i e s 

The p l a n o f t h i s paper w i l l b e t o i l l u s t r a t e t h e 
r e c i p r o c a l i n t e r a c t i o n between knowledge and t a s k 
i n systems t h a t u n d e r s t a n d , w i t h examples o f a r t i ­
f i c i a l i n t e l l i g e n c e programs t h a t i n c o r p o r a t e v a r y ­
ing amounts and k i n d s o f knowledge , u s i n g them to 
p e r f o r m a c o r r e s p o n d i n g l y v a r y i n g range o f t a s k s . 
The p l a n w i l l , v e r y a p p r o x i m a t e l y , p a r a l l e l t he 
h i s t o r i c a l deve lopment o f u n d e r s t a n d i n g systems b y 
s t a r t i n g w i t h systems t h a t i n c o r p o r a t e modest 
amounts o f knowledge and p e r f o r m l i m i t e d t a s k s , 
then p roceed t o sys tems t h a t a re r e l a t i v e l y r i c h i n 
knowledge and i n t h e range o f t a s k s t o wh ich t h e y 
a r e a p p l i c a b l e . The e a r l i e r and s i m p l e r systems 
w i l l b e t r e a t e d b r i e f l y i n t he nex t t h r e e p a r t s o f 
t h i s s e c t i o n ; some examples o f more recen t and more 
e l a b o r a t e systems a r e in the next t h r e e s e c t i o n s . The 
p r i m a r y examples I s h a l l deve lop i n these l a t t e r 
s e c t i o n s a r e two sys tems , UNDERSTAND and THERMO, 
deve loped by my c o l l e a g u e s and m y s e l f , wh i ch have 
no t p r e v i o u s l y been d e s c r i b e d i n the A l l i t e r a t u r e . 
I w i l l a l s o compare t hese examples w i t h o t h e r 
systems t h a t have been r e p o r t e d i n t h e l i t e r a t u r e . 2 

2No a t t e m p t w i l l be made i n t h i s paper t o s u r v e y 
t h e who le range o f computer systems t h a t unde rs tand . 
For leads t o t he l i t e r a t u r e o f t he s u b j e c t , I wou ld 
recommend Bobrow £ C o l l i n s ( 1 9 7 5 ) , Simon and 
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P a r s i n g and I n f e r e n t i a l C a p a b i l i t i e s 

One o f t h e e a r l i e s t a p p l i c a t i o n s o f t h e t e r m 
" u n d e r s t a n d i n g " to a computer program (perhaps t h e 
e a r l i e s t ) o c c u r s i n t h e t i t l e o f R . L i n d s a y ' s 
c h a p t e r i n Feigenbaum & Feldman ( 1 9 6 3 ) : " I n f e r e n ­
t i a l Memory as t h e Bas i s o f Machines Which Under­
s tand N a t u r a l Language . " I n L i n d s a y ' s words ( p . 
2 2 1 ) , " t h e p rog ram. . . p a r s e s sen tences w r i t t e n i n 
Bas ic E n g l i s h and makes i n f e r e n c e s abou t k i n s h i p 
r e l a t i o n s . T o d o t h i s i t c o n s t r u c t s two t y p e s o f 
complex s t r u c t u r e s in t h e computer memory, one 
c o r r e s p o n d i n g t o a sen tence d i ag ram o f t h e s o r t 
p roduced b y h i g h - s c h o o l s t u d e n t s , t h e o t h e r c o r r e ­
spond ing t o t he f a m i l i a r f a m i l y t r e e . " Per formance 
o f two k i n d s o f t a s k s d e m o n s t r a t e s t he s y s t e m ' s use 
o f knowledge "whenever a p p r o p r i a t e . " When i t i s 
p r e s e n t e d w i t h a sen tence l i k e , " John i s M a r y ' s 
f a t h e r , " i t can annex the i n f o r m a t i o n i n t h a t s e n ­
t e n c e t o t he g e n e a l o g i c a l c h a r t o f John and M a r y ' s 
f a m i l y . I f i t has a l s o s t o r e d i n t h a t c h a r t t h e 
f a c t t h a t Joe i s J o h n ' s b r o t h e r , i t can t hen make 
a s i m p l e i n f e r e n c e to answer a q u e s t i o n l i k e , 
"Name one o f M a r y ' s u n c l e s . " 

Thus , t o L i n d s a y , u n d e r s t a n d i n g meant encod ing 
i n f o r m a t i o n f rom n a t u r a l language i n p u t and answer­
ing q u e s t i o n s about t h a t i n f o r m a t i o n , i n c l u d i n g 
d r a w i n g i n f e r e n c e s f r om i t . E s s e n t i a l l y , h e i d e n ­
t i f i e d u n d e r s t a n d i n g systems w i t h a p a r t i c u l a r 
c l a s s o f q u e s t i o n - a n s w e r i n g sys tems . T h i s i d e n t i ­
f i c a t i o n p e r s i s t e d t h r o u g h most o f t h e 1 9 6 0 ' s . 
When the terms "comprehend" and " u n d e r s t a n d , " w h i c h 
were no t much employed d u r i n g t h e m i d d l e o f t h a t 
decade , came i n t o f r e q u e n t use a g a i n (Weizenbaum, 
1966; Simmons, Burger ε Schwarcz , 1968; Q u i I l i a n , 
1 9 6 8 ) , i t was i n r e f e r e n c e t o systems w i t h t h e s e 
s o r t s o f c a p a b i l i t i e s . I n a l l o f t hese s y s t e m s , 
t he knowledge they u n d e r s t a n d i s "book l a r n i n ' . " 
They read s e n t e n c e s ; they s t o r e t h e i n f o r m a t i o n 
f r o m them; t hey answer q u e s t i o n s r e l a t i n g t o t h i s 
i n f o r m a t i o n , p o s s i b l y d raw ing i n f e r e n c e s i n o r d e r 
to do s o . But t hey know n o t h i n g o f t h e r e a l w o r l d 
t o w h i c h t h e i n f o r m a t i o n p u r p o r t s t o r e f e r . I f t he 
BASEBALL program (Green , W o l f , Chomsky ε Laughe ry , 
1961) can answer t he q u e s t i o n , "Where d i d t h e Red 
Sox p l a y on J u l y 7 ? " , i t i s because i t has been 
t o l d t h e answer , and no t because i t remembers having 
been at t h e game. 

The d e f i n i t i o n o f u n d e r s t a n d i n g i m p l i c i t i n 
t h e s e e a r l y 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 
systems m igh t be p h r a s e d : 

A q u e s t i o n - a n s w e r i n g s y s t e m , S, unde rs tan ds 
know ledge , K , i f i t can answer n a t u r a l - l a n g u a g e 
q u e s t i o n s abou t t h e e x p l i c i t c o n t e n t o f t h a t 

S i k l 6 s s y ( 1 9 7 2 ) , and Winograd ( 1 9 7 2 ) . For some o f 
the more r e c e n t deve lopmen ts i n t he a rea o f au toma­
t i c p r o g r a m i n g , see H e i d o r n ( 1 9 7 6 ) . The p a r t i c u l a r 
examples d i s c u s s e d i n t he p r e s e n t p a p e r , i n a d d i ­
t i o n to UNDERSTAND (Hayes & S imon, 1972) and THERMO 
(Bhaskar 6 S imon, 1 9 7 7 ) , were s e l e c t e d because o f 
m y f a m i l i a r i t y w i t h them, o r because t h e y i l l u ­
s t r a t e s p e c i f i c p o i n t s abou t t h e n a t u r e o f u n d e r ­
s t a n d i n g sys tems . 

know ledge , o r q u e s t i o n s i n v o l v i n g ( r e l a t i v e l y 
s i m p l e ) i n f e r e n c e s f r om t h a t know ledge . 

The knowledge t h a t t h e sys tem u n d e r s t a n d s f a l l s 
i n two c a t e g o r i e s . The f i r s t i s knowledge o f t h e 
s y n t a x o f t h e i n q u i r y l a n g u a g e , perhaps embodied i n 
a program f o r a n a l y s i n g and g e n e r a t i n g g r a m m a t i c a l 
sen tences i n t h a t language t o g e t h e r w i t h l e x i c a l 
knowledge o f word mean ings . The second is subs tan ­
t i v e knowledge about t h e domain o f i n q u i r y , e . g . , 
abou t some f a m i l y t r e e i n t h e case o f L i n d s a y ' s 
sys tem. These d i f f e r e n t k i n d s o f knowledge w i l l 
no t a lways b e s e g r e g a t e d i n d i f f e r e n t p a r t s o f t h e 
program s t r u c t u r e ; t h e boundary between s y n t a x and 
seman t i cs may be ( a n d , in complex s y s t e m s , g e n e r ­
a l l y w i l l be) q u i t e vague . 

U n d e r s t a n d i n g I n t e n s i o n a l Mean ings . 

A d i f f e r e n t d i m e n s i o n o f u n d e r s t a n d i n g i s r e p ­
r e s e n t e d by programs t h a t b e g i n t o appear a t t h e 
end o f t h e 1960 ' s ( C o l e s , 1967, 1972; S i k l o s s y , 
1968, 1972; W i n o g r a d , 1972 ) . These programs accept 
n a t u r a l language i n p u t , bu t t hey a l s o a r e a b l e t o 
a c q u i r e i n f o r m a t i o n f r o m an independent channe l 
( s i m u l a t e d v i s u a l i n f o r m a t i o n i n each case) about 
a n o u t s i d e w o r l d , and t o r e l a t e t h e language t o 
t h a t w o r l d . We may c a l l systems t h a t communicate 
w i t h such a r e a l o r s i m u l a t e d w o r l d quas i - r o b o t s . 

C o l e s ' p r o g r a m , f o r examp le , d e m o n s t r a t e s i t s 
u n d e r s t a n d i n g by answer i ng q u e s t i o n s abou t a p i c ­
t u r e drawn w i t h a l i g h t pen on a g r a p h i c d i s p l a y , 
and by p a r s i n g ambiguous s e n t e n c e s , s e l e c t i n g t h e 
p a r t i c u l a r p a r s i n g t h a t c o r r e s p o n d s t o t he p i c t u r e . 
Thus , when r e q u i r e d t o answer " t r u e " o r " f a l s e " t o 
the s t a t e m e n t , "Each p o l y g o n s m a l l e r t h a n a b l a c k 
t r i a n g l e i s a s q u a r e , " i t a r r i v e s a t i t s answer b y 
i n s p e c t i n g t h e i n f o r m a t i o n i n the p i c t u r e t o see 
what p o l y g o n s , t r i a n g l e s , and squares a r e d i s p l a y e d 
i n i t , and whe the r t h e s e o b j e c t s s a t i s f y the c o n ­
d i t i o n s o f the s e n t e n c e . C o l e s ' p r o g r a m , t h e r e ­
f o r e , must have a v a i l a b l e i n t e n s i o n a l meanings f o r 
words l i k e " p o l y g o n , " " s m a l l e r , " and s o o n , i n t h e 
fo rm o f programs t h a t w i l l a c t u a l l y t e s t whe ther a 
p a r t i c u l a r o b j e c t , p r o p e r t y , o r r e l a t i o n i n t h e 
v i s u a l r e p r e s e n t a t i o n f i t s t he mean ing . I t must 
a l s o be c a p a b l e o f m a t c h i n g t hese meanings a g a i n s t 
t h e c o r r e s p o n d i n g n a t u r a l language s t a t e m e n t s - - a 
t r a n s l a t i o n a l c a p a b i l i t y . 

S i k l o s s y ' s sys tem has s i m i l a r t r a n s l a t i o n a l 
c a p a b i l i t i e s . I t l e a r n s t h e v o c a b u l a r y and s y n t a x 
o f a n a t u r a l language by b e i n g shown p a i r e d s e n ­
tences and " p i c t u r e s " t h a t t h e sen tences d e s c r i b e , 
i n t h e manner o f t h e I . A . R i c h a r d s b o o k s , E n g l i s h 
Through P i c t u r e s , German Through P i c t u r e s , e t c . 

The p a r t i c u l a r r e q u i r e m e n t s o f u n d e r s t a n d i n g i n 
q u a s i - r o b o t s l ead t o a d e f i n i t i o n o f t h e fo l tow ing 
s o r t : 

A q u a s i - r o b o t , S, u n d e r s t a n d s l a n g u a g e , L , 
i f S possesses i n t e n s i o n a l d e f i n i t i o n s o f e x ­
p r e s s i o n s i n L t h a t e n a b l e i t t o d e t e r m i n e 
what o b j e c t s and e v e n t s in an i n d e p e n d e n t l y 
d e s c r i b e d w o r l d a r e deno ted b y t h e s e e x p r e s s i o n s . 

