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ABSTRACT 
T h i s paper p r e s e n t s an o v e r v i e w o f a r e s e a r c h 
programme on machine l e a r n i n g w h i c h i s based on 
t h e f u n d a m e n t a l p r o c e s s o f c a t e g o r i z a t i o n . 

A s t r u c t u r e o f a compute r model d e s i g n e d to ach ieve 
c a t e g o r i z a t i o n i s o u t l i n e d and t h e knowledge r e p ­
r e s e n t a t i o n a l f o rms and d e v e l o p m e n t a l l e a r n i n g 
a s s o c i a t e d w i t h t h i s app roach a re d i s c u s s e d . 
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INTRODUCTION 
T h i s paper g i v e s a n o v e r v i e w o f t h e app roach 

b e i n g t a k e n t o l e a r n i n g w i t h i n a c o n t i n u i n g 
r e s e a r c h p r o j e c t . The p r o j e c t i s conce rned w i t h 
d e v e l o p i n g an o p e r a t i o n a l computer based model o f 
l e a r n i n g , d r a w i n g on a p s y c h o l o g i c a l t h e o r y o f 
c a t e g o r i z a t i o n p roposed b y Rosch e t a l . (Rosch 
e t a l , 1976 ) . 

The t y p e o f l e a r n i n g t h a t has a t t r a c t e d most 
a t t e n t i o n i n t h e A . I . l i t e r a t u r e i s t h e l e a r n i n g 
o f p r o p o s i t i o n a l r u l e s abou t a g i v e n f e a t u r e s e t 
t o d i s c r i m i n a t e be tween c a t e g o r i e s ( M i c h a l s k i e t 
a l , 1983 ) . 

But t h e most d i f f i c u l t p a r t o f t h e work has 
a l r e a d y been a c c o m p l i s h e d when t h e r e l e v a n t 
f e a t u r e s f o r r u l e f o r m a t i o n have been f o u n d . 
F u r t h e r , t hese systems o n l y d e a l e f f i c i e n t l y w i t h 
c o n c e p t s n a t u r a l l y d e s c r i b e d i n te rms o f c o n j u n c ­
t i v e f e a t u r e s and d o n o t r espond k i n d l y t o ' n o i s y 1 

d a t a . 

F o l l o w i n g f r o m t h i s w e f e e l i t i s n e c e s s a r y 
t o d e v e l o p a model o f l e a r n i n g w h i c h add resses n o t 
o n l y t h e q u e s t i o n s o f how t o d i s c r i m i n a t e be tween 
c a t e g o r i e s u s i n g a g i v e n f e a t u r e s e t b u t a l s o t h e 
q u e s t i o n o f how such f e a t u r e s a r e f o u n d . E f f i c i e n t 
l e a r n i n g a l g o r i t h m s w i l l depend upon t h e knowledge 
r e p r e s e n t a t i o n scheme upon w h i c h t h e y o p e r a t e : 
l e a r n i n g o f l o g i c a l r u l e s f i t s n a t u r a l l y w i t h a 
p r o p o s i t i o n a l knowledge base b u t n o t s o w e l l w i t h 
an a s s o c i a t i v e n e t w o r k knowledge b a s e . We t h e r e * 
f o r e d e c i d e d t o model t h e e n t i r e c a t e g o r i z a t i o n 
p r o c e s s o f knowledge r e p r e s e n t a t i o n , f e a t u r e 
s e l e c t i o n and d i s c r i m i n a t i o n a s one i n t e g r a t e d 
s y s t e m . Because l e a r n i n g o f c a t e g o r i e s i n f l u e n c e s 
t h e s t r u c t u r e o f knowledge i n memory and t h i s 
s t r u c t u r e i n t u r n a f f e c t s h i g h e r l e v e l s o f l e a r n i n g 
o p e r a t i n g o n i t , s t u d y i n g c a t e g o r i z a t i o n and r e ­
l a t e d r e p r e s e n t a t i o n s a l s o has i m p l i c a t i o n s f o r 

t h e o p e r a t i o n o f o t h e r t y p e s o f l e a r n i n g . The 
deve lopment o f a model f o r such an i n t e g r a t e d 
sys tem is a complex t a s k and so a r e s t r i c t e d 
domain o f c l a s s i f i c a t i o n was chosen f o r t h i s w o r k . 
T h i s i s t h e domain o f 2-D s i l h o u e t t e s o f v i s u a l 
o b j e c t s . Reasons f o r t h i s c h o i c e a r e t h e p r imacy 
o f v i s u a l p e r c e p t i o n i n humans and t h e i m p o r t a n c e 
o f r e c o g n i t i o n . A more d e t a i l e d d i s c u s s i o n o f 
t h i s approach a r e a v a i l a b l e i n 

( P h e l p s & Musgrove , 1985a ) . 

