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ABSTRACT 

Two a l t e r n a t i v e l e a r n i n g s t r a t e g i e s a re 
d e f i n e d and d i s c u s s e d : T a s k - o r i e n t e d l e a r n i n g i n 
w h i c h a sys tem t r i e s t o improve i t s p e r f o r m a n c e a t 
a s p e c i f i e d t ask and k n o w l e d g e - o r i e n t e d l e a r n i n g 
in w h i c h a sys tem b u i l d s an o r g a n i s e d 
r e p r e s e n t a t i o n o f e x p e r i e n c e . I t i s a rgued t h a t 
t h e r e l a t i o n s h i p between these two s t r a t e g i e s i s 
ana lagous t o t he r e l a t i o n s h i p between t e c h n o l o g y 
and s c i e n c e . Hence i t i s c o n c l u d e d t h a t t h e 
deve lopment o f k n o w l e d g e - o r i e n t e d l e a r n i n g 
s y s t e m s , w h i c h has been l a r g e l y o v e r l o o k e d by t h e 
A l commun i t y , i s a w o r t h w h i l e r e s e a r c h g o a l . 

We t h e n p roceed to d e s c r i b e how such a system 
may be c o n s t r u c t e d by b u i l d i n g a mach ine wh i ch 
c o n t i n u a l l y t r i e s t o reduce i t s own u n c e r t a i n t y 
r e g a r d i n g t h e outcome o f i t s a c t i o n s . An 
i m p l e m e n t a t i o n w h i c h l e a r n s t o p e r f o r m a m u l t i p l e 
c o n c e p t l e a r n i n g t ask i n t he p resence o f n o i s y 
d a t a i s b r i e f l y d e s c r i b e d . 

1: INTRODUCTION 

A t p r e s e n t t h e successes a c h i e v e d by v a r i o u s 
know ledge -based A l systems can o n l y be a t t a i n e d 
t h r o u g h a c o n s i d e r a b l e e f f o r t by human e x p e r t s who 
s u p p l y t h e necessa ry knowledge in a s u i t a b l y 
o r g a n i z e d f o r m . The n o t i o n o f a know ledge -based 
sys tem endowed w i t h t h e a b i l i t y t o a c q u i r e i t s own 
knowledge base i s t hus becoming i n c r e a s i n g l y 
a t t r a c t i v e . 

A l t e r n a t i v e d e f i n i t i o n s a re p o s s i b l e . One 
c o u l d f o r example d e f i n e l e a r n i n g a s t h e 
c o n s t r u c t i o n o f a n o r g a n i z e d r e p r e s e n t a t i o n o f 
e x p e r i e n c e . T h i s d e f i n i t i o n i s comp lementa ry t o 
S imon ' s s i n c e i t s p e c i f i e s the means b u t makes no 
r e f e r e n c e t o t h e e n d . The two d e f i n i t i o n s p r o v i d e 
a l t e r n a t i v e v i e w p o i n t s f r om wh ich t h e same sys tem 
can be r e g a r d e d . 

These a l t e r n a t i v e v i e w p o i n t s sugges t 
d i f f e r e n t approaches t o c o n s t r u c t i n g a l e a r n i n g 
m a c h i n e . S imon 's d e f i n i t i o n s u g g e s t s a sys tem 
w h i c h r e p e a t e d l y a t t e m p t s t o p e r f o r m some t ask 
a n d , on the b a s i s o f t h e r e s u l t s o f each a t t e m p t , 
makes some changes i n i t s i n t e r n a l o r g a n i s a t i o n . 
The e f f e c t of t h e s e changes s h o u l d be a s teady 
improvement i n t h e s y s t e m s ' s p e r f o r m a n c e a t t h a t 
t a s k . Most mach ine l e a r n i n g sys tems f o l l o w t h i s 
pa rad igm wh ich we s h a l l t e rm ' T a s k - O r i e n t e d 
L e a r n i n g ' . 

