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ABSTRACT 

A l e a r n i n g sys tem i s d e s c r i b e d w h i c h was used 
t o c o n t r o l a s i m p l e r o b o t v e h i c l e and t o a u t o n o 
mous ly l e a r n b e h a v i o u r p a t t e r n s . The sys tem i s 
l o o s e l y based o n B e c k e r ' s mode l o f I n t e r m e d i a t e 
C o g n i t i o n . 

I INTRODUCTION 

The re a r e a number o f r e a s o n s to r e g a r d 
s e n s o r y - m o t o r l e a r n i n g a s a b a s i s f o r i n t e l l i g e n c e , 
and t h e r e f o r e t o b e o f g r e a t e r i n t e r e s t t h a n o t h e r 
f o rms o f l e a r n i n g . Our l e a r n i n g sys tem t o o k 
B e c k e r ' s Model o f I n t e r m e d i a t e C o g n i t i o n a s i t s 
s t a r t i n g p o i n t and d e v e l o p e d and m o d i f i e d i t c o n 
s i d e r a b l y : Becker [ l ] h i m s e l f d i d n o t imp lement 
h i s m o d e l . M o t t [ 2 ] has c r i t i c i s e d B e c k e r ' s 
o r i g i n a l m o d e l . F u r t h e r d e t a i l s o f t h i s work can 
be f o u n d in [ 3 ] and [ 4 ] . We used a s i m p l e b u t r e a l 
r o b o t v e h i c l e , t h e Queen Mary C o l l e g e Mark IV 
E x p e r i m e n t a l R o b o t . I t had a s e t o f s e n s o r s 
i n c l u d i n g t o u c h b a r s o n a l l f o u r s i d e s , p h o t o c e l l s 
p o i n t i n g i n f r o n t o f t h e v e h i c l e and b a t t e r y l e v e l 
s e n s o r s . The r o b o t had a number o f o t h e r s e n s o r s 
t h a t were n o t used i n t h i s w o r k . The p rog ram was 
w r i t t e n i n Pop-2 and r a n on an ICL 1904S ma in f rame 
compu te r . 

II THE SCHEMA MODEL 

K e r n e l s 

The sys tem a c c e p t e d a s t r eam o f a t o m i c 
senso ry " k e r n e l s " 

<BRIGHT>S f r o m p h o t o c e l l s 
<FRONT>S f r o m t h e f r o n t t o u c h ba r 
<FULL>S b a t t e r y f u l l y c h a r g e d 
<HUNGER>S b a t t e r y l ow 
<LOW>S b a t t e r y v e r y low o r o v e r c h a r g e d 

(<HUNGER>S a l s o p r o d u c e d i n t h i s case) 
<CHARGE>S b a t t e r y on c h a r g e 
<HIGH>S used i n t e r n a l l y b u t n o t p roduced by 

s e n s i n g any p h y s i c a l s i t u a t i o n 

I t g e n e r a t e d a s t r e a m o f mo to r k e r n e l s 

<FORW>M few i n c h e s f o r w a r d 
<BACK>M " backward 
<LEFT>M 1 0 d e g r e e s r o t a t i o n l e f t , a b o u t c e n t r e 
<RIGHT>M " r i g h t " 
<CRY>M b l e e p Morse code f o r SOS 

B . S h o r t t e r m memory and e v e n t s 

The s t r e a m o f s e n s o r y and m o t o r k e r n e l s f l o w 
e d i n t o a n i n f i n i t e l y l o n g queue o r STM. The 
sys tem o p e r a t e d o n a d i s c r e t e t i m e s c a l e , s t r i c t l y 
a l t e r n a t i n g be tween mo to r o u t p u t and s e n s o r y i n p u t . 
A n i t e m i n t h e queue was t h e s e t o f k e r n e l s o c c u r 
r i n g a t one t i m e , w h i c h were t h u s e i t h e r a l l 
s e n s o r y o r a l l mo to r k e r n e l s . A s e t o f k e r n e l s 
o c c u r r i n g a t a g i v e n t i m e s l o t was c a l l e d a n e v e n t 
e . g . E={<CHARGE>S <FRONT>S>. An e v e n t c o u l d be 
empty . The c o n t e n t s o f STM were an e v e n t sequence 
e . g . E 1 - - > E 2 - - > - - > E 3 where t e m p o r a l a d j a c e n c y i s d e n o t e d 
by "-►". 

C. Schemas and t h e model 

T h i s r e s e a r c h was s u p p o r t e d by a t w o - y e a r 
g r a n t f r o m t h e U n i t e d Kingdom S c i e n c e Research 
C o u n c i l . 