I n v i t e d Papers-3: Simon 
1060 



S e l f - R e f e r e n t i a l Meanings 

W i n o g r a d ' s SHRDLU sys tem combines these k i n d s of 
c a p a b i l i t i e s f o r u n d e r s t a n d i n g w i t h a few o t h e r s . 
L i k e t h e two systems j u s t d e s c r i b e d , i t must b e 
c o n s i d e r e d a q u a s i - r o b o t , f o r t h e w o r l d i t knows i s 
a s y n t h e t i c o n e , and n o t t h e r e a l one . SHRDLU both 
answers q u e s t i o n s abou t i t s b l o c k w o r l d , and 
c a r r i e s o u t commands to make changes in i t . To do 
t h i s , i t needs t h e same forms o f u n d e r s t a n d l n g - - o f 
b o t h language and i t s e n v i r o n m e n t — a s do t h e p r o ­
grams of Co les and S l k l o s s y . But SHRDLU e x h i b i t s 
a l s o some i n t r o s p e c t i v e fo rms o f u n d e r s t a n d i n g tha t 
were o n l y i m p l i c i t i n e a r l i e r p r o b l e m - s o l v i n g p r o ­
g rams. Any program t h a t makes use of goa l and sub-
goa l s t r u c t u r e s f o r i t s p rob lem s o l v i n g unde rs tands 
t h e m o t i v a t i o n s o f i t s own a c t i o n s , and uses t h a t 
u n d e r s t a n d i n g t o g u i d e i t s sea rch a c t i v i t i e s . 
SHRDLU i s a b l e a l s o t o access t h i s i n f o r m a t i o n i n 
response t o a u s e r ' s i n q u i r y , and t h e r e b y t o s t a t e 
reasons f o r i t s a c t i o n s . 

C o n t r a s t o f I n t e n s i o n a l w i t h " V e r b a l " 
U n d e r s t a n d i n g 

The i m p o r t a n t d i s t i n c t i o n between u n d e r s t a n d i n g 
t h a t i n v o l v e s t h e a b i l i t y t o a p p l y i n t e n s i o n a l 
t e s t s t o " e x t e r n a l " o b j e c t s ( I w i l l r e s i s t t h e 
t e m p t a t i o n t o c a l l i t r e a l u n d e r s t a n d i n g ) and 
u n d e r s t a n d i n g t h a t i n v o l v e s o n l y v e r b a l knowledge 
i s i l l u s t r a t e d by t h e f o l l o w i n g SHRDLU d i a l o g u e r e ­
p o r t e d by Winograd (1972, p . 1 1 ) . The s t a t e m e n t s 
p r e f i x e d by a " + " a r e a u s e r ' s a s s e r t i o n s ( t o be 
added to SHRDLU's da ta base) or q u e s t i o n s . The 
o t h e r s t a t e m e n t s a r e SHRDLU's r e p l i e s : 

+ I own b l o c k s wh i ch a r e no t r e d , bu t I d o n ' t 
own a n y t h i n g w h i c h s u p p o r t s a p y r a m i d . 

I UNDERSTAND. 

+ Do I own t h e box? 

NO. 

Now a l t h o u g h SHRDLU's answer to t he q u e s t i o n is 
q u i t e c o r r e c t , t h e system cannot b e s a i d t o unde r ­
s tand t h e meaning o f " o w n " in any but a s o p h i s t i c 
sense . SHRDLU's t e s t o f whe the r someth ing i s 
owned i s s i m p l y whe the r i t i s tagged " o w n e d . " There 
is no i n t e n s i o n a l t e s t o f o w n e r s h i p , hence SHRDLU 
knows what i t owns, bu t d o e s n ' t unde rs tand what i t 
is to own s o m e t h i n g . SHRDLU wou ld unde rs tand what 
i t meant t o own a box i f i t c o u l d , say , t e s t i t s 
o w n e r s h i p by r e c a l l i n g how I t had ga ined p o s s e s s i o n 
o f t h e b o x , o r by c h e c k i n g i t s possess ion o f a r e ­
c e i p t i n payment f o r i t ; c o u l d respond d i f f e r e n t l y 
to r e q u e s t s to move a box i t owned f rom reques t s to 
move one i t d i d n ' t own; a n d , i n g e n e r a l , c o u l d p e r ­
f o rm those t e s t s and a c t i o n s t h a t a r e g e n e r a l l y 
a s s o c i a t e d w i t h t h e d e t e r m i n a t i o n and e x e r c i s e o f 
o w n e r s h i p i n our law and c u l t u r e . 

U n d e r s t a n d i n g Problem S o l u t i o n s 

I n d i s t i n g u i s h i n g t h e k i n d s o f u n d e r s t a n d i n g 
t h a t a r e i n c o r p o r a t e d i n n a t u r a l language q u e s t i o n -
a n s w e r i n g systems ( l a n g u a g e - p a r s i n g and i n f e r e n t i a l 

c a p a b i l i t i e s ) f rom t h e a d d i t i o n a l k i n d s t h a t a r e 
r e q u i r e d f o r q u a s i - r o b o t s and r o b o t s , we have by 
no means exhaus ted a l l t h e s p e c i e s o f unders tand ing . 
I n t h i s s e c t i o n , I s h a l l d i s c u s s what i t means t o 
u n d e r s t a n d t h e s o l u t i o n o f a p r o b l e m ; i n t h e n e x t 
s e c t i o n , what i t means t o u n d e r s t a n d t h e p rob lem 
I t s e l f . I n b o t h b a s e s , as I n p r e v i o u s s e c t i o n s , I 
w i l l use e x i s t i n g A l systems t o I l l u s t r a t e t he 
d i s c u s s i o n . 

The G e s t a l t p s y c h o l o g i s t s have p l aced c o n s i d e r ­
a b l e emphasis upon t h e d i s t i n c t i o n between s o l v i n g 
prob lems In " m e a n i n g f u l " and " m e a n i n g l e s s " ways . 
We can use t h e f a m i l i a r Tower of Hanoi p u z z l e to 
e x p l i c a t e what t h i s d i s t i n c t i o n m i g h t mean. The 
Tower o f Hanoi p u z z l e c o n s i s t s o f t h r e e v e r t i c a l 
pegs and N doughnu t - shaped d i s k s graded In s i z e . 
A t t h e o u t s e t , a l l t h e d i s k s a r e a r r anged i n a p y r ­
a m i d , f rom l a r g e s t t o s m a l l e s t , o n t he f i r s t peg . 
The p rob lem is to a r r a n g e them in a s i m i l a r py ramid 
on the t h i r d peg . Only one d i s k may be moved at a 
t i m e , and a d i s k may never be p l aced a t o p a n o t h e r 
t h a t i s s m a l l e r t han i t i s . A py ramid o f N d i s k s 
can be t r a n s f e r e d w i t h a minimum of 2 N -1 moves. 

The N - d i s k Tower of Hanoi p rob lem can be s o l v e d 
by many d i f f e r e n t a l g o r i t h m s . I s h a l l men t i on 
f o u r . 3 

1. A r o t e a l g o r i t h m s i m p l y c o n s i s t s o f a sequence 
o f 2 N -1 i n s t r u c t i o n s c o r r e s p o n d i n g t o t he suc ­
c e s s i v e moves. A d i f f e r e n t a l g o r i t h m i s r e ­
q u i r e d f o r each N . 

2 . The f a m i l i a r r e c u r s i v e a l g o r i t h m r e q u i r e s 
e s s e n t i a l l y t h r e e i n s t r u c t i o n s : I f t h e p rob lem 
is to move N d i s k s f rom Peg X to Peg Z, move 
N-l d i s k s f r o m Peg X to Peg Y, then t h e l a r g e s t 
d i s k f r om Peg X to Peg Z, t hen N-l d i s k s f rom 
Peg Y to Peg Z. T h i s r e c u r s i v e a l g o r i t h m works 
f o r any f i n i t e number o f d i s k s . 

3 . A means-ends a l g o r i t h m a v o i d s t h e n e c e s s i t y f o r 
r e t a i n i n g a goa l s t a c k . (a) I f t he p rob lem i s 
to move N d i s k s f r om Peg X to Peg Z, f i n d t h e 
l a r g e s t d i s k no t on Peg Z , and se t up t h e goa l 
o f moving i t . (b) I f t h i s d i s k can b e moved t o 
i t s t a r g e t p e g , move i t , d e l e t e t h e g o a l , and 
g o t o ( a ) . (c) O t h e r w i s e , d e l e t e t he goa l o f 
moving i t and f i n d t h e l a r g e s t o f t h e d i s k s 
t h a t e i t h e r l i e above i t o r l i e o n i t s t a r g e t 
peg . (d) Set up t h e goa l o f moving t h a t d i s k 
t o t h e r e m a i n i n g p e g , and go t o ( b ) . 

4 . A P a t t e r n a l g o r i t h m . Suppose t h e p rob lem i s t o 
move N d i s k s f r o m Peg X to Peg Z. (a) On odd 
moves, move t h e s m a l l e s t d i s k ; on even moves, 
t h e o t h e r movable d i s k . (b) I f N is o d d , move 
t h e s m a l l e s t d i s k i n t h e c y c l e , Z , Y , X , e t c . ; 
i f N i s e v e n , i n t he c y c l e , Y , Z , X , e t c . 
(These r u l e s d e f i n e t h e s t r a t e g y u n i q u e l y , 
s i n c e t h e r e i s o n l y a s i n g l e l e g a l move f o r t h e 
" o t h e r movable d i s k . " ) 

The l a s t t h r e e a l g o r i t h m s a re d i f f e r e n t f r om t h e 
f i r s t , r o t e , a l g o r i t h m i n making use o f knowledge 

3 F o r a f u l l e r and more fo rma l d e s c r i p t i o n o f 
t h e s e a l g o r i t h m s , see Simon (1975). 
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about t h e p r o b l e m s t r u c t u r e t o encode t h e move 
s t r a t e g y p a r s i m o n i o u s l y . I t m i g h t b e a rgued t h a t 
a l g o r i t h m (2) r e v e a l s t h e deepes t " u n d e r s t a n d i n g " 
because I t i s v e r y easy t o p r o v e t h a t t h i s a l g o ­
r i t h m c o n s t i t u t e s a m in imum-pa th s o l u t i o n o f t h e 
p r o b l e m ; whereas t h a t p r o o f i s somewhat more d i f f i ­
c u l t f o r a l g o r i t h m s (3) and (4). These comments, 
however , d e p a r t f r o m ou r o p e r a t i o n a l d e f i n i t i o n s o f 
u n d e r s t a n d i n g ; we must ask how t h e a p p a r e n t l y 
g r e a t e r d e p t h o f u n d e r s t a n d i n g e x h i b i t e d b y a l g o ­
r i t h m (2) can be d e t e c t e d i n t h e o v e r t b e h a v i o r o f 
t h e s y s t e m . 

In human p s y c h o l o g y , t h e pars imony o f a l g o r i t h m s 
f o r s o l v i n g p rob lems has a v a r i e t y o f b e h a v i o r a l 
consequences . G e n e r a l l y s p e a k i n g , t he more p a r s i ­
monious t h e a l g o r i t h m , t h e l e s s t h e t i m e r e q u i r e d 
t o l e a r n i t , t h e b e t t e r i t i s r e t a i n e d i n memory, 
and t h e w i d e r t h e range o f p rob lem s i t u a t i o n s t o 
w h i c h i t can b e a p p l i e d ( t r a n s f e r ) . 

A l t h o u g h t h e a p p r o p r i a t e e x p e r i m e n t s have no t 
been c a r r i e d o u t f o r t h e Tower o f Hanoi p r o b l e m , 
e x p e r i m e n t a l s t u d i e s o n o t h e r p u z z l e - l i k e p rob lems 
( K a t o n a , 1940) , t o g e t h e r w i t h t h e o r e t i c a l c o n s i d e r ­
a t i o n s , make i t f a i r l y o b v i o u s t h a t t h e r o t e a l g o ­
r i t h m wou ld t a k e much l o n g e r f o r a pe rson to l e a r n 
t h a n t h e o t h e r s . S i m i l a r l y , e x p e r i m e n t a l e v i d e n c e 
( K a t o n a , 1940) sugges ts s t r o n g l y t h a t a l g o r i t h m s 
l i k e t h e f i r s t one wou ld b e l e s s w e l l remembered 
a f t e r a l apse o f t i m e t h a n t h e o t h e r s . I t wou ld 
b e d i f f i c u l t , however , t o i n t e r p r e t t h e s e d i f f e r ­
ences a s d i f f e r e n c e s i n t h e d e p t h o f u n d e r s t a n d i n g 
r e p r e s e n t e d by t h e a l g o r i t h m s . They say n o t h i n g 
abou t w h e t h e r t h e knowledge embedded in t h e r e s p e c ­
t i v e a l g o r i t h m s w i l l b e a p p l i e d whenever 
a p p r o p r i a t e . 