KNOWLEDGE REPRESENTATION 
Some p s y c h o l o g i c a l e v i d e n c e i s a v a i l a b l e 

abou t t h e s t r u c t u r e o f c a t e g o r i e s . I t has been 
a rgued t h a t t h e most c o g n i t i v e l y e f f i c i e n t and 
t h e r e f o r e most b a s i c l e v e l o f c a t e g o r i z a t i o n i s 
t h a t l e v e l a t w h i c h t h e c a t e g o r i e s p roduced 
p r o v i d e t h e most d i s t i n c t c l u s t e r s , i . e . t h e l e v e l 
w h i c h max imizes t h e s i m i l a r i t y o f o b j e c t s w i t h i n a 
c a t e g o r y and max im ises t h e d i f f e r e n c e s between 
o b j e c t s i n d i f f e r e n t c a t e g o r i e s . (Rosch e t a l , 
1976) and ( T v e r s k y and Hemingway, 1984) p r o v i d e 
e v i d e n c e t h a t t h i s b a s i c l e v e l o f c a t e g o r i z a t i o n 
i s t h e most a b s t r a c t l e v e l a t w h i c h i n s t a n c e s have 
s i m i l a r shapes and p a r t s and i t i s most a b s t r a c t 
l e v e l a t w h i c h a m e n t a l image ( p r o t o t y p e ) can r e ­
f l e c t t h e appearance o f t h e e n t i r e c a t e g o r y . 

The knowledge r e p r e s e n t a t i o n scheme adop ted 
f o r o b j e c t s and c a t e g o r i e s has been e x p l i c i t l y 
d e s i g n e d t o f i t i n w i t h t h e p r o t o t y p e t h e o r y , and 
i s e x p l a i n e d i n g r e a t e r d e t a i l i n (Phe lps & 
Musg rove , 1 9 8 5 b ) . M a r r ' s r e s e a r c h i n machine 
v i s i o n has t a k e n t h e v i e w t h a t o b j e c t s a r e most 
n a t u r a l l y segmented i n t o convex p a r t s (Mar r 1982) 
and w e have f o l l o w e d t h i s l i n e o f t h o u g h t b u t 
r e f i n e d i t s o t h a t p a r t s need o n l y b e ' p s u e d o -
convex f i n t h e sense t h a t f u r t h e r d i v i d i n g them 
i n t o more convex s u b p a r t s does n o t s i g n i f i c a n t l y 
i n c r e a s e t h e measure o f c o n v e x i t y . T h i s approach 
i s r e p o r t e d e l s e w h e r e i n more d e t a i l (Phe lps & 
Musgrove , i n p r e p a r a t i o n ) . 

The d e s c r i p t i o n o f t h e v i s u a l image i s 
a c h i e v e d i n s t a g e s . F i r s t l y , t h e image i s de ­
s c r i b e d h o l i s t i c a l l y b y a s e t o f d e s c r i p t o r s i n ­
c l u d i n g such measures a s p r i n c i p a l a x i s , a x i s 
e x t e n s i o n r a t i o , compactness ( p e r i m e t e r / a r e a ) , 
s i z e , e t c . , a p p l i e d t o t h e who le image (Ba r row & 
P o p p l e s t o n e , 1 9 7 1 ) . The p r e c i s e s e t o f d e s c r i p ­
t o r s used i s u n i m p o r t a n t a s l o n g a s i t c o n t a i n s a 
r ough d e s c r i p t i o n o f t h e shape . Only a rough 
d e s c r i p t i o n i s n e c e s s a r y a s more a c c u r a t e d e s c r i p t ­
i o n s a r e p r o v i d e d b y s u c c e s s i v e s t a g e s . A t t h e 
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second stage the image is decomposed i n to i t s 
primary subparts. Each subpart is now described 
by a set of desc r ip to rs , and the ' j o i n s ' between 
subparts are also s tored. This process is now r e ­
peated to any desired number of stages, the sub­
par ts being successively d iv ided and described in 
increasing d e t a i l . 