D e f i n i n g l e a r n i n g as the c o n s t r u c t i o n o f an 
o r g a n i z e d r e p r e s e n t a t i o n o f e x p e r i e n c e sugges t s a 
d i f f e r e n t k i n d o f l e a r n i n g m a c h i n e . T h i s wou ld b e 
a system wh ich r e p e a t e d l y i n t e r a c t e d w i t h i t s 
e n v i r o n m e n t and b u i l t a n i n t e r n a l model w h i c h 
summar ised i t s e x p e r i e n c e s . In such a sys tem t h e r e 
wou ld be no a t t e m p t to improve p e r f o r m a n c e at any 
p a r t i c u l a r t a s k . W e s h a l l t e rm t h i s ' K n o w l e d g e -
Or i e n t e d L e a r n i n g ' . 

I s i t p o s s i b l e t o c o n s t r u c t a know ledge -
o r i e n t e d l e a r n i n g system? Could i t l e a r n a n y t h i n g 
u s e f u l ? Would i t ever have advan tages over a t a s k -
o r i e n t e d l e a r n i n g system? Under what 
c i r c u m s t a n c e s ? The rema inde r o f t h i s paper 
a t t e m p t s t o answer t h e s e q u e s t i o n s . 

2: AN ANALOGY 

Much o f t h e r e s e a r c h on machine l e a r n i n g [ 1 ] 
appea rs to be based on t h e same b a s i c a s s u m p t i o n 
r e g a r d i n g the n a t u r e o f l e a r n i n g . T h i s a s s u m p t i o n 
has been s u c c i n c t l y e x p r e s s e d i n S i m o n ' s [ 6 ] 
d e f i n i t i o n o f l e a r n i n g as any p r o c e s s by w h i c h a 
sys tem improves i t s p e r f o r m a n c e . Note t h a t t h i s 
d e f i n e s what l e a r n i n g i s f o r , and t h u s v i ews 
l e a r n i n g as any means f o r a c h i e v i n g a p a r t i c u l a r 
e n d , r a t h e r t h a n a t t e m p t i n g t o s p e c i f y what 
l e a r n i n g a c t u a l l y i s . 

*We t hank t h e NSF and Horace H. Rackham Schoo l of 
G radua te S t u d i e s f o r f i n a n c i a l s u p p o r t . 

We b e g i n w i t h an a n a l o g y . S c i e n c e is a 
p r o c e s s by w h i c h p e o p l e have c o l l e c t i v e l y 
d e v e l o p e d a l o g i c a l , i n t e g r a t e d and s e l f -
c o n s i s t e n t model o f e v e n t s w h i c h o c c u r i n t h e 
p h y s i c a l w o r l d . I t has two comp lemen ta ry a s p e c t s . 
One i s t e c h n o l o g y : t h o s e i n v e s t i g a t i o n s d e s i g n e d 
t o a c h i e v e a p a r t i c u l a r p r a c t i c a l g o a l . The o t h e r 
a s p e c t i s p u r e s c i e n c e : t h o s e i n v e s t i g a t i o n s 
i n t e n d e d o n l y t o e x t e n d our u n d e r s t a n d i n g o f t h e 
way t h e o b s e r v a b l e w o r l d w o r k s . Even a s l i g h t 
a c q u a i n t a n c e w i t h t h e deve lopmen t o f s c i e n t i f i c 
t h o u g h t r e v e a l s t h a t t h e s e two a s p e c t s a r e 
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i n s e p a r a b l e . Each i s e s s e n t i a l l y dependent on the 
o t h e r . 

Techno logy i s s o c i e t y o p e r a t i n g a t a s k -
o r i e n t e d l e a r n i n g s t r a t e g y . S i m i l a r l y pure s c i e n c e 
i s s o c i e t y o p e r a t i n g a k n o w l e d g e - o r i e n t e d l e a r n i n g 
s t r a t e g y . S ince the two a r e complementary 
p rocesses in s o c i e t y we shou ld s e r i o u s l y examine 
the p o s s i b i l i t y t h a t the same may be t r u e f o r 
machine l e a r n i n g sys tems . We s h a l l t h e r e f o r e 
pu rsue t h e ana logy i n o r d e r t o c l a r i f y t h e r o l e o f 
k n o w l e d g e - o r i e n t e d l e a r n i n g . 