W i t h r e s p e c t t o t r a n s f e r , o n t h e o t h e r hand , t h e 
d i f f e r e n c e s i n range o f a p p l i c a t i o n o f t h e k n o w l ­
edge a r e o b v i o u s . The r o t e a l g o r i t h m , u n l i k e t h e 
o t h e r s , o n l y works f o r a p a r t i c u l a r v a l u e o f N ; i t 
w i l l n o t t r a n s f e r t o p rob lems t h a t d i f f e r i n even 
t h e s m a l l e s t d e t a i l f r o m t h e o r i g i n a l o n e . A t t h e 
o t h e r e x t r e m e , t h e means-ends a l g o r i t h m w i l l s o l v e 
t h e p r o b l e m f rom any i n i t i a l s t a r t i n g d i s t r i b u t i o n 
o f t h e d i s k s , and no t j u s t f rom t h e usua l i n i t i a l 
py ram id o r f r om o t h e r d i s t r i b u t i o n s t h a t l i e a l o n g 
t h e s o l u t i o n p a t h . I n t h i s i m p o r t a n t r e s p e c t , i t 
e x h i b i t s g r e a t e r u n d e r s t a n d i n g t han a l g o r i t h m s (2) 
and (4), b e i n g c a p a b l e o f u s i n g i t s knowledge over 
a w i d e r range o f c i r c u m s t a n c e s . From t h i s examp le , 
we see how we can a t t r i b u t e d i f f e r e n t degrees of 
u n d e r s t a n d i n g to p r o b l e m - s o l v i n g p rog rams , and how 
t h e degree o f u n d e r s t a n d i n g i s r e l a t e d t o i n c o r p o ­
r a t i n g knowledge abou t t h e p rob lems i n t h e programs. 

Those Tower o f Hanoi p r o g r a m s - - t h e means-ends 
and r e c u r s i v e a l g o r i t h m s — w h i c h i n c o r p o r a t e 
p r o b l e m - r e d u c t i o n t e c h n i q u e s , a l s o possess t h e 
b a s i c c a p a b i l i t i e s f o r t h e k i n d o f s e l f - r e f e r e n t i a l 
u n d e r s t a n d i n g t h a t was i l l u s t r a t e d e a r l i e r b y t h e 
SHRDLU examp le . The means-ends and r e c u r s i v e a l g o ­
r i t h m s can answer t h e q u e s t i o n , "Why d i d you do 
t h a t ? " in t h e same way t h a t SHRDLU answers i t : by 
r e p o r t i n g t h e goa l and subgoa l s t r u c t u r e t h a t l ed 
to each move. By t h i s t e s t , t h e means-ends and 

r e c u r s i v e a l g o r i t h m s wou ld e x h i b i t u n d e r s t a n d i n g , 
t h e r o t e and p a t t e r n a l g o r i t h m s wou ld n o t . 

U n d e r s t a n d i n g Prob lems 

We have j u s t seen how a p r o b l e m - s o l v i n g a l g o ­
r i t h m can be s a i d t o e x h i b i t u n d e r s t a n d i n g o f a 
p r o b l e m . U s u a l l y , however , when we say t h a t some­
one u n d e r s t a n d s a p r o b l e m , we do not mean t h a t he 
has a n a l g o r i t h m t h a t can s o l v e i t . I t I s v e r y 
e a s y , f o r examp le , t o u n d e r s t a n d what p rob lem i s 
posed by G o l d b a c h ' s c o n j e c t u r e : Prove (or d i s p r o v e ) 
t h a t e v e r y even number can be exp ressed as a sum of 
e x a c t l y two p r i m e s . The p rob lem i t s e l f i s a v e r y 
ha rd o n e , w h i c h no one has y e t succeeded in so l v i ng . 
Hence, we canno t t e s t a n y o n e ' s u n d e r s t a n d i n g o f 
G o l d b a c h ' s c o n j e c t u r e by a s k i n g him t o p roduce t h e 
s o l u t i o n . How can we t e s t i t ? 

Cons ide r a language a c q u i s i t i o n p rogram t h a t can 
encode t h e n a t u r a l language s t r i n g s t h a t a re i n p u t 
to i t and s t o r e them in l o n g - t e r m memory. What i s 
an a p p r o p r i a t e way to encode a p rob lem 1 i ke 
G o l d b a c h ' s c o n j e c t u r e ? Suppose t h a t t h e sys tem a l ­
ready possesses some k i n d s o f g e n e r a l p rob lem 
s o l v i n g c a p a b i l i t i e s - - s o m e v e r s i o n , s a y , o f GPS. 
Then f o r t h e sys tem to go to work on a p r o b l e m , t h e 
p rob lem w i l l have to be encoded i n t o a fo rm wh i ch 
i t s p r o b l e m - s o l v i n g mechanisms can a c c e p t a s i n p u t . 
That i s t o say : 

A p r o b l e m - s o l v i n g s y s t e m , S, u n d e r s t a n d s a 
p r o b l e m , P , when i t can encode t h e i n p u t i n ­
s t r u c t i o n s , t , t h a t d e s c r i b e P i n t o an i n t e r n a l 
r e p r e s e n t a t i o n , R , t h a t i s s u i t a b l e as an 
i n p u t t o t h e p r o b l e m - s o l v i n g subsys tem o f S . 

O f c o u r s e , i f t h e p r o b l e m - s o l v i n g component o f S 
is v e r y weak in t h e f a c e of p rob lems l i k e P, we may 
not be impressed by t h e d e p t h o f u n d e r s t a n d i n g 
a c h i e v e d by t h e e n c o d i n g . We say t h e u n d e r s t a n d i n g 
i s d e e p e r , t h e more e f f i c i e n t i s the p rob lem-so l v i ng 
subsys tem o f S f o r p rob lems r e p r e s e n t e d i n f o r m a t 
R. 

Seve ra l cases need to be d i s t i n g u i s h e d , on t h e 
b a s i s o f what t h e sys tem a l r e a d y knows about p r o b ­
lems o f t h e c l a s s o f t h e one newly p r e s e n t e d t o i t . 
I f t h e sys tem a l r e a d y has a g e n e r a l scheme o f r e p ­
r e s e n t a t i o n f o r such p r o b l e m s , t hen u n d e r s t a n d i n g 
a new p r o b l e m o f t h e same k i n d may r e q u i r e l i t t l e 
more t h a n a p a r s i n g c a p a b i l i t y . The SHRDLU s y s t e m , 
f o r examp le , d e a l s w i t h p rob lems i n a s i n g l e b l o c k 
w o r l d , w i t h a f i x e d r e p r e s e n t a t i o n . When i t i s i n ­
s t r u c t e d t o " p i c k u p a b i g red b l o c k , " i t needs 
o n l y t o a s s o c i a t e t h e te rm " p i c k u p " w i t h a p r o c e ­
du re f o r c a r r y i n g o u t t h a t p r o c e s s ; i d e n t i f y , b y 
a p p l y i n g a p p r o p r i a t e t e s t s a s s o c i a t e d w i t h " b i g , " 
" r e d , " and " b l o c k , " t h e argument f o r t h e p r o c e d u r e ; 
and use i t s p r o b l e m - s o l v i n g c a p a b i l i t i e s t o c a r r y 
o u t t h e p r o c e d u r e . I n s a y i n g " i t needs o n l y , " i t 
i s no t my i n t e n t i o n t o demean t h e c a p a b i l i t i e s o f 
SHRDLU. I t i s p r e c i s e l y because the program 
a l r e a d y possesses s t o r e d programs e x p r e s s i n g t h e 
i n t e n s i o n s o f t h e te rms used i n i n q u i r i e s and i n ­
s t r u c t i o n s t h a t i t s i n t e r p r e t a t i o n o f t h o s e i n q u i ­
r i e s and i n s t r u c t i o n s I s r e l a t i v e l y s t r a i g h t f o r w a r d 
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Those s t o r e d programs a r e t he f o u n d a t i o n o f i t s 
u n d e r s t a n d i n g . 

The s i t u a t i o n i s d i f f e r e n t f o r a p rob lem s o l v e r 
t h a t i s e x p e c t e d t o u n d e r s t a n d prob lems f o r wh i ch 
i t does no t a l r e a d y possess comp le te r e p r e s e n t a ­
t i o n s . I n t h e rema inder o f t h i s s e c t i o n , I w i s h t o 
d i s c u s s what i s i n v o l v e d i n t h i s c a s e , and t o d e ­
s c r i b e a s y s t e m , c a p a b l e o f h a n d l i n g s i m p l e s i t u a ­
t i o n s o f t h i s k i n d , w h i c h has been c o n s t r u c t e d b y 
J. R. Hayes and m y s e l f (Hayes ε S imon, 1974, 1977; 
Simon & Hayes, 1976 ) . In t h i s s y s t e m , c a l l e d 
UNDERSTAND, t h e boundary between t h e p r o b l e m -
u n d e r s t a n d i n g subsystem and t h e p r o b l e m - s o l v i n g 
subsys tem w i l l be s h a r p e r t han i t i s i n a system 
l i k e SHRDLU, f o r t h e UNDERSTAND system has been 
c o n s t r u c t e d i n i g n o r a n c e o f t h e p rob lem domain w i th 
w h i c h i t w i l l have t o d e a l . C o n s e q u e n t l y , t he 
p r o b l e m - u n d e r s t a n d i n g subsystem w i l l have a more 
c o m p l i c a t e d t a s k t han j u s t mapping t h e i n p u t l a n ­
guage o n t o t h e i n t e n s i o n s s t o r e d i n a l e x i c o n . I t 
w i l l a l s o have t o c r e a t e a r e p r e s e n t a t i o n f o r t h e 
i n f o r m a t i o n i t r e c e i v e s , and c r e a t e meanings f o r 
t h e te rms t h a t a r e c o n s i s t e n t w i t h t h e 
r e p r e s e n t a t i o n . 

In d e s i g n i n g a sys tem to u n d e r s t a n d p r o b l e m s , 
t h e r e i s a t r a d e o f f , t h e n , between p r o v i d i n g t he 
sys tem w i t h p r i o r knowledge o f t h e p rob lem domains 
i t i s e x p e c t e d t o h a n d l e , and p r o v i d i n g i t w i t h 
p r o c e d u r e s f o r c r e a t i n g p rob lem r e p r e s e n t a t i o n s 
t h a t e l i m i n a t e t h e need f o r t h a t p r i o r knowledge . 
SHRDLU is an example o f t h e fo rmer s t r a t e g y , 
UNDERSTAND o f t he l a t t e r . 

The UNDERSTAND Program 

Cons ide r a p r o b l e m - s o l v i n g sys tem c o n s i s t i n g o f 
two componen ts , UNDERSTAND and SOLVE, o r g a n i z e d to 
o p e r a t e s e r i a l l y . UNDERSTAND r e c e i v e s a s i t s i n p u t 
a s t a t e m e n t o f a p r o b l e m , w r i t t e n i n n a t u r a l l a n ­
guage , and p roduces as i t s o u t p u t a r e p r e s e n t a t i o n 
o f t h e p r o b l e m t h a t i s s u i t a b l e a s a n i n p u t t o 
SOLVE. SOLVE t a k e s t h e l a t t e r i n p u t and u n d e r t a k e s 
to p roduce f r o m i t a s o l u t i o n o f t h e p r o b l e m . My 
conce rn he re i s w i t h t h e d e s i g n o f UNDERSTAND, bu t 
i n o r d e r t o make t h a t d e s i g n p rob lem d e f i n i t e , i t 
is necessa ry to say someth ing abou t SOLVE and t h e 
fo rm i n w h i c h i t t a k e s i t s i n p u t s . I w i l l assume 
t h a t SOLVE is a v a r i a n t o f t h e Genera l Prob lem 
S o l v e r (GPS) 4 ; t h a t i s , g i v e n a r e p r e s e n t a t i o n o f a 
s t a r t i n g s i t u a t i o n and a goa l s i t u a t i o n , i t u n d e r ­
t a k e s t o t r a n s f o r m t h e f o rme r i n t o t h e l a t t e r . I t s 
t e c h n i q u e s f o r d o i n g t h i s compr i se p rocesses f o r 
d e t e c t i n g d i f f e r e n c e s between p a i r s o f s i t u a t i o n s , 
p rocesses f o r f i n d i n g o p e r a t o r s r e l e v a n t f o r r e ­
d u c i n g d i f f e r e n c e s o f each k i n d i t can r e c o g n i z e , 
and p rocesses f o r a p p l y i n g o p e r a t o r s t o t h e g i v e n 
s i t u a t i o n i n o r d e r t o t r a n s f o r m i t i n t o a new 
s i t u a t i o n . 