ESTABLISHING CATEGORIES 
Features are extracted from the representa­

t i o n a l descr ip t ions and used to measure s i m i l a r i t i e s 
between the representat ions. These s i m i l a r i t y 
measures pos i t i on objects in a representa t iona l space 
wherein the objects are examined fo r the existence 
of c l u s t e r s . C luster ing of t h i s type is only sen­
s i b l y considered i f the objects under consider­
a t ion are a l l roughly of the same type. Thus a 
cow and a horse both have bodies, necks, heads and 
four legs and so a s i m i l a r i t y r a t i n g is conciev-
ab le . However, cow and a tomato are so d i f f e r e n t 
that to attempt to devise a s i m i l a r i t y measure is 
p o i n t l e s s . Hence there is an i n i t i a l need to 
determine which of a set of objects may poss ib ly 
c l us te r together and which are d e f i n i t e l y in 
separate categor ies . 

The h i e r a r c h i c a l desc r ip t ion of ob jects gives 
the p o s s i b i l i t y o f ex t rac t i ng features a t d i f f e r ­
ent levels of d e t a i l . The f i r s t features to be 
considered are those at the h o l i s t i c l e v e l . These 
w i l l o f ten by themselves be s u f f i c i e n t to ru le out 
two objects from membership of the same category, 
because of an extreme d i f fe rence in one or more of 
the measures. At t h i s stage we only sor t out 
obviously un l i ke ob jec ts : we do not wish to r e ­
gard a man w i th arms ra ised as t o t a l l y d i f f e r e n t 
from a man w i th h i s arms at h i s s ides, but he 
should be d i f f e r e n t i a t e d from a bus. 

The next stage of the ca tegor iza t ion process 
is the i d e n t i f i c a t i o n of p o t e n t i a l category member 
ship at the l eve l of par t desc r ip t i ons . This 
stage operates separately on each set of ob jects 
i d e n t i f i e d as a p o t e n t i a l category at the previous 
stage. 

We a l low objects A and B to be p o t e n t i a l 
members of the same category if we can f i n d a sub­
set of par ts of A and a subset of par ts of B 
which match and which account fo r most of the area 
of images A and B. When such matched subsets 
are found, any contiguous set of par ts not in the 
subset is fused i n to one 'lumped1 p a r t . It may 
then be possib le to match lumped par ts of A and 
B , in which case these matched lumped par ts are 
added to the matched subsets. 

I f p o t e n t i a l categories have been i d e n t i f i e d 
then an attempt is made to discover ac tua l ca te ­
gor ies w i t h i n each p o t e n t i a l set by means of 
c l us te r ana l ys i s . 

Each object may be represented ( i n par t sub­
set form) as a po in t in a representa t iona l space 

where p£j is 
the r e s u l t of a measure j appl ied to par t i 
and r^ i is the re l a t i onsh ip between par ts i and 
j . A c l u s t e r i n g a lgor i thm has been developed 
which w i l l seek any convex c lus te rs present among 

these p o i n t s . In p a r t i c u l a r t h i s a lgor i thm al lows 
c lus te rs to i n t e r s e c t , thus al lowing fo r the fac t 
tha t some na tu ra l categories may not have sharp 
d i v i d i n g l i nes between them. Fur ther , i t does not 
requ i re the number of c lus te rs present to be set 
nor does i t requ i re the a l t e r a t i o n of parameters 
to g ive good resu l t s on d i f f e r e n t data sets . In 
these ways it represents an advance in automatic 
c l us te r de tec t ion over other ex i s t i ng a lgor i thms. 
De ta i l s of t h i s method, which is designed to 
emulate human performance in detect ing dot 
c l u s t e r s , are described elsewhere (Phelps, 1985). 
This a lgor i thm is used to explore the c lus te r 
s t ruc tu res found using d i f f e r e n t subsets of the 
par t and re l a t i onsh ip measures as the axes of the 
space. The ob jec t i ve is to f i n d a minimal set of 
these measures which provides a 'good' c lus te r 
s t r u c t u r e . 

I f the object vectors display c lus te r ing then 
in most cases t h i s w i l l be due at least in part to 
the d i f f e r e n t c lus te rs d isp lay ing d i f ferences in 
t h e i r p a r t s . Thus the search fo r object c lus te rs 
can in f a c t be la rge ly ca r r ied out by searching 
f o r c l us te r s w i t h i n corresponding par ts of the 
objects ( p i i . . . p i n ) . 