Suppose t h a t in 1800 some government had 
asked i t s s c i e n t i f i c academy t o i n v e n t a d e v i c e 
f o r t r a n s m i t t i n g p i c t u r e s r a p i d l y over l a r g e 
d i s t a n c e s . T h i s h y p o t h e t i c a l t a s k - o r i e n t e d 
l e a r n i n g ass ignment i l l u m i n a t e s s e v e r a l i m p o r t a n t 
po i n t s . 

F i r s t i t i s absurd s i n c e t h e p r o j e c t was not 
t e c h n i c a l l y f e a s i b l e in 1800 and wou ld have been 
r e g a r d e d as i m p o s s i b l e . The pure s c i e n t i f i c 
endeavours o f Fa raday , M a x w e l l , H e r t z and Thompson 
were necessary p r e c u r s o r s o f t e l e v i s i o n . Only when 
k n o w l e d g e - o r i e n t e d l e a r n i n g had c r e a t e d a r i c h 
enough model o f the p h y s i c a l w o r l d c o u l d t a s k -
o r i e n t e d l e a r n i n g b e used t o a c h i e v e the p r a c t i c a l 
e n d . 

Second, i t i s d o u b t f u l i f t hose eminent 
p h y s i c i s t s wou ld have done the r e s e a r c h they d i d 
i f t h e i r goa l had been a remote v i e w i n g sys tem. I t 
i s even more d o u b t f u l t h a t a government concerned 
to a c q u i r e such a system wou ld have c o n t i n u e d to 
f und such t h e o r e t i c a l w o r k . The r e s u l t s o b t a i n e d 
by k n o w l e d g e - d i r e c t e d l e a r n i n g do no t n e c e s s a r i l y 
y i e l d r e s u l t s wh i ch a re i m m e d i a t e l y o r o b v i o u s l y 
u s e f u l . 

T h i r d , the knowledge o f e l e c t r o m a g n e t i c 
phenomena o b t a i n e d i n t he n i n e t e e n t h c e n t u r y has 
no t o n l y se r ved as the b a s i s f o r one p a r t i c u l a r 
i n v e n t i o n bu t i s fundamenta l t o much o f t o d a y ' s 
t e c h n o l o g y . The long te rm b e n e f i t s o f knowledge-
o r i e n t e d l e a r n i n g may have a much more fundamenta l 
u t i l i t y t han the r e s u l t s o f t a s k - o r i e n t e d 
l e a r n i n g . 

T h i s ana logy i s open t o s e v e r a l o b j e c t i o n s . 
F i r s t , f undamen ta l advances i n pu re s c i e n c e were 
a c h i e v e d by some o f t he w o r l d ' s most i n t e l l i g e n t 
p e o p l e . AI has no t reached t h e s t a g e where we can 
endow our c r e a t i o n s w i t h such a b i l i t i e s . T h i s 
o b j e c t i o n i s c o u n t e r e d b y o b s e r v i n g t h a t a l l 
humans and some a n i m a l s make e x t e n s i v e use of 
k n o w l e d g e - o r i e n t e d l e a r n i n g d u r i n g t h e i r e a r l y 
l i v e s i n o r d e r t o a c q u i r e m o t o r , p e r c e p t u a l , 
c o g n i t i v e and s o c i a l s k i l l s . The same s t r a t e g y 
w h i c h i s d i g n i f i e d a s ' s c i e n c e ' when i t occu rs i n 
a l a b o r a t o r y is d i s m i s s e d as ' p l a y * when observed 

in a n u r s e r y . 

A second o b j e c t i o n wou ld a rgue t h a t w h i l e 
k n o w l e d g e - o r i e n t e d l e a r n i n g i s needed f o r 
f undamenta l advances i t has a n e g l i g i b l e r o l e i n 
most o f our l e a r n i n g a c t i v i t i e s . L i k e t h e p r e v i o u s 
o b j e c t i o n t h i s may be r e f u t e d by t he e x t e n s i v e use 
o f p l a y as a l e a r n i n g s t r a t e g y . Indeed t h i s 
sugges ts t h a t k n o w l e d g e - o r i e n t e d l e a r n i n g y i e l d s 
b e n e f i t s w h i c h a re not a c h i e v a b l e by o t h e r means. 
(For f u r t h e r d i s c u s s i o n o f p l a y v i ewed as 
k n o w l e d g e - o r i e n t e d l e a r n i n g see [ 3 ] and [14 ] ) . 