The b a s i c mechanisms of GPS a r e independent of 
t h e p a r t i c u l a r p r o b l e m i t i s asked t o s o l v e , o r t h e 

domain t o w h i c h t h a t p rob lem b e l o n g s . I n o r d e r t o 
a p p l y i t s e l f t o any g i v e n p r o b l e m , however , i t 
must be p r o v i d e d w i t h : (1) means f o r r e p r e s e n t i n g 
s i t u a t i o n s i n t h e s p a c e , S , o f t h e g i v e n p rob lem 
o r c l a s s o f p r o b l e m s , (2) a se t o f p rocesses f o r 
d e t e c t i n g d i f f e r e n c e s , D , between p a i r s o f s i t u a ­
t i o n s so r e p r e s e n t e d ( t h e s e p rocesses then b e i n g 
f u n c t i o n s f r o m SXS to D ) , (3) a se t o f o p e r a t o r s , 
0 , f o r t r a n s f o r m i n g one s i t u a t i o n i n t o a n o t h e r 
( i . e . , f u n c t i o n s f r om S i n t o S ) , ( 4 ) a f u n c t i o n 
( t a b l e o f c o n n e c t i o n s ) f rom d i f f e r e n c e s i n t o s e t s 

o f o p e r a t o r s w h i c h d e f i n e s t h e subset o f o p e r a t o r s 
t h a t i s r e l e v a n t t o r e d u c i n g each k i n d o f d i f f e r ­
e n c e s , and (5) a n o r d e r i n g o f t h e d i f f e r e n c e s t o 
d e t e r m i n e p r i o r i t y i n t h e i r e l i m i n a t i o n . 

Seve ra l i n v e s t i g a t o r s have shown how GPS, g i v e n 
o n l y a r e p r e s e n t a t i o n f o r p rob lem s i t u a t i o n s (1) 
and a se t o f a p p r o p r i a t e l y r e p r e s e n t e d o p e r a t o r s 
( 3 ) , can b e augmented w i t h r e l a t i v e l y s i m p l e l e a r n ­
ing c a p a b i l i t i e s t h a t e n a b l e i t t o b u i l d i t s own 
o r d e r i n g o f d i f f e r e n c e s ( 5 ) , i t s own t a b l e o f 
c o n n e c t i o n s ( A ) , and even i t s own se t o f d i f f e r ­
ences ( 2 ) . 5 I t w i l l be assumed t h a t t h e GPS under 
c o n s i d e r a t i o n he re has been augmented in t h i s way, 
so t h a t t h e UNDERSTAND program need p r o v i d e i t o n l y 
w i t h the p rob lem s i t u a t i o n r e p r e s e n t a t i o n and t h e 
se t o f o p e r a t o r s . 

As a f u r t h e r s p e c i f i c a t i o n of GPS i n p u t r e q u i r e ­
men ts , and hence of t h e o u t p u t of UNDERSTAND, I 
w i l l assume t h a t t h e two programs w i l l communicate 
in a l i s t - p r o c e s s i n g language l i k e LISP or SN0B0L. 
A s i t u a t i o n w i l l b e r e p r e s e n t e d b y l i s t s t r u c t u r e s , 
w h i c h may i n c o r p o r a t e d e s c r i p t i o n l i s t s ( p r o p e r t y 
l i s t s ) . 6 The o p e r a t o r s p r o v i d e d to GPS by 
UNDERSTAND w i l l t a k e t h e fo rm of LISP (or SN0B0L) 
p rog rams . 

C o n s i d e r , as a s i m p l e examp le , t h e Tower o f 
Hanoi p r o b l e m , w h i c h we have a l r e a d y d i s c u s s e d . 
We can a s s o c i a t e w i t h t h e s y m b o l , SITUATION, a d e ­
s c r i p t i o n l i s t w i t h a t t r i b u t e , PEGS. The v a l u e o f 
PEGS can be t h e l i s t of t h r e e pegs , PEGA, PEGB, and 
PEGC. W i t h each p e g , we a s s o c i a t e the a t t r i b u t e , 
DISKS, whose v a l u e i s the l i s t o f d i s k s o n t h a t 
peg (see F i g u r e 1 ) . 

O f c o u r s e , t h i s p a r t i c u l a r r e p r e s e n t a t i o n o f t h e 
Tower o f Hanoi p r o b l e m is no t u n i q u e . A s i t u a t i o n 
c o u l d j u s t a s w e l l have t h e a t t r i b u t e , DISKS, and 
each d i s k t h e a t t r i b u t e , PEG, whose v a l u e wou ld be 
t h e name of t h e peg on w h i c h t h a t d i s k was 
c u r r e n t l y s i t u a t e d . (See F i g u r e 2 . ) 

These l e a r n i n g programs a r e d e s c r i b e d and d i s ­
cussed i n Eavarone ε E r n s t , 1970; E rns t ε N e w e l l , 
1969; and N e w e l l , Shaw, ε Simon, 1960. 

6 A d e s c r i p t i o n l i s t , o r p r o p e r t y l i s t , i s 
s i m p l y a d e v i c e f o r a s s o c i a t i n g w i t h a s y m b o l , s , 
s e t s o f f u n c t o r s o f t h e f o rm A(s ) = v , where A i s 
an a t t r i b u t e o f s and v t h e v a l u e o f t h a t a t t r i b u t e . 
Thus w i t h a s y m b o l , APPLE, we can a s s o c i a t e a l i s t 
'COLOR RED SHAPE ROUND FLAVOR TART', s a y , to 
d e s c r i b e i t . 4 E r n s t ε N e w e l l , 1969; Newel l ε S imon, 1972, 

Chapter 9. 
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Figure I. Tower of Hanoi Representation 

Figure 2. A l te rna te Tower of Hanoi Representation 

The basic operator fo r the Tower of Hanoi prob­
lem changes the assoc ia t ion of a d isk from one peg 
to another, subject to c e r t a i n cond i t ions of 
" l e g a l i t y . " The d isk that is moved must be the 
smallest on i t s peg, and it must be smaller than 
any other d isk that may already be on the ta rget 
peg. For the moment, however, l e t us d isregard the 
cond i t ions and consider the bare move. C lea r l y , 
the a lgor i thm required to carry out M0VE(DISK4,PEGB, 
PEGC), "move Disk 4 from Peg B to Peg C," w i l l be 
d i f f e r e n t for the representat ion of Figure 1 than 
fo r the representat ion of Figure 2. In the former 
case, what is wanted is something l i k e : 

DELETE (DI SKA', DISKS, PEGB),INSERT(DISKA, DISKS, PEGC) 

In the l a t t e r case, on the other hand, we want: 

CHANGE(PEG,DISKA,PEGB,PEGC) 

Even if we used a de le t i on and an i nse r t i on in 
the l a t t e r case, we would s t i l l a r r i v e at a d i f f e r ­
ent program fo r the second than f o r the f i r s t 
representa t ion : 

DELETE (PEGB, PEG, DISKA) , INSERT (PEGC , PEG, DISK4) 

We see that it is not enough fo r the UNDERSTAND 
program to const ruct from the problem ins t ruc t i ons 
a l i s t - s t r u c t u r e representat ion of the space of 
problem s i t u a t i o n s , and an a lgor i thm fo r moves. 

The a l g o r i t h m must b e d e s i g n e d t o f i t t h e p a r t i c u ­
l a r r e p r e s e n t a t i o n t h a t has been c h o s e n . 

O r g a n i z a t i o n of t h e UNDERSTAND Program 

To show how t h e UNDERSTAND program goes abou t 
i t s w o r k , i t s o p e r a t i o n o n a s i m p l e t a s k w i l l b e 
s k e t c h e d . F i g u r e 3 g i v e s t he w r i t t e n i n s t r u c t i o n s 
f o r t h e Mons te r p r o b l e m . 

A MONSTROUS PROBLEM 

Three f i v e - h a n d e d e x t r a t e r r e s t r i a l mons te rs 
were h o l d i n g t h r e e c r y s t a l g l o b e s . Because 
o f t h e quan tum-mechan ica l p e c u l i a r i t i e s o f 
t h e i r n e i g h b o r h o o d , b o t h mons te r s and g l o b e s 
come i n e x a c t l y t h r e e s i z e s w i t h n o o t h e r s 
p e r m i t t e d : s m a l l , medium, & l a r g e . The medium 
s i z e mons te r was h o l d i n g t h e sma l l g l o b e ; t h e 
sma l l mons te r was h o l d i n g t h e l a r g e g l o b e ; 
and t h e l a r g e mons te r was h o l d i n g t h e medium-
s i z e g l o b e . S ince t h i s s i t u a t i o n o f f e n d e d 
t h e i r k e e n l y d e v e l o p e d sense o f symmet ry , t h e y 
proceeded t o t r a n s f e r g l o b e s f r om one mons te r 
to a n o t h e r so t h a t each mons te r wou ld have a 
g l o b e p r o p o r t i o n a t e t o h i s own s i z e . 

Mons te r e t i q u e t t e c o m p l i c a t e d t h e s o l u t i o n 
o f t h e p rob lem s i n c e i t r e q u i r e s : (1) t h a t 
o n l y one g l o b e may be t r a n s f e r e d a t a t i m e , 
(2) t h a t i f a mons te r i s h o l d i n g two g l o b e s , 
o n l y t h e l a r g e r o f t h e two may be t r a n s f e r e d , 
and (3) t h a t a g l o b e may n o t be t r a n s f e r e d to 
a mons te r who is h o l d i n g a l a r g e r g l o b e . 

By what sequence o f t r a n s f e r s c o u l d t h e 
mons te rs have s o l v e d t h i s prob lem? 

F i g u r e 3 - Prob lem I n s t r u c t i o n s 

A l i t t l e c o n s i d e r a t i o n o f t h i s p rob lem r e v e a l s t h a t 
i t i s i s o m o r p h i c t o t h e t h r e e - d i s k Tower o f Hanoi 
p r o b l e m . Pegs have been mapped o n t o mons te rs and 
d i s k s have been mapped o n t o g l o b e s . The somewhat 
more baroque language o f t h e mons te r p rob lem w i l l 
perhaps u n d e r l i n e some of t h e p o i n t s I want to make. 

The UNDERSTAND program o p e r a t e s in two main 
s tages (see F i g u r e A ) . F i r s t , i t does a c e r t a i n 
amount o f s y n t a c t i c and seman t i c p a r s i n g t o t r a n s ­
f o r m t h e n a t u r a l language sen tences i n t o somewhat 
more t r a c t i b l e f o r m . I w i l l c a l l t h i s p a r t o f t h e 
program t h e LANGUAGE a l g o r i t h m . In t h e second 
s t a g e , UNDERSTAND a c t u a l l y g e n e r a t e s t h e r e p r e s e n t a ­
t i o n and o p e r a t o r s . I w i l l c a l l t h i s t h e CONSTRUCT 
s t a g e . 

The Language Subsystem 

There i s l i t t l e t h a t i s n o t e w o r t h y abou t t h e 
LANGUAGE p o r t i o n of UNDERSTAND. Q u i t e c o n v e n t i o n a l 
p a r s i n g methods a r e u s e d . ( I n t h e f i r s t v e r s i o n o f 
t h e p r o g r a m , t h e s e were l a r g e l y home-grown. In a 
r e v i s e d v e r s i o n now under c o n s t r u c t i o n , t h e machine­
ry o f Woods' p a r s e r (Woods, 1970) i s b e i n g u s e d . ) 
The p a r s i n g r o u t i n e s w i l l g e n e r a l l y s i m p l y i g n o r e 
any p a r t o f t h e t e x t t hey canno t cope w i t h . I f 
t h e s e p o r t i o n s t u r n o u t t o b e i n e s s e n t i a l f o r d e r i v ­
i ng t h e r e p r e s e n t a t i o n and o p e r a t o r s , n o harm w i l l 
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be done by t h e i ncomp le teness o f t h e p r o d u c t . In 
any e v e n t , t he i n t e n d e d o u t p u t o f t h e program i s 
not a p a r s i n g t r e e o r a se t o f d e e p - s t r u c t u r e k e r ­
ne l s e n t e n c e s , bu t t h e i n f o r m a t i o n t h a t i s essen ­
t i a l f o r t h e c o n s t r u c t i o n p r o c e s s e s . 