The c e n t r a l d a t a s t r u c t u r e was t h e s y s t e m ' s 
model o f t h e w o r l d , w h i c h was a n u n o r d e r e d s e t o f 
" s c h e m a " . A schema was of t h e f o r m 

[ e v e n t sequence ■> e v e n t sequence] 

where " = > " means " p r e d i c t s t h e o c c u r r e n c e o f " 

I f t h e l e f t hand s i d e o f a schema matched t h e 
c o n t e n t s o f STM, i t was s a i d t o o c c u r and t h e model 
p r e d i c t e d t h a t t h e r i g h t hand s i d e w o u l d o c c u r , 
s t a r t i n g i n t h e n e x t t i m e s l o t . 

The schema were u n c e r t a i n , w i t h each k e r n e l 
h a v i n g a c e r t a i n t y v a l u e f o r i t s membership o f t h e 
schema, and each schema h a v i n g a n o v e r a l l c e r t a i n t y 
v a l u e o f g i v i n g a c o r r e c t d e s c r i p t i o n o f what 
happens i n STM. 

I l l PREDICTION AND BEHAVIOUR 

We r e g a r d e d P r e d i c t i o n and B e h a v i o u r as 
s e p a r a t e p r o c e s s e s . P r e d i c t i o n was t h e b o t t o m u p 
g e n e r a t i o n o f s t r i n g s o f e v e n t s s t a r t i n g f r o m t h e 
c o n t e n t s o f STM and u s i n g t h e m o d e l . I n s t e a d o f 
p r o d u c i n g a p r e d i c t i o n t r e e , i t was f o u n d e a s i e r t o 
v e r i f y p r e d i c t i o n s i f t h e y were amalgamated i n t o a 
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l i n e a r p r e d i c t i o n q u e u e . T h i s was s t r i c t l y t i m e d 
w i t h t i m e s l o t s . P r e d i c t i o n s had c e r t a i n t y v a l u e s 
o b t a i n e d b y m u l t i p l y i n g t h e c e r t a i n t y v a l u e s o f 
i t e m s i n v o l v e d i n t h e i r c r e a t i o n . 

B e h a v i o u r was g o a l s e e k i n g i f a <LOW>S or 
<HIGH>S was p r e d i c t e d , o t h e r w i s e i t was e x p l o r a t o r y . 
Goa l s e e k i n g b e h a v i o u r t r i e d t o a c h i e v e <HIGH>S i n 
STM and a v o i d <LOW>S i n STM. I t d i d t h i s b y s e t 
t i n g up a g o a l t r e e t o p down f r o m a p r e d i c t e d 
<HIGH>S or <LOW>S as t o p g o a l . The subgoa l s were 
o b t a i n e d by c h a i n i n g back u s i n g schemas f r o m t h e 
model and each s u b g o a l had a s t r i c t t i m e o f d e s i r e d 
o c c u r r e n c e . Goa l s a l s o had p r i o r i t i e s d e r i v e d f r om 
c e r t a i n t y v a l u e s . 

Negated k e r n e l s were found to be u s e f u l . A 
n e g a t e d k e r n e l -<A> was p u t i n t o STM i f a g o a l <A> 
f a i l e d to o c c u r . The a v o i d a n c e o f <LOW> was 
e x p r e s s e d a s s e t t i n g a-i<LOW> t o p g o a l . The r u l e s 
f o r m a t c h i n g n e g a t e d k e r n e l s were s t r a i g h t f o r w a r d , 
s i n c e n e g a t i o n meant t h e absence o f t h a t k e r n e l . 

A g o a l succeeded i f i t was a s e n s o r y k e r n e l 
and t h i s senso ry k e r n e l o c c u r r e d i n t h e c o r r e s -
p o n d i n g t i m e s l o t . I f i t was a mo to r k e r n e l , i t 
succeeded b y t h e sys tem o u t p u t t i n g t h a t k e r n e l and 
c a u s i n g a n e x t e r n a l a c t i o n o f t h e r o b o t . 

E x p l o r a t o r y b e h a v i o u r i n v o l v e d e x e c u t i n g any 
mo to r k e r n e l s i n v o l v e d i n p r e d i c t i o n s . 

IV LEARNING 

T h i s o c c u r r e d i n t h r e e ways 

1 . Schema c r e a t i o n 

I f u n p r e d i c t e d k e r n e l s o c c u r r e d i n STM, a new 
schema was c r e a t e d u s i n g t h e s e k e r n e l s as r h s and 
t h e k e r n e l s f r o m c u r r e n t t i m e - 1 and - 2 a s t h e l h s : 

TIME c t - 2 c t - 1 c t 
STM <A>S<B>S <M>M <C>S<D>S 
NEW SCHEMA [<A>S<B>S --><M>M »> <C>S<D>S] 

w i t h i n i t i a l c e r t a i n t y v a l u e s o f 1 . 0 . 