A t h i r d o b j e c t i o n wou ld be t h a t we want 
l e a r n i n g mach ines to l e a r n someth ing we r e g a r d as 
u s e f u l . Any system w h i c h a c q u i r e s knowledge 
w i t h o u t a n e x t e r n a l l y s p e c i f i e d goa l w i l l e i t h e r 
b u i l d a r e p r e s e n t a t i o n o f someth ing i r r e l e v a n t t o 
the u s e r ' s needs o r , more l i k e l y , accumu la te a 
morass o f u n r e l a t e d o b s e r v a t i o n s and s p u r i o u s 
c o r r e l a t i o n s . We propose t o r e f u t e t h i s o b j e c t i o n 
by d e s c r i b i n g t he c o n s t r u c t i o n o f a sys tem wh ich 
uses k n o w l e d g e - o r i e n t e d l e a r n i n g t o b u i l d a u s e f u l 
r e p r e s e n t a t i o n o f i t s e n v i r o n m e n t . 

3: SEARCHING FOR CERTAINTY 

A s no ted e a r l i e r , s c i e n c e a t t e m p t s t o 
c o n s t r u c t a l o g i c a l , i n t e g r a t e d and s e l f -
c o n s i s t e n t w o r l d m o d e l . T h i s i s s u b j e c t t o 
c o n t i n u a l c o r r e c t i o n s o long a s i t remains e i t h e r 
i n c o r r e c t o r i n c o m p l e t e . I f i t i s i n c o r r e c t i t 
leads t o e r r o n e o u s p r e d i c t i o n s . I f i t i s 
i n c o m p l e t e t h e r e a re s i t u a t i o n s whose outcome 
cannot be p r e d i c t e d . Thus t h e model needs 
m o d i f y i n g whenever someth ing unexpec ted happens . 

T h i s p r i n c i p l e may be used as t h e b a s i s f o r 
b u i l d i n g a machine w h i c h w i l l c o n s t r u c t a 
r e p r e s e n t a t i o n o f i t s e n v i r o n m e n t . Such a mach ine 
wou ld i n t e r a c t w i t h i t s w o r l d i n a n o r g a n i s e d and 
p u r p o s e f u l f a s h i o n . I t s u n d e r l y i n g goa l w o u l d b e 
t o a v o i d b e i n g s u r p r i s e d , no t b y a v o i d i n g n o v e l t y 
bu t by c o n s t r u c t i n g a model w h i c h e n a b l e d i t t o 
p r e d i c t t h e outcome o f a l l i t s a c t i o n s . 

T h i s i s a s p e c i a l k i n d o f g o a l . I n s e e k i n g an 
o r d i n a r y goa l a sys tem i s a t t e m p t i n g t o change i t s 
e n v i r o n m e n t . To do t h i s i t uses a r e p r e s e n t a t i o n 
o f t h a t e n v i r o n m e n t . I n c o n t r a s t , i n c o n s t r u c t i n g 
a model to e l i m i n a t e s u r p r i s e a sys tem is t r y i n g 
t o change i t s r e p r e s e n t a t i o n o f t h e e n v i r o n m e n t . 
To do t h i s i t wou ld use knowledge abou t t h a t 
r e p r e s e n t a t i o n . For example i t must have some 
r e p r e s e n t a t i o n o f i t s own i g n o r a n c e : t h e r e g i o n o f 
u n c e r t a i n t y o n t h e b o r d e r s o f i t s know ledge . Such 
a r e p r e s e n t a t i o n wou ld be a f o r m of metaknowledge . 