UNDERSTAND 
LANGUAGE 

PARSING 
IDENTIFICATION 

(o f o b j e c t s 
and r e l a t i o n s ) 

CONSTRUCT 
GENERATE REPRESENTATION 

( " S i t u a t i o n " ) 
DESCRIBE REPRESENTATION 
CONSTRUCT OPERATORS 

F i g u r e 4 . S u b r o u t i n e S t r u c t u r e o f 
UNDERSTAND Program 

The LANGUAGE p rocesses u n d e r t a k e , in p a r t i c u l a r , 
t o i d e n t i f y t h e s e t s o f o b j e c t s t h a t appear i n t h e 
p rob lem s t a t e m e n t ( i n our i l l u s t r a t i v e examp le , t h e 
two p r i n c i p a l s e t s a r e t h e mons te rs and the g l o b e s ) 
as w e l l as t h e r e l a t i o n s t h a t a r e ment ioned as 
h o l d i n g among members o f t h e s e s e t s ( i n t h e example 
the h o l d i n g r e l a t i o n between a monster and a g l o b e , 
and t h e t r a n s f e r i n g r e l a t i o n between a g l o b e and a 
pa i r of m o n s t e r s ) . 

The LANGUAGE p rocesses a r e a l s o r e s p o n s i b l e f o r 
i d e n t i f y i n g w h i c h sen tences i n t h e p rob lem t e x t 
d e s c r i b e s i t u a t i o n s i n t h e p rob lem space ( u s i n g 
such t empora l cues a s , "was h o l d i n g , " and such e x ­
p l i c i t d e s i g n a t i o n s a s " t h i s s i t u a t i o n " ) ; and f o r 
i d e n t i f y i n g sen tences t h a t d e s c r i b e t h e o p e r a t o r s 
( t h e modal v e r b "may" i s one o f t h e cues e m p l o y e d ) . 

The CONSTRUCT Subsystem 

The CONSTRUCT program has t h r e e main s u b t a s k s : 
(1) t o g e n e r a t e t he r e p r e s e n t a t i o n o f s i t u a t i o n s , 
(2) t o c o n s t r u c t a d e s c r i p t i o n o f t h a t r e p r e s e n t a ­
t i o n , and (3) t o f i n d one o r more a p p r o p r i a t e 
o p e r a t o r a l g o r i t h m s i n seman t i c memory, f rom w h i c h 
t h e p rob lem o p e r a t o r can be b u i l t . The d e s c r i p t i o n 
o f t h e r e p r e s e n t a t i o n i s i n t e r p r e t a b l e b y t he o p e r ­
a t o r a l g o r i t h m s t h a t a r e s t o r e d i n semant i c memory, 
t h e r e b y p r o v i d i n g t h e i n f o r m a t i o n t h a t i s needed t o 
adap t t h e o p e r a t o r t o t h e p a r t i c u l a r r e p r e s e n t a t i o n 
t h a t i s c h o s e n . By t h e use o f t h i s d e v i c e , t he 
p r o b l e m , r a i s e d i n a p r e v i o u s p a r a g r a p h , o f s e l e c t ­
ing t h e r i g h t f o r m o f t h e o p e r a t o r , i s s o l v e d . 

From a statement l i k e " the medium-size monster 
was holding the small g l obe , " the system in fers 
that s i t ua t i ons are descr ibable in terms of a r e l a ­
t i o n of the form: HOLDS(MONSTER,GLOBE). Notice 
that the system uses a many-sorted log ic in which 
re l a t i ons are described in terms of the types of 
t h e i r arguments. By a s t ra igh t fo rward encoding, 
the r e l a t i o n a l in format ion is now t rans la ted in to 
a l i s t - s t r u c t u r e format l i k e that depicted in 
Figure 1. Had the problem ins t ruc t i ons been worded 
a l i t t l e d i f f e r e n t l y , they might have produced, 
ins tead, HELD.BY(GLOBE,MONSTER), in which case a 
l i s t - s t r u c t u r e resembling the format of Figure 2, 
instead of Figure 1, would have been created. 

The DESCRIBE a l g o r i t h m now takes t h e l i s t s t r u c ­
t u r e named SITUATION, and c r e a t e s a d e s c r i p t i o n o f 
i t , a s y m b o l i c s t r i n g , w h i c h i n the case o f 
F i g u r e 1 wou ld r e a d : 

MONSTER MEMBER VALUE MONSTERS OF SITUATION 

GLOBE MEMBER VALUE GLOBES OF MONSTER 

O p e r a t o r s 

There remains t h e p o r t i o n o f CONSTRUCT t h a t d e ­
s i g n s t h e o p e r a t o r s t o r e p r e s e n t t he l e g a l moves 
f o r t he p rob lem space . The accompl ishment o f t h i s 
t a s k i s g r e a t l y f a c i l i t a t e d b y the f a c t t h a t t h e 
s i t u a t i o n i s now r e p r e s e n t e d by means o f a b s t r a c t 
and u n i f o r m l i s t s t r u c t u r e s . A l l o p e r a t o r s w i l l b e 
p rocesses f o r chang ing l i s t s t r u c t u r e s o r making 
t e s t s o f t h e c h a r a c t e r i s t i c s o f l i s t s t r u c t u r e s . 
Hence, t h e seman t i c i n f o r m a t i o n the system needs to 
have a t i t s d i s p o s a l , s t o r e d i n i t s l o n g - t e r m 
memory, is ( l i k e t h e i n f o r m a t i o n needed by GPS) 
t a s k - i n d e p e n d e n t i n f o r m a t i o n : t o w i t , a b a s i c se t 
o f p r i m i t i v e l i s t - p r o c e s s i n g o p e r a t i o n s . I t needs 
to have t h e c a p a b i l i t y o f removing an i tem f rom a 
l i s t , a d d i n g a n i t e m t o a l i s t , f i n d i n g and chang­
ing a v a l u e on a d e s c r i p t i o n l i s t , and so o n . 
S ince t h e p r i m i t i v e s a c t i n t h e a b s t r a c t w o r l d o f 
l i s t s t r u c t u r e s , and no t i n t h e r e a l w o r l d o f phys ­
i c a l and s o c i a l a c t i o n s , o n l y a sma l l f i n i t e se t o f 
them is needed. The sys tem has no c a p a b i l i t y f o r 
a d d i n g t o t h i s se t i f i t p roves inadequa te i n any 
p rob lem c o n t e x t . 

The b a s i c o p e r a t o r s t h a t a re a v a i l a b l e i n 
UNDERSTANDS seman t i c memory a r e c l a s s i f i e d a c c o r d ­
ing t o t he number and d i s t r i b u t i o n o f t ypes o f 
t h e i r a r g u m e n t s . Thus A(X ,Y) wou ld r e p r e s e n t a 
p rocess t h a t t a k e s two arguments t h a t a r e p o s s i b l y 
(bu t no t n e c e s s a r i l y ) o f d i f f e r e n t t y p e s . B(X ,X ,X) 
wou ld r e p r e s e n t a p rocess t h a t t akes t h r e e a r g u ­
m e n t s , a l l o f t h e same t y p e . The o p e r a t o r we r e ­
q u i r e f o r t h e Mons t rous Prob lem would be r e p r e s e n ­
t e d a s C ( X , Y , Y ) , f o r i t t a k e s t h r e e a rgumen ts , one 
o f one t y p e and two o f a n o t h e r t y p e . There a r e 
o n l y a few b a s i c o p e r a t i o n s o n l i s t s t r u c t u r e s t h a t 
have t h i s s t r u c t u r e : change t h e v a l u e o f the 
a t t r i b u t e on a l i s t i s o n e , t r a n s f e r X f rom Y l t o 
Y2 is a n o t h e r , copy X f r om Yl to Y2 is a t h i r d 
( d i f f e r i n g f r om t h e second o n l y i n t h a t i t i s n o n ­
d e s t r u c t i v e ) . Hence, the system r e q u i r e s o n l y a 
r e l a t i v e l y sma l l amount o f l e x i c a l i n f o r m a t i o n 
about t h e r e l a t i o n a l te rms used i n t h e prob lem 
s ta temen t ( e . g . , " t r a n s f e r " ) i n o r d e r t o s e l e c t t h e 
p rope r o p e r a t o r i n memory. 

I n p a r t i c u l a r , v e r b s l i k e " m o v e , " " t r a n s f e r , " 
" c h a n g e , " a l l map t o t he same a l g o r i t h m . T h i s a l ­
g o r i t h m , however , must b e s u f f i c i e n t l y s o p h i s t i ­
c a t e d t o c a r r y o u t t h e p a r t i c u l a r a c t i o n t h a t i s 
r e q u i r e d b y t h e s p e c i f i c r e p r e s e n t a t i o n t h a t has 
been s e l e c t e d by CONSTRUCT. T h i s r e q u i r e m e n t is 
met b y w r i t i n g t h e a l g o r i t h m s f o r the p r i m i t i v e 
p rocesses so t h a t t h e y are execu ted i n t e r p r e t i v e l y 
under c o n t r o l o f t h e d e s c r i p t i o n o f SITUATION. 
Thus , f o r t h e d e s c r i p t i o n c o r r e s p o n d i n g t o t h e r e p ­
r e s e n t a t i o n o f F i g u r e 1 , TRANSFER(GLOBE,M0NSTER1, 
M0NSTER2) w o u l d f i n d M0NSTER1 on the l i s t o f 
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monsters of SITUATION, f i n d GLOBE on the l i s t of 
globes of M0NSTERI, remove GLOBE from that l i s t , 
f i n d M0NSTER2 on the l i s t of monsters of SITUATION 
and add GLOBE to the l i s t of globes of M0NSTER2. 

On the other hand, if the representat ion had 
been described as corresponding to Figure 2, the 
same TRANSFER operator , executed i n t e r p r e t i v e l y 
under cont ro l o f t h i s d e s c r i p t i o n , would f i r s t 
f i nd GLOBE on the l i s t of globes of SITUATION, 
then f i nd the monster of GLOBE, and f i n a l l y change 
the value of the monster from M0NSTER1 to M0NSTER2. 

A r e l a t i v e l y simple i n t e r p r e t i v e scheme w i th 
c a p a b i l i t i e s fo r recursion al lows for i n d e f i n i t e 
v a r i e t y in representat ion wi thout unduly compl i ­
ca t ing the algor i thms for the p r i m i t i v e operators . 
Most of the f l e x i b i l i t y is embedded in the " f i n d " 
process. The l e g a l i t y tes ts fo r moves are handled 
in the same way. In the problem at hand, " s i z e " 
induces an order ing on the globes. This order ing 
is represented i n t e r n a l l y simply by s to r ing the 
globes in a l i s t described by the order ing dimen­
s ion . To in te rp re t a phrase l i k e " the largest 
globe he is h o l d i n g , " the system f i r s t abst racts 
to an operator l i k e : LARGEST(MONSTER(GLOBE)), 
which f inds the appropr iate globe. Such an opera­
tor is executed i n t e r p r e t i v e l y , in the f i r s t rep­
resen ta t ion , say, by f i nd i ng the monster associated 
w i t h GLOBE, f i nd ing the l i s t of globes of that mon­
s t e r , and (using the ordered l i s t of globes) f i n d ­
ing the last ( i . e . , " l a r g e s t " ) of the monster's 
globes on that l i s t . 

UNDERSTAND can speed up i t s execution of opera­
t o r s , once the representat ion has been f i x e d , by 
re ta in i ng a t race of i t s i n t e r p r e t i v e execut ion of 
a f u n c t i o n , then using that t race to compile out a 
spec ia l ized func t ion app l icab le s p e c i f i c a l l y to the 
given representa t ion . With many of the tes ts fo r 
branches thereby e l im ina ted , the compiled operators 
as might be expected, are an order of magnitude 
fas te r than the in terpre ted operators . 

The Mechanisms of Understanding 

To assess UNDERSTANDS understanding, several 
features of the program's s t ruc tu re c a l l f o r add i ­
t i o n a l comment, and for comparison w i th other pro­
grams having s im i l a r c a p a b i l i t i e s . The task 
performed by ' the conjunct ion of UNDERSTAND w i th 
GPS is e s s e n t i a l l y an automatic programing task , or 
as Goldman, Balzer and Wile (1977) put i t , a task 
of " t r a n s l a t i n g a process desc r ip t i on w r i t t e n in an 
in fo rma l , imprecise language w i t h Eng l i sh - l i ke 
semantics. . . i n t o a process s p e c i f i c a t i o n language 
w i th formal syntax and semant ics." I t s s t ruc tu re 
is s im i l a r in many respects to the s t ruc tu re of 
those authors ' SAFE system (Balzer, Goldman, ε Wile, 
1977). UNDERSTAND + GPS der ives i t s general a r c h i ­
tec tu re from an e a r l i e r automatic programming 
scheme, the HEURISTIC COMPILER (Simon 1963, 1972).7 

7 S p e c i f i c a l l y , UNDERSTAND corresponds to the 
representat ion-generat ing po r t i on of the HEURISTIC 
COMPILER that is described in Simon (1972), pp. 3 1 -
42. 