2 . U p d a t i n g c e r t a i n t y v a l u e s i n e x i s t i n g 
schema 

I f a schema p a r t i a l l y matched STM, t h e 
c e r t a i n t y v a l u e s were u p d a t e d . T h i s was o n l y done 
i f a l l b u t one o f t h e l h s k e r n e l s d o m a t c h and i f 
a t l e a s t one o f t h e r h s k e r n e l s ma tched and t h e 
ave rage u n c e r t a i n t y o f any k e r n e l s n o t m a t c h i n g was 
l e s s t h a n a t h r e s h o l d ( 0 . 4 ) . 

The c e r t a i n t y v a l u e s were c a l c u l a t e d i n a n 
ad hoc manner as f o l l o w s : 

l h s k e r n e l s ( k ) : n o o f t i m e s k a b s e n t and 
p r e d i c t i o n f a i l e d 

no o f t i m e s k a b s e n t and 
p r e d i c t i o n f a i l e d o r succeeded 

r h s k e r n e l s ( k ) : n o o f t i m e s p r e d i c t i o n o f k 
succeeded 

no o f t i m e s k p r e d i c t e d 

o v e r a l l c e r t a i n t y : 4 ( 1 h s c o n t r i b + r h s c o n t r i b ) 
I 

where l h s c o n t r i b * . . . . x modi 
l h s ( k ) 

(no o f t i m e s k a b s e n t / 1 0 ) 

and r h s c o n t r i b = . , . v modi 
r h s ( k ) 

(no o f t i m e s p r e d i c t i o n o f r h s 

succeeded /10) 

where m o d i ( x ) ■ i f x < l t h e n x 

e l s e 1 . 

3 . D i f f e r e n t i a t i o n 

I f t h e c e r t a i n t y v a l u e o f r h s t e n d e d t o a 
s t a b l e v a l u e w h i c h was n e i t h e r 0 nor 1 , t h i s 
i n d i c a t e d a n i n s u f f i c i e n t l y s p e c i f i e d c o n t e x t , and 
e x t r a d e t a i l c o u l d b e added f r o m i t s o c c u r r e n c e i n 
STM. 

Thus i f [<A>S--><B>M = > < O S ] 
and i f 
<X>S->-<Y>M-KA>S-*<B>M-*'<C>S o c c u r s 
t h e n t h e schema i s d i f f e r e n t i a t e d t o 
[<X>S+<Y>M-KA>S-*<B>M=><C>S] 

V Hi EXAMPLE OF LEARNING 

An example o f l e a r n t b e h a v i o u r was " l e a r n i n g 
t o f i n d t h e l i g h t and c h a r g e t h e b a t t e r i e s , when 
h u n g r y " . 

The sys tem s t a r t e d w i t h o n l y one " i n n a t e " 
schema v i z . 

[<FRONT>S-+<FORW>M=><HIGH>s] 
i . e . i t had a t e n d e n c y t o push a g a i n s t o b j e c t s i n 
c o n t a c t w i t h and i n f r o n t o f i t . 

I t l e a r n t 
[<HUNGER>S-+ *><HUNGER>S] 
i . e . hunger t e n d s t o p e r s i s t 
[<HUNGER>S--> =><L0W>S] 
i . e . hunger t e n d s t o ( e v e n t u a l l y ) p roduce p a i n . 
[<RIGHT>M =><BRIGHT>s] 
t h i s i s s c a n n i n g b e h a v i o u r i . e . i f you t u r n o r 
" s c a n " r i g h t , you somet imes see t h e l i g h t 
[<BRIGHT>S-=><FORW>M =><BRIGHT>S] 
t h i s i s l i g h t beam f o l l o w i n g i . e . i f you see t h e 
l i g h t and move f o r w a r d s , you o f t e n s t i l l see t h e 
l i g h t . 
[<CHARGE>S--><FORW>M =>-i<HUNGER>S] 
t h i s i s d i s c r i m i n a t i n g p u s h i n g i . e . i f you a r e o n 
c h a r g e and push f o r w a r d s you may e v e n t u a l l y 
a l l e v i a t e h u n g e r . 

I n f a c t t h e s y s t e m , a l s o l e a r n t t h e more 
complex fo rm 
[<CHARGE>S<FORW>S<HUNGER>S<BRIGHT>S-*<FORW>M *> 
■n<HUNGER>S] 
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T h i s l e a r n i n g r e q u i r e d a b o u t 350 c y c l e s o f 
t h e sys tem) a b o u t 15 o t h e r schema were a l s o 
l e a r n e d a t t h e same t i m e b u t d i d n o t i n t e r f e r e . 
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