T h i s metaknowledge need no t be s o p h i s t i c a t e d 
t o f o r m t h e b a s i s o f a s u c c e s s f u l know ledge-
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o r i e n t e d l e a r n i n g s y s t e m . I t c o u l d t ake t h e s i m p l e 
f o r m o f a s s o c i a t i n g a measure o f c e r t a i n t y w i t h 
each i t em in the knowledge b a s e . The sys tem c o u l d 
t h e n o p e r a t e a s f o l l o w s : -

1 . S e l e c t l e a s t c e r t a i n i t em i n 
knowledge b a s e . 

2 . P e r f o r m some a c t i o n whose outcome 
w i l l s u b s t a n t i a t e o r d i s c r e d i t t h a t 
i t e m . ( i e . d o a n e x p e r i m e n t ) 

3 . Change knowledge base , i n c l u d i n g 
c e r t a i n t y measu res , i n a c c o r d w i t h 
outcome o f e x p e r i m e n t . 

4. Goto 1 

Such a sys tem w o u l d c o n t i n u a l l y reduce t h e 
u n c e r t a i n t y i n i t s o r i g i n a l r e p r e s e n t a t i o n . 
However t h e changes i n t r o d u c e d in s t e p 3 may w e l l 
g i v e r i s e t o f u r t h e r a r e a s o f u n c e r t a i n t y w h i c h 
w i l l t hemse l ves b e s u b s e q u e n t l y r e d u c e d . 

Note t h a t t h e sys tem must s t a r t w i t h a n 
i n i t i a l r e p r e s e n t a t i o n . T h i s c o u l d b e e i t h e r v e r y 
s i m p l e , as i n t h e example f o l l o w i n g , o r v e r y 
e l a b o r a t e , i n w h i c h case the l e a r n i n g sys tem wou ld 
p roceed t o r e f i n e i t . 

4: PAN : AN IMPLEMENTATION 

We have w r i t t e n a p rogram c a l l e d PAN to 
d e m o n s t r a t e t h a t a k n o w l e d g e - o r i e n t e d l e a r n i n g 
sys tem can be c o n s t r u c t e d u s i n g these i d e a s . Space 
l i m i t a t i o n s r e s t r i c t u s t o s k e t c h i n g some o f t h e 
main f e a t u r e s o f t h e sys tem b u t a d e t a i l e d accoun t 
w i l l be found in [ 5 ] . PAN i s a s i m u l a t e d r o b o t 
o p e r a t i n g in a s i m p l e e n v i r o n m e n t c a l l e d PANWORLD 
w h i c h c o n s i s t s o f a c o l l e c t i o n o f o b j e c t s . PAN can 
d i s t i n g u i s h these o b j e c t s o n the b a s i s o f v a r i o u s 
a t t r i b u t e s such a s c o l o r , s i z e , t e x t u r e and shape . 
In a d d i t i o n PAN can d e t e c t when an o b j e c t moves. 

PAN can p e r f o r m f i v e d i f f e r e n t o p e r a t i o n s on 
i n d i v i d u a l o b j e c t s : Push , P i c k - U p , K i c k , Zap and 
Wogg le . The outcome o f an o p e r a t i o n i s d e t e r m i n e d 
by a s e t o f r u l e s c a l l e d PANPHYSICS w h i c h a r e 
chosen by the e x p e r i m e n t e r . These r u l e s may be 
e i t h e r d e t e r m i n i s t i c o r s t o c h a s t i c . A t y p i c a l 
d e t e r m i n i s t i c r u l e i s : -

On ly o b j e c t s w h i c h a re l a r g e and rough move 
i f w o g g l e d . 

A t y p i c a l s t o c h a s t i c r u l e i s : -

P r o b a b i l i t y t h a t smooth o b j e c t moves i f 
pushed i s 0 . 8 . 
P r o b a b i l i t y t h a t non-smooth o b j e c t moves i f 

pushed i s 0 . 3 . 

S t o c h a s t i c r u l e s wou ld c r e a t e s e r i o u s p rob lems f o r 
many concep t l e a r n i n g systems b u t t hey a re r e a d i l y 
d i s c o v e r e d by PAN. 