A f i r s t c h a r a c t e r i s t i c of UNDERSTAND, d ic ta ted 
by the fac t that it is to provide input to GPS, is 
that i t t r ea ts the ob jects and re la t i ons mentioned 
in the problem ins t ruc t i ons in an abst ract way. 
A l l i t needs to learn about them from the tex t is 
how to i n te rp re t them as l i s t s t ruc tu res and oper­
at ions on l i s t s t r uc tu res . Since a programing 
language for operat ing on l i s t s t ruc tu res needs 
only a r e l a t i v e l y small number of basic operat ions, 
the semantics of UNDERSTAND, which is embedded in 
such opera t ions , can be correspondingly lean. 

The operat ions used by UNDERSTAND i n v i t e com­
parison w i th Schank's ACTs (Schank, 1975)-
Although Schank emphasizes that there is no magic 
number of p r i m i t i v e processes required to express 
meanings, he argues that " i t is possible to bu i l d 
an adequate system. . .using only eleven ACTs." 
(Schank, 1975, p.269). When we examine the l i s t 
of ACTs that he proposes (pp.269-271), we see that 
he too goes the route of a b s t r a c t i o n . At least 
three of the eleven ACTs are forms of TRANSFER, 
spec ia l ized by cons t ra in ts on the types of objects 
that may appear as arguments. For example, the ACT 
that he c a l l s ATRANS denotes the t rans fe r of an 
abst ract r e l a t i o n , whi le PTRANS denotes a change in 
physical loca t ion of an ob jec t . Both of these (as 
wel l as other t rans fe r operat ions) would be handled 
in UNDERSTAND by the semantics of TRANSFER combined 
w i th tes ts on the types of i t s arguments. Hence, 
UNDERSTAND might be expected to handle a consider­
able range of problems w i th only e ight or ten 
operat ions. 

The UNDERSTAND program shows that t h i s s i m p l i ­
f i c a t i o n of basic operat ions need not be i n t e rp re ­
ted as a c la im that there are only a few kinds of 
act ions in the real wor ld . Rather, i t is a c la im 
that real world ac t i ons , of whatever k inds , can be 
represented i n t e r n a l l y by a few kinds of act ions 
on l i s t s t r u c t u r e s . 

When the system has only a small number of 
p r i m i t i v e opera tors , then the task of mapping the 
act ions named in the problem ins t ruc t i ons onto 
these operators is correspondingly s i m p l i f i e d . As 
was indicated in the las t sec t i on , knowledge of the 
number of arguments in an operator and t h e i r d i s ­
t r i b u t i o n by types goes a long way toward i d e n t i f y ­
ing the operator in semantic memory that is appro­
p r i a t e fo r t r a n s l a t i n g a p a r t i c u l a r a c t i o n , 
although i t w i l l not do the whole job ( e . g . , i t will 
not d i s t i n g u i s h between a "copy" and a " t r a n s f e r " ) . 

The system of Balzer, Goldman, and Wile (1977) 
ca r r i es t h i s abs t rac t ion even a step f u r t h e r . In 
t h e i r system, a l l knowledge is handled in a uniform 
format as a set of asser t ions of r e l a t i o n s , i . e . , 
in some such form as (RELATI0N1 ARGUMENT1 ARGU-
MENT2). C lea r l y , the only operat ions needed for 
manipulat ing a data base in t h i s form are operations 
fo r ascer ta in ing the presence or absence of a r e l a ­
t i o n , an operat ion fo r i nse r t i ng a new r e l a t i o n , 
and an operat ion fo r de le t i ng a r e l a t i o n . Since 
there is only one possib le form of representa t ion , 
t h e i r system does not requi re the c a p a b i l i t y , 
needed by UNDERSTAND, fo r descr ib ing i t s represen­
t a t i o n and modify ing i t s operat ions (or in terpre t ing 
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them) to f i t that representa t ion . The operat ions 
are f i x e d , once and fo r a l l . In the present imple­
mentation of the system, the pr ice paid fo r t h i s 
s i m p l i c i t y is a high cost of search fo r re la t i ons 
in the data base,8 but I know of no demonstration 
that more e f f i c i e n t search methods could not be 
found wi thout s a c r i f i c i n g the s i m p l i c i t y of rep­
resen ta t ion . Such questions of processing e f f i ­
ciency l i e outs ide the scope of t h i s paper. 

A second important c h a r a c t e r i s t i c of the UNDER­
STAND program is that i t s c a p a b i l i t i e s fo r syntac­
t i c processing are r e l a t i v e l y simple. I t analyses 
the natural language i ns t ruc t i ons only to the 
extent i t needs to in order to ex t rac t the objects 
and the re l a t i ons that are relevant to the problem 
fo rmu la t ion . Perfect and unambiguous parsing of 
the natura l language inputs is not usual ly essen­
t i a l , and semantic power is more important than 
syn tac t i c soph i s t i ca t i on in the language processor. 
This same conclusion has been reached by other 
designers of contemporary understanding systems. 
Brown ε Burt (1975, p.324) say, fo r example, of 
t h e i r SOPHIE system, which ca r r ies on dialogues 
r e l a t i n g to e l ec t r on i c c i r c u i t s : "SOPHIE had to 
cope w i t h problems such as anaphoric references, 
context-dependent de l e t i ons , and e l l i p s e s which 
occur n a t u r a l l y in d ia logs . In fact handling these 
constructs seemed more important than bu i ld ing a 
system endowed w i th great syn tac t i c paraphrase 
c a p a b i l i t i e s . " 

A t h i r d c h a r a c t e r i s t i c of UNDERSTAND is that 
design decis ions made by one component of the pro­
gram whi le processing one part of the problem tex t 
are accessib le to other components of the program 
processing other parts of the problem t e x t . Balzer, 
Goldman & Wile obta in t h i s a c c e s s i b i l i t y by t h e i r 
uniform representat ion of a l l r e l a t i o n s . In the 
UNDERSTAND system, it is achieved by const ruct ing 
descr ip t ions of the representat ion which can be 
read and in te rpre ted by UNDERSTAND's p r i m i t i v e 
opera t ions . The a lgor i thm that wr i tes the descr ip­
t ions is a s e l f - r e f e r e n t i a l procedure thatgathers 
informat ion about the data s t ruc tures being assem­
bled by UNDERSTAND and describes them in a language 
readable by the system i t s e l f . Obviously, the pro­
gram could eas i l y be augmented to demonstrate t h i s 
component of i t s understanding c a p a b i l i t i e s by 
answering questions of the form: "How have you 
represented problem s i t ua t i ons in terms of l i s t 
s t ruc tu res?" 

Conclus ion 

The foregoing discussion i l l u s t r a t e s how a 
system can be designed to understand new problems--
that i s , to encode them so they w i l l be accessible 
to a problem so lver . In the UNDERSTAND system, 
t h i s c a p a b i l i t y appears to be l im i t ed to problems 
that are abs t rac t . We now re turn to a considera­
t i o n of understanding in task domains that are re ­
l a t i v e l y r i ch in semantic in fo rmat ion . 

R. Balzer, personal communication. 

Understanding in Semantical ly Rich Domains 

A large part of the current research e f f o r t on 
understanding systems is d i rec ted at the develop­
ment of problem so lv ing systems to operate in 
semantical ly r i ch domains. By a semant ical ly r i c h 
domain I mean one in which a good deal of substan­
t i v e informat ion must be suppl ied to the problem 
so lver , and be understood by i t , in order fo r it to 
represent and solve, the problems. Among recent 
understanding programs that f i t t h i s descr ip t ion 
are the SOPHIE program of Brown & Burton (1975), 
whose domain of understanding is e lec t ron i c 
c i r c u i t s , the ISAAC program of Novak (1976), which 
deals w i th physics problems in the domain of 
s t a t i c s , and a c o l l e c t i o n of programs, which I 
shal l c a l l THERMO, designed by R. Bhaskar and 
myself to generate problems in chemical engineering 
thermodynamics.9 Each of these programs possesses 
the knowledge that is acquired in a por t ion of a 
co l l ege - leve l course, and uses t h i s knowledge 
e i t he r to understand and solve natural- language 
problems (ISAAC), to generate problems in i t s 
domain (THERMO), or to work in t u t o r i a l mode wi th 
students (SOPHIE). Among the points of in te res t 
in programs of these kinds is that they begin to 
provide us w i th estimates of the amounts of seman­
t i c knowledge that are required to represent r e a l -
world domains, and that are acquired by students 
in t h e i r courses at school . 

These programs resemble SHRDLU, in that almost 
a l l of t h e i r semantic knowledge about the problem 
domain is provided to them in the form of b u i l t - i n 
or programmed-in data s t ruc tures and algori thms 
stored in advance of the presentat ion of spec i f i c 
tasks. This is espec ia l l y t rue of SOPHIE, which 
has to be suppl ied w i th e x p l i c i t representat ions of 
the spec i f i c c i r c u i t s i t w i l l l a te r use in i t s 
t u t o r i a l i n te rac t i on w i th students. While both 
ISAAC and THERMO are suppl ied w i th semantic knowl­
edge about the components of the sorts of systems 
w i th which they d e a l , they have the add i t iona l 
c a p a b i l i t y of assembling those components into 
s p e c i f i c , i ns tan t i a ted s i t u a t i o n descr ip t ions . 
Thus, THERMO knows about processes, l i k e heat ex­
change, devices, l i k e ducts and pumps, and working 
substances, l i k e steam and n i t rogen . It can use 
t h i s informat ion to generate, fo r example, a prob­
lem about heat exchange through a device where a i r 
enters at one temperature and pressure, and leaves 
at another (Figure 5 ) . ISAAC knows about weights, 

9 L im i ta t i ons of space prevent me from discussing 
speech understanding programs, which also make use 
of large amounts of stored information in perform­
ing t h e i r task , but belong to a very d i f f e r e n t 
species from the programs mentioned here. It would 
perhaps be less confusing to ta l k of "speech recog­
n i t i o n " ra ther than "speech understanding", fo r the 
purpose of these programs is to f i nd the graphemic 
t r a n s c r i p t i o n s fo r o ra l natural language inpu ts , 
and not to understand those inputs. However, some 
recent speech recogn i t ion systems, l i k e Hearsay- I I 
t r y to a t t a i n semantic understanding to a id recogn i ­
t i o n . See, f o r example, Erman & Lesser (1975). 
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Figure 5. Example of Problem 
Generated by THERMO 

Each of these three programs, then, combines, 
in varying p ropor t ions , two kinds of semantic knowl­
edge: (1) pre-s tored general knowledge, and (2) 
s p e c i f i c knowledge obtained from the problem s ta te ­
ment ( in the case of THERMO, the l a t t e r is created 
by the program i t s e l f as it generates problems). 
Programs designed to operate in semant ical ly r i ch 
domains can be c l a s s i f i e d not only w i th respect to 
the t o t a l amount of semantic in format ion they use, 
but a lso w i t h respect to the r e l a t i v e propor t ions 
of i t they acquire through these two routes. 
SHRDLU and SOPHIE stand at one end of t h i s cont inu­
um, re l y i ng mostly on pre-stored knowledge, whi le 
THERMO and ISAAC l i e somewhere c loser to the 
middle. If we were to place an abs t rac t ing program 
l i k e UNDERSTAND on the same continuum, it would l ie 
at the other end: a l l of the knowledge i t uses is 
ex t rac ted from the problem i n s t r u c t i o n s . I w i l l 
re tu rn to t h i s taxonomy l a t e r , fo r I th ink i t has 
s i g n i f i c a n t imp l ica t ions for the design of under­
standing systems w i th broader c a p a b i l i t i e s than the 
e x i s t i n g ones. 

The Knowledge Content of THERMO 

It w i l l be useful to sketch out a b i t more con­
c r e t e l y the kinds of knowledge required by a system 
that is to understand problems in thermodynamics, 
and a poss ib le method of s to r ing that knowledge so 
that it w i l l be access ib le . The THERMO system is 
at present l i m i t e d to s teady-s ta te f low problems 
in chemical 'engineering thermodynamics.10 The i n ­
format ion tha t THERMO possesses about devices, 
processes, and substances is stored in the form 

10There is as yet no publ ised desc r ip t i on of 
THERMO in the l i t e r a t u r e . Two components, ENTIR 
and REVIEW has been implemented, each capable of 
generating complete problems, but spec ia l ized 
along d i f f e r e n t dimensions. A more general pro­
gram, combining and augmenting the c a p a b i l i t i e s of 
the e x i s t i n g components, has been designed but not 
implemented. An ana lys is of human problem so lv ing 
in thermodynamics tha t provided part of the mo t i ­
va t ion fo r the design of the THERMO programs w i l l 
be found in Bhaskar ε Simon, 1977. 

of schemas. Schemas, in t u r n , are simply repre­
sented as desc r ip t i on l i s t s . A working substance, 
fo r example, has a name, upper and lower bounds 
fo r the values of i t s s ta te var iab les (temperature, 
pressure, e t c . ) , and equations of s ta te that deter­
mine each of these s ta te var iab les as a func t ion 
of two of the o thers . A device is described in 
terms of i t s sequence of processes, and the working 
substances that are admissible fo r use w i t h i t . A 
process is described in terms of de fau l t values of 
v a r i a b l e s , inc lud ing var iab les assumed constant 
through the process. 

In add i t i on to i t s descr ip t ions of working sub­
stances, devices, and processes, THERMO holds In 
memory the equations of conservat ion of energy and 
conservat ion of mass. The energy conservat ion 
equation is stored in a qu i te general form that 
can be spec ia l i zed , fo r use in p a r t i c u l a r problems, 
by the omission of unnecessary terms. As already 
mentioned, equations of s ta te are stored w i t h each 
of the working substances, since these equations 
are d i f f e r e n t fo r d i f f e r e n t substances, 

THERMO makes up thermodynamics problems by 
se lec t ing (using random numbers when appropr ia te) 
a system that cons is ts of a sequence of devices 
(possib ly inc lud ing c y c l e s ) , and a s u f f i c i e n t set 
of values of input and output var iab les to deter ­
mine the behavior of the system un ique ly . THERMO 
knows that the values of output var iab les at each 
stage of a process must equal the input values at 
the next stage, and that the changes in values 
must zero out over any cyc le . Various equat ion-
counting procedures are ava i l ab le to the program 
so that the system w i l l be ne i ther under- nor over-
determined. The program selects a p a r t i c u l a r v a r i ­
able or var iab les as dependent v a r i a b l e s , se lects 
values for a s u f f i c i e n t set of independent v a r i ­
ab les , and formulates a problem fo r the user of 
computing the values of these dependent v a r i a b l e s . 

11 It is reg re t tab le that Minsky has chosen to 
use the term " f rame" instead of "schema" fo r t h i s 
concept. I committed a s im i l a r s in by using 
" templa te" to re fe r to the schemas (of exac t l y the 
same kind) tha t I employed in the HEURISTIC 
COMPILER (1963, 1972). There are two subs tan t ia l 
reasons for p r e f e r r i n g "schema." F i r s t , the term 
has become wel l es tab l ished since it was Introduced 
by the psychologist B a r t l e t t in 1932, and has been 
widely used in t h i s sense by both psychologists and 
researchers i n a r t i f i c i a l i n t e l l i g e n c e ( e . g . , 
Norman ε Rumelhart, 1975, pp.406-407). Second, 
Hayes and McCarthy (McCarthy 6- Hayes, 1968; Hayes, 
1971, 1973) had already introduced the term "frame" 
in to the a r t i f i c i a l i n t e l l i g e n c e l i t e r a t u r e w i th an 
e n t i r e l y d i f f e r e n t sense, in connection w i t h the 
so-ca l led "frame problem." Since using the term in 
two such d ispara te ways in the same l i t e r a t u r e can 
only cause confusion—and already has—"schema" 
should again become the standard usage. It would 
seem to be a matter of i nd i f fe rence whether 
"schemas," "schemata," or bo th , are used in the 
p l u r a l , since no confusion can resu l t in either case. 
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l eve rs , p i v o t s , ladders , w a l l s , and the l i k e , and 
can use t h i s in format ion to represent s t a t i c s 
problems descr ibed, say, in terms of persons 
standing on ladders that are braced against w a l l s . 

THE WORKING FLUID OF A FLOW SYSTEM 
THE WORK.DONE IS 592 LBF.FT/SEC. 
THE INLET.TEMPERATURE IS 46.1 F.. 
THE OUTLET.VELOCITY IS 15-8 FT/SEC. 
THE HEAT. INPUT IS 154.97 BTU/SEC. 
THE INLET.AREA IS 4.6 SQ.FT.. 
THE INLET.PRESSURE IS 16.8 PSIA. 
THE OUTLET.AREA IS 36 SQ.FT.. 
THE OUTLET.SPECIFIC.VOLUME IS 0.32 
WHAT IS THE OUTLET.PRESSURE? 

IS AIR. 

CFT/LBM.. 



Since, in the course of const ruc t ing a problem, 
THERMO also solves i t , it holds in memory informa­
t i o n tha t could be used fo r t u t o r i ng a student 
i n t e r a c t i v e l y , somewhat in the manner of SOPHIE. 
It could provide a student not only w i th feedback 
on the cor rec t values of p a r t i c u l a r unknowns, but 
a lso about possib le so lu t i on paths, i . e . , the most 
convenient order in which to solve the equations in 
order to reach a conc lus ion. These t u t o r i a l capa­
b i l i t i e s have not yet been implemented. 

The Frame Problem 

The frame problem (Hayes, 1973) is the problem 
of keeping t rack of the consequences of performing 
an ac t i on or of making some a l t e r a t i o n to a rep­
resenta t ion of a s i t u a t i o n . Updating the repre­
senta t ion of a complex s i t u a t i o n as it undergoes 
successive mod i f i ca t ions is a d i s t i n c t l y non-
t r i v i a l task. We need to consider how the frame 
problem is handled in programs of the sor ts we are 
d iscussing in t h i s sec t ion . 

The fundamental way in which THERMO's under­
standing e x h i b i t s i t s e l f i s i n i t s a b i l i t y to 
assemble the in format ion stored in ind iv idua l 
schemas associated w i th devices, substances, and 
processes in to descr ip t ions of compound systems 
made up of these elements, and to formulate consis­
tent problems ( i . e . , i n s tan t i a t i ons ) fo r these 
systems. The basis fo r t h i s understanding, in 
t u r n , l i e s in THERMO's means (1) for keeping t rack 
of equations and var iab les so that the system w i l l 
be j u s t determined, and (2) fo r equating input and 
output values of subprocesses to assure cons is ten­
cy, inc lud ing consistency around loops. 

One can i d e n t i f y s im i l a r mechanisms in SOPHIE, 
which has the c a p a b i l i t y of changing the values of 
one or more c i r c u i t parameters, and then calculating 
the r e s u l t i n g values o f a l l c i r c u i t va r i ab les . 
L ikewise, the ISAAC system is able to f i t together 
components l i k e levers , p i v o t s , and weights in to 
descr ip t ions of a t o t a l problem s i t u a t i o n , tak ing 
account of the cons t ra in ts at j unc t i on points im­
posed by the physics of the s i t u a t i o n ( e . g . , the 
resu l tan t force at each j unc t i on must be zero ) . 

The mechanisms in THERMO, SOPHIE, and ISAAC for 
coord ina t ing system components and assembling prob­
lem s i t u a t i o n s from these components may be recog­
nized as so lu t ions of the frame problem for these 
systems. For, in add i t i on to the desc r ip t i ve 
in format ion associated w i th each schema, informa­
t i o n is needed that al lows the e f f ec t s of i n t e r ­
act ions between ins tan t i a ted schemas to be taken 
in to account. Notice that in no case is a general 
s o l u t i o n provided to the frame problem. In each 
case, the mechanisms fo r handling in te rac t ions 
der ive from the conservat ion laws pecu l iar to the 
semantic domain under cons ide ra t i on - - i n SOPHIE, 
the c i r c u i t laws, in THERMO, laws of conservat ion 
of mass and energy, and in ISAAC, laws of s t a t i c 
e q u i l i b r i u m . 

In abs t rac t systems, l i k e UNDERSTAND and the 
other programs discussed in the previous sec t i on , 
the frame problem is handled by assuming that a l l 

i n te rac t ions are e x p l i c i t l y mentioned in the prob­
lem fo rmu la t ion—tha t in the abstract representa­
t i o n of the s i t u a t i o n , moves have no I m p l i c i t s ide 
e f f e c t s . In the domains we are now consider ing it 
is the func t ion of a theory of the domain—of elec­
t r on i c c i r c u i t s , o f s t a t i c s , o f thermodynamics--to 
pred ic t the side e f f e c t s . The frame problem is 
solved in each domain by incorporat ing in the p ro­
gram the c a p a b i l i t y of using the relevant s c i e n t i f ­
ic theory of tha t domain. Hence, we may say t h a t : 

A system, S, understands a s c i e n t i f i c theory , 
T(D), fo r domain D if i t can use i t s knowledge 
of T to ca l cu la te the consequences, d i rec t and 
i n d i r e c t , of assumptions about s i t ua t i ons and 
changes in s i t u a t i o n s in D. 

A "co r rec t ' ' theory of any body of phenomena 
al lows inferences to be made from the values of 
ce r t a i n var iab les to the values of o thers . The 
s i m p l i c i t y or complexi ty of the computations re ­
quired to make these inferences w i l l depend on the 
mathematical s t r uc tu re of the theory. I f the 
theory takes the form of N l inear a lgebraic equa­
t ions in N v a r i a b l e s , then the c a p a b i l i t y of draw­
ing cor rec t inferences means the c a p a b i l i t y of 
so lv ing systems of N simultaneous l inear equations. 
If the theory takes the form of a set of l inear 
equations and i n e q u a l i t i e s , combined w i th a maxi­
mizat ion c o n d i t i o n , then the c a p a b i l i t y of drawing 
cor rec t inferences means the c a p a b i l i t y of so lv ing 
l inear programming problems.12 

We should no t , t he re fo re , expect to f i n d some­
th ing that would c o n s t i t u t e a general so lu t ion to 
the frame problem. There are as many frame prob­
lems as there are forms of mathematical and log ica l 
systems, and to solve the frame problem fo r any 
such system is simply to have an e f f i c i e n t compu­
t a t i o n a l a lgor i thm fo r the theory of systems of 
that k ind . For systems operat ing in semantical ly 
r i c h domains, the frame problem is solved by incor­
porat ing in the system a theory of the domain, 
together w i t h computational algor i thms appropr iate 
to a theory having tha t s t r u c t u r e . 

The Acqu i s i t i on of Knowledge 

It is t ime now to re turn to our e a r l i e r d iscus­
sion of knowledge a c q u i s i t i o n in systems designed 
to operate in abs t rac t and semantical ly r i ch 
domains, r espec t i ve l y . One can d i s t i ngu i sh two 
kinds of knowledge a c q u i s i t i o n , which in the psy­
cholog ica l l i t e r a t u r e are of ten ca l led accommoda-
t ion and a s s i m l l a t i o n , respect ive ly (Moore ε Newell, 
197'0 .13 Accommodation involves the a c q u i s i t i o n of 

12 For a f u r t he r development of t h i s point of 
v iew, see Simon, 1965, 1967, 1972. In these papers 
I argue tha t the attempt to deal w i th the frame 
problem by cons t ruc t ing modal logics is misguided, 
and suggest as the a l t e r n a t i v e essen t i a l l y the pro­
cedure ou t l i ned here. 

l 3The terms are due to Piaget (Piaget & Inhelder 
1969), and are used mainly in the l i t e r a t u r e of 
ch i I d development. 
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new i n t e r n a l r e p r e s e n t a t i o n s , o r t h e m o d i f i c a t i o n 
o f e x i s t i n g o n e s . A s s i m i l a t i o n i n v o l v e s r e l a t i n g 
new i n f o r m a t i o n t o r e p r e s e n t a t i o n s t h a t a r e 
a l r e a d y a v a i l a b l e and t o i n f o r m a t i o n t h a t i s 
a l r e a d y s t o r e d i n memory. 

A t a l o c a l l e v e l , t he a s s i m i l a 
a r i s e s i n i t i a l l y i n t h e language 
a c q u i s i t i o n f r om t h e p rob lems o f 
e n c e . A t a s l i g h t l y more g l o b a l 
in a sys tem l i k e UNDERSTAND f rom 
c o o r d i n a t i n g t h e r e p r e s e n t a t i o n i 
s i t u a t i o n s w i t h t h e a l g o r i t h m s i t 
w i t h o p e r a t o r s . I n systems l i k e 
w h i c h c o n t a i n l a r g e amounts o f p r 
t i o n , i t a r i s e s i n a c c e s s i n g t h e 
t i o n a s s o c i a t e d w i t h te rms i n t h e 

t i o n p rob lem 
p a r s i n g s t a g e o f 
a n a p h o r i c r e f e r -
l e v e l , i t a r i s e s 
t h e n e c e s s i t y o f 
t has c r e a t e d of 

has a s s o c i a t e d 
SHRDLU and SOPHIE, 
e - s t o r e d i n f o r m a -
l e x i c a l i n f o r m a -

i n p u t t e x t . 