PAN a t t e m p t s to c o n s t r u c t a r e p r e s e n t a t i o n 
w h i c h w i l l e n a b l e i t t o p r e d i c t t h e outcome o f 
a p p l y i n g any o f i t s o p e r a t i o n s t o any o b j e c t . Such 
knowledge i s o f o b v i o u s u t i l i t y i n p r o b l e m -
s o l v i n g . I t does t h i s b y d e v e l o p i n g a h i e r a r c h y o f 
c l a s s e s o f o b j e c t s . I n i t i a l l y t h i s h i e r a r c h y 
c o m p r i s e s t he s i n g l e c l a s s ' T h i n g s ' o f wh i ch e v e r y 
o b j e c t i s an i n s t a n c e . Subsequent c l a s s e s a re 
s u b c l a s s e s o f t h i s c l a s s and membership compr i ses 
t h o s e o b j e c t s p o s s e s s i n g a d i s t i n g u i s h i n g se t o f 
a t t r i b u t e v a l u e s . 

A t t a c h e d to each c l a s s i s a s e t o f 
o p e r a t i o n s . These a re those o p e r a t i o n s wh i ch PAN 
b e l i e v e s w i l l r e s u l t i n any o b j e c t i n t h a t c l a s s 
m o v i n g . T h i s r e p r e s e n t a t i o n was d e l i b e r a t e l y 
m o d e l l e d on o b j e c t - b a s e d languages such as 
S m a l l t a l k . A s s o c i a t e d w i t h each a c t i o n i n each 
c l a s s i s a n e s t i m a t e o f the p r o b a b i l i t y t h a t a n 
i n s t a n c e o f t h a t c l a s s w i l l move i f t h a t o p e r a t i o n 
i s a p p l i e d t o i t . I n i t i a l l y a l l o p e r a t i o n s a re 
a t t a c h e d t o the c l a s s ' T h i n g s ' w i t h a s s o c i a t e d 
p r o b a b i l i t y 0 . 5 . 

The measure of u n c e r t a i n t y used to d r i v e PAN 
is d e r i v e d f r o m the p r o b a b i l i t y e s t i m a t e . We used 
Shannon 's i n f o r m a t i o n f u n c t i o n [ 6 ] i n a n t i c i p a t i o n 
o f e x t e n d i n g t h e sys tem to e x p e r i m e n t s w i t h many 
p o s s i b l e outcomes b u t o t h e r f u n c t i o n s c o u l d b e 
used t o p roduce s i m i l a r r e s u l t s . 

The o p e r a t i o n of PAN f o l l o w s the scheme 
d i s c u s s e d above . F i r s t t he l e a s t c e r t a i n i t em i n 
t h e knowledge base i s c h o s e n . T h i s i s the 
o p e r a t i o n w h i c h i s a t t a c h e d t o a c l a s s w i t h 
h i g h e s t u n c e r t a i n t y . A n e x p e r i m e n t i s t h e n 
p e r f o r m e d . The o p e r a t i o n i s a p p l i e d to a randomly 
chosen i n s t a n c e o f t h a t c l a s s . The o b j e c t w i l l 
e i t h e r move o r rema in s t a t i o n a r y . 

I f i t moves the c u r r e n t r e p r e s e n t a t i o n 
appears to be c o r r e c t so the o n l y change made is 
a n i nc remen t i n t h e c o r r e s p o n d i n g p r o b a b i l i t y 
e s t i m a t e . 