Cons ide r a system t h a t beg ins p r o c e s s i n g a 
l e n g t h y t e x t w i t h o u t any s u b s t a n t i v e knowledge o f 
t h e seman t i c c o n t e n t o f t h a t t e x t . A t t h e b e g i n ­
n i n g , t h e system i s f a c e d w i t h a t a s k o f accommoda­
t i o n , f o r t h e o n l y meanings i t can a t t a c h t o t h e 
te rms o f t h e t e x t a r e t h e meanings t h e y a c q u i r e 
f r om t h e i n t e r n a l symbol s t r u c t u r e s t h a t t h e 
sys tem b u i l d s u p t o r e p r e s e n t them. I n t h i s s e n s e , 
a l l new knowledge b e g i n s as " a b s t r a c t " know ledge . 
As the system proceeds t h r o u g h t h e t e x t , however , 
more and more o f t h e c o n t e n t depends f o r i t s i n t e r ­
p r e t a t i o n upon i n f o r m a t i o n t h a t has been p r e s e n t e d 
e a r l i e r , and w h i c h has p resumab ly been s t o r e d 
i n t e r n a l l y i n some f o r m . I n o r d e r t o p r o c e s s t h i s 
new c o n t e n t a p p r o p r i a t e l y , t he sys tem must r e l y 
l e s s and l e s s upon i t s c a p a b i l i t y f o r c r e a t i n g 
r e p r e s e n t a t i o n s de novo (accommoda t i on ) , and more 
and more on i t s a b i l i t y t o match new i n f o r m a t i o n 
w i t h i n f o r m a t i o n s t o r e d i n seman t i c memory 
(ass i m i l a t i o n ) . 

For s i m p l e a s s i m i l a t i v e t a s k s , t h e sys tem needs 
k n o w l e d g e - a c c e s s i n g c a p a b i l i t i e s l i k e t h o s e p o s ­
sessed by SOPHIE or ISAAC. For more complex a s s i m ­
i l a t i v e t a s k s , w h i c h r e q u i r e t h e d i s c o v e r y and use 
o f m e t a p h o r i c and a n a l o g i c r e l a t i o n s between o l d 
and new k n o w l e d g e , u n d e r s t a n d i n g c a l l s f o r power fu l 
and e l a b o r a t e m a t c h i n g c a p a b i l i t i e s l i k e t h o s e p r o ­
posed in my HEURISTIC COMPILER scheme, by Moore and 
Newel l (1974 i n t h e i r d e s i g n f o r MERLIN, o r by 
K l i n g (1971) i n h i s scheme f o r theorem p r o v i n g by 
a n a l o g y . 

Out o f t h i s w e l t e r o f p o s s i b i l i t i e s , w e b e g i n 
t o see d i r e c t i o n s f o r t h e f u r t h e r deve lopment o f 
systems t o o p e r a t e i n s e m a n t i c a l l y r i c h doma ins : 
systems t h a t w o u l d n o t have t o b e p r o v i d e d w i t h 
t h e i r f u l l complement o f s e m a n t i c knowledge a t t h e 
o u t s e t , bu t t h a t c o u l d g r a d u a l l y a c q u i r e knowledge 
o f a domain f r o m a c o n t i n u o u s i n p u t o f t e x t , 
s t a r t i n g w i t h p r o c e d u r e s f o r h a n d l i n g a b s t r a c t 
( i . e . , n o v e l ) m a t e r i a l , and g r a d u a l l y s h i f t i n g t h e 
burden o f p r o c e s s i n g t o p r o c e d u r e s f o r m a t c h i n g 
new knowledge o n t o knowledge p r e v i o u s l y s t o r e d - - a 
k i n d o f h y b r i d between UNDERSTAND-like s y s t e m s , 
and ISAAC- or M E R L I N - l i k e s y s t e m s . The b a s i c com­
ponen ts f r om w h i c h we can m a n u f a c t u r e such systems 
a r e becoming i n c r e a s i n g l y w e l l u n d e r s t o o d . 

Summary 

Our d i s c u s s i o n o f s e m a n t i c a l l y r i c h domains has 
f ocused on t h e f rame p r o b l e m , and upon t h e need o f 
u n d e r s t a n d i n g systems t o have s t r o n g c a p a b i l i t i e s 
f o r a s s i m i l a t i o n and accommodat ion o f new i n f o r m a ­
t i o n . A s o l u t i o n o f t h e f rame p rob lem f o r any 
complex domain w i t h s t r o n g i n t e r a c t i o n s among i t s 
components i m p l i e s h a v i n g a t h e o r y o f t h e d o m a i n , 
and adequa te c o m p u t a t i o n a l means f o r c a l c u l a t i n g 
t h e t h e o r e t i c a l i m p l i c a t i o n s o f sys tem changes . 

T o u n d e r s t a n d t h e i n f o r m a t i o n t h a t i s p r e s e n t e d 
t o i t , a sys tem o p e r a t i n g i n s e m a n t i c a l l y r i c h 
domains needs b o t h c a p a b i l i t i e s f o r a s s i m i l a t i n g 
i n f o r m a t i o n t o i n t e r n a l s t r u c t u r e s i t a l r e a d y h a s , 
and c a p a b i l i t i e s f o r accommodat ing i n t e r n a l s t r u c ­
t u r e s t o nove l i n f o r m a t i o n . The re now e x i s t 
sys tems w i t h some c a p a b i l i t i e s i n each o f t h e s e 
d i r e c t i o n s , and a n o b v i o u s nex t d i r e c t i o n o f 
r e s e a r c h i s t o t r y t o combine them more e f f e c t i v e l y . 

C o n c l u s i o n : The V a r i e t i e s o f U n d e r s t a n d i n g 

In t h i s paper I have a rgued t h a t u n d e r s t a n d i n g 
is a r e l a t i o n among a s y s t e m , one or more b o d i e s of 
know ledge , and a se t o f t a s k s the sys tem is 
expec ted t o p e r f o r m . The deve lopment o f u n d e r ­
s t a n d i n g systems o v e r t h e p a s t t w e n t y y e a r s has 
been a k i n d o f t w o - p a r t f u g u e , i n w h i c h t h e p r o p o s ­
a l o f a c l a s s o f t a s k s to be pe r fo rmed g e n e r a t e s a 
se t o f knowledge r e q u i r e m e n t s f o r t h e s y s t e m ; w h i l e 
t h e knowledge a sys tem a c q u i r e s , i n t u r n , e n l a r g e s 
i t s c a p a b i l i t i e s f o r u n d e r s t a n d i n g new t a s k s . I 
have ske t ched o u t a who le sequence o f t a s k -
knowledge p a i r s t h a t r e p r e s e n t , i n a rough way, 
t h e h i s t o r i c a l c o u r s e t h a t u n d e r s t a n d i n g systems 
have f o l l o w e d f r o m t h e o r i g i n s o f A I t o t h e p resen t 
(Figure 6 ) . 

Knowledge 

1 . Syntax 
2 . I n f e r e n c e p r o c e d u r e s 
3 . I n t e n s i o n a l meaning 

4. Goal s t a c k s 
5 . P r o b l e m - s o l v i n g 

a l g o r i t h m s 
6 . R e p r e s e n t a t i o n 

g e n e r a t i on 
7 . D o m a i n - s p e c i f i c 

schemes 
(ass i m i l a t i o n ) 

Tasks 

Parse ε s t o r e sen tences 
Answer q u e s t i o n s 
Ac t on r e a l o r s i m u ­

l a t e d e n v i r o n m e n t 
G ive reasons fo r a c t i o n s 
So l ve p rob lems 

Represent nove l problems 

Unders tand s e m a n t i c a l l y 
r i c h p rob lems 

F i g u r e 6 . The V a r i e t i e s o f U n d e r s t a n d i n g 

The knowledge a v a i l a b l e t o e a r l y u n d e r s t a n d i n g 
programs was m a i n l y knowledge o f t h e s y n t a x o f 
E n g l i s h (o r some o t h e r n a t u r a l l a n g u a g e ) , and t h e i r 
u n d e r s t a n d i n g was d e m o n s t r a t e d b y t h e i r a b i l i t y t o 
use t h a t knowledge to encode and s t o r e i n memory 
i n f o r m a t i o n p r e s e n t e d i n n a t u r a l l a n g u a g e , and t o 
r e c o v e r t h a t i n f o r m a t i o n i n response t o n a t u r a l 
language i n q u i r i e s . 

A second k i n d o f knowledge t h a t t h e programs 
possessed t o v a r y i n g degrees was knowledge o f c e r ­
t a i n r u l e s o f i n f e r e n c e , w h i c h enab led them t o 
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der ive in format ion that was only i m p l i c i t l y pre­
sented to them, and to use t h i s i m p l i c i t informa­
t i o n to answer a broader range of i n q u i r i e s . This 
i n f e r e n t i a l c a p a b i l i t y was sometimes l im i ted to a 
knowledge of ru les of log ica l deduct ion, but 
increas ing ly incorporated a lso semantic knowledge 
about the problem domain. 

In tensional d e f i n i t i o n s of classes of ob jec ts 
and re la t i ons c o n s t i t u t e a t h i r d kind of knowledge 
that a system may be equipped to use to answer 
questions about a real or simulated environment, 
or to manipulate objects in that environment. In 
these terms, a system (quasi - robot) understands 
what a snark is if i t can apply tes ts that 
d i sc r im ina te snarks from non-snarks; i t understands 
what " t u r n " means if it has knowledge in the form 
of programs that enable it to execute a turn in 
response to a command. 

A fou r th kind of knowledge, associated w i th yet 
another c lass of tasks fo r t es t i ng understanding, 
is knowledge about the reasons fo r ac t i ons . When­
ever a system's program enables it to engage in 
means-ends ana lys is in order to select i t s ac t ions , 
it can be programmed to re ta i n knowledge about the 
goal h ie ra rch ies i t c rea tes , and to use that 
knowledge to answer "why" questions about i t s own 
behav i o r . 

Knowledge of a lgor i thms for so lv ing problems 
represents a f i f t h basis fo r understanding. In 
the case of humans, we tes t t h i s understanding by 
measuring the time and e f f o r t required to acquire 
the a lgor i thm (an inverse measure), the ease of 
i t s r e t e n t i o n , and the range of problems over 
which it can be app l i ed . We may also tes t it by 
asking "why" questions about the steps in the a lgo­
r i t hm. We judge understanding to be deeper, the 
more successful the problem solver is in expla in ing 
the reasons for h is ac t i ons . 

A s i x t h kind of knowledge, knowledge that 
enables a system to create a representat ion and 
operators fo r a new and un fami l ia r problem, can be 
d is t ingu ished from knowledge of how to solve the 
problem. If the problem is genuinely novel to the 
system, then understanding requires the a b i l i t y 
(accommodation) to abs t rac t the sets of objects 
and re l a t i ons the problem is "abou t , " and to encode 
them in a form that makes them accessib le to a 
system component that understands how to go about 
so lv ing problems so encoded. 

Novelty is a matter of degree. That i s , a 
system may have had vary ing degrees of experience 
w i th problems of a given s o r t , and may have been 
provided w i t h vary ing amounts of semantic knowledge 
about such problems. A system may requi re not only 
knowledge of how to abst rac t and encode a problem 
t e x t , but a lso knowledge of how to map terms and 
sentences contained in that tex t on knowledge 
s t ruc tu res already stored in semantic memory 
( a s s i m i l a t i o n ) . Such a c a p a b i l i t y cons t i t u tes a 
seventh kind of knowledge that is required by the 
compleat understanding system. 

We do not have any assurance that the l i s t of 
Figure 6 is complete- - that there are not other 
kinds of knowledge and other kinds of tasks to 
which it can be a p p l i e d . Even w i t h i n the bounda­
r ies of t h i s l i s t o f problems, i t Is not evident 
tha t the reper tory of mechanisms that we have 
employed in our programs is s u f f i c i e n t fo r 
achieving understanding at human or near-human 
l e v e l s ; indeed, I would suppose that most 
researchers in a r t i f i c i a l i n t e l l i gence would th ink 
that they are not . We have no reason to be d i s ­
s a t i s f i e d , however, w i th the progress we have made 
in the past two decades toward understanding the 
processes of understanding. We can wel l echo the 
sentiments of David Hume, in the opening pages of 
his Enquiry Concerning Human Understanding: 

It becomes. . .no inconsiderable part of 
science bare ly to know the d i f f e r e n t opera­
t ions of the mind, to separate them from 
each o ther , to c lass them under t h e i r proper 
heads, and to cor rec t a l l that seeming d i s ­
order in which they l i e involved, when made 
the ob ject of r e f l e x i o n and enqui ry . . .And 
if we can go no fa r t he r than t h i s mental 
geography, or de l i nea t i on of the d i s t i n c t 
par ts and powers of the mind, i t is at least 
a s a t i s f a c t i o n to go so f a r ; and the more 
obvious t h i s science may appear (and it is 
by no means obvious) the more contemptible 
s t i l l must the ignorance of i t be esteemed, 
in a l l pretenders to learning and phi losophy. 
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