I f t h e o b j e c t does no t move t h e system has 
g e n e r a t e d a n i n c o r r e c t p r e d i c t i o n . The 
c o r r e s p o n d i n g p r o b a b i l i t y e s t i m a t e i s d e c r e m e n t e d . 
The c l a s s h i e r a r c h y i s a l s o m o d i f i e d i n one o f two 
ways . I f t h e r e s u l t i n g p r o b a b i l i t y i s lower t h a n 
t h e p r o b a b i l i t y w i t h wh i ch the o p e r a t i o n i s 
a t t a c h e d t o t h e s u p e r c l a s s o f t h e c l a s s t hen the 
o p e r a t i o n i s d e t a c h e d f rom the c l a s s . C lasses 
w i t h o u t s u b c l a s s e s o r a t t a c h e d o p e r a t i o n s a re 
d e l e t e d . 
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I f however t he r e s u l t i n g p r o b a b i l i t y i s 
s t i l l h i g h e r t han t h a t i n t h e s u p e r c l a s s PAN 
c o n c l u d e s t h a t some b u t not a l l o f t h e c u r r e n t 
c l a s s w i l l move when the o p e r a t i o n i s a p p l i e d . I t 
t h e r e f o r e a t t e m p t s t o c o n s t r u c t a s u b c l a s s o f t h e 
c u r r e n t c l a s s , a l l o f whose members move when t h e 
a c t i o n i s a p p l i e d . I t a p p l i e s the o p e r a t i o n t o 
i n s t a n c e s o f the c u r r e n t c l a s s u n t i l i t f i n d s one 
t h a t moves. A n a t t r i b u t e v a l u e o f t h i s o b j e c t i s 
added t o t h e a t t r i b u t e v a l u e s wh i ch d i s t i n g u i s h 
members o f t h e c u r r e n t c l a s s t o f o r m t h e 
d i s t i n g u i s h i n g a t t r i b u t e v a l u e s f o r t h e new 
s u b c l a s s . The a c t i o n i s t hen a t t a c h e d t o t h e new 
s u b c l a s s . 

The sys tem t h e n b e g i n s a new c y c l e . T h i s 
p rocess c o n t i n u e s u n t i l a l l t he u n c e r t a i n t y v a l u e s 
in the sys tem d rop be low a t h r e s h o l d v a l u e w h i c h 
t y p i c a l l y c o r r e s p o n d s t o p r o b a b i l i t y e s t i m a t e s o f 
0 .05 and 0 . 9 5 . At t h i s p o i n t PAN has a g r e a t dea l 
o f c o n f i d e n c e about the l i k e l y outcome o f any 
e x p e r i m e n t . S ince i t does no t seek a b s o l u t e 
c e r t a i n t y and s i n c e i t s o n l y memory o f p r e v i o u s 
e x p e r i m e n t s i s i n the fo rm o f p r o b a b i l i t y 
e s t i m a t e s i t i s no t s e n s i t i v e t o low l e v e l s o f 
i n d e t e r m i n i s m in PANPHYSICS. H igher l e v e l s o f 
i n d e t e r m i n i s m p r e v e n t the system r e a c h i n g i t s 
c e r t a i n t y t h r e s h o l d s bu t t he system s t i l l b u i l d s a 
r e p r e s e n t a t i o n wh i ch c o r r e c t l y r e f l e c t s t h e 
i n t r i n s i c u n c e r t a i n t y o f i t s e n v i r o n m e n t . 

5: CONCLUSION 

PAN is a s i m p l e sys tem wh i ch d e m o n s t r a t e s 
t h a t a k n o w l e d g e - o r i e n t e d l e a r n i n g s t r a t e g y , based 
on knowledge o f i t s own u n c e r t a i n t y , works w e l l on 
a m u l t i p l e concep t l e a r n i n g t ask i n t he p resence 
o f n o i s y d a t a . 

I t i s i n t e r e s t i n g t o compare i t w i t h a n o t h e r 
much more s o p h i s t i c a t e d l e a r n i n g p rog ram: AM (see 
[ 2 ] ) . A M s t a r t s w i t h some knowledge o f f i n i t e s e t s 
and p roceeds to d i s c o v e r much o f number t h e o r y . I t 
i s a k n o w l e d g e - o r i e n t e d l e a r n i n g system s i n c e i t 
i s no t t r y i n g t o improve i t s p e r f o r m a n c e . I t 
s i m p l y e x p l o r e s those c o m b i n a t i o n s w h i c h appear 
' i n t e r e s t i n g ' . AM i n c l u d e s 59 h e u r i s t i c s to assess 
' i n t e r e s t i n g n e s s ' and t h e s e p l a y t he same r o l e as 
the u n c e r t a i n t y measure in PAN. 

There i s c l e a r l y c o n s i d e r a b l e scope f o r t h e 
deve lopmen t o f b o t h o t h e r pu re k n o w l e d g e - o r i e n t e d 
systems and h y b r i d systems w h i c h e x p l o i t b o t h 
l e a r n i n g s t r a t e g i e s . 
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