I f at leas t one c lus te r is found, the objects 
w i t h i n it are members of the same category. The 
outcome of the process at t h i s or fu r the r stages 
of processing is a p a r t i t i o n i n g of the object set 
i n t o (poss ib ly overlapping) c lasses, each con­
t a i n i n g category members or candidates f o r member­
ship of a category. However, the category s t ruc ­
tu re in format ion we seek is only contained in 
c l us te rs o f ob jects found v i a the c l us te r i ng a l ­
gor i thm. I t is the set of measures used to f i n d 
each c l us te r and the pos i t i on of the c lus te r w i t h ­
in t h i s space which provide the operat ional not ion 
of ca tegor ies . Objects in a class where no 
c l us te r has been found or which have been c l a s s i ­
f i e d as ' n o i s e ' po in ts are uncategorized at t h i s 
stage. 

The above stage of processing can be repeated 
on the next l e v e l of the desc r ip t ion h ie ra rchy , 
' pa r t s of p a r t s ' , and again repeated at more 
de ta i l ed leve ls u n t i l the descr ip t ion h ierarchy 
ends. 

ILLUSTRATIVE ANALYSIS 
As an example of the scheme ou t l i ned above, 

consider a set of four s i l houe t t es : two horses, 
a cow and a b i r d (wings c losed) . These have been 
broken down i n t o t h e i r primary convex pa r t s , but 
these do not necessar i ly correspond to the par ts 
which we normal ly consider these animals to have. 
For example, one leg may occlude another, so in 
the cow the two f r o n t legs are considered as one 
convex p a r t . In the horses, the area at which 
the two legs merge i n to the body and in to each 
other ha8 been separated out as a convex p a r t . 
The back legs and t a i l of the cow have merged and 
been s p l i t i n t o three convex regions. The labe ls 
given to the regions are f o r i l l u s t r a t i v e purposes 
only - i t is not known to the a lgor i thm at t h i s 
stage tha t the regions of the two horses here 
l a b e l l e d 'body' both correspond to the same par t 
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of Che concept ' h o r s e ' . [TABLE 1 ] . 

The b i r d may be immediately d i f f e r e n t i a t e d 
from the others because of the great d i f fe rence in 
the number of par ts found. The cow and horses 
cannot be immediately d is t ingu ished and so an 
i n i t i a l attempt must be made to match t h e i r par t 
desc r i p t i ons . The best match of corresponding 
subsets can be made by matching the la rges t par ts 
(bod ies) , the next l a rges t (heads) and one of the 
next la rges t (necks), which t r i p l e s preserve roughly 
the same re la t i onsh ips between t h e i r par ts and 
account f o r around 0.75 of t h e i r areas. With these 
subsets matched the f r o n t j unc t ions and legs of a 
horse are contiguous and would be t rea ted as one 
lumped p a r t , as would the rear junc t ions and legs . 
S i m i l a r l y , the f r o n t legs and hooves of the cow 
would be lumped as would the 3 rear leg par ts and 
hooves. 

The three matched par ts are now considered 
i n d i v i d u a l l y to look f o r c l u s t e r i n g w i t h i n each 
p a r t . For the bod ies , the major d i f fe rence is in 
area between cow and horses, which might form a 
c l u s t e r i n g c h a r a c t e r i s t i c w i t h a la rger sample. 
There is l i t t l e evidence of c l u s t e r i n g from the 
head measures. For the necks there is evidence of 
h igher compactness, lower e longat ion and higher 
area measures f o r the horses which again might 
form c l u s t e r i n g c h a r a c t e r i s t i c s . The t r i p l e s would 
now be examined in a space w i t h axes chosen from 
body area, neck compactness, neck e longa t ion , neck 
area p lus i n t e r p a r t r e l a t i o n s , such as d i r e c t i o n 
between par t cen t res . 

In f a c t f o r these three animals, using the 
above four par t measures, there is a c lear i n d i ­
ca t ion of d i f f e rence between the horses and the cow 
i n d i c a t i n g a probable c l u s t e r s t r u c t u r e . 

Average values of the ob jects in each c l u s t e r 
go to form pro to types . In t h i s case the p r o t o ­
t y p i c a l horse s i l houe t t e would cons is t of the s im­
p l i f i e d rep resen ta t ion : body, neck, f r o n t l e g s , 
h ind legs , t a i l , together w i t h t h e i r average 
measures and r e l a t i o n s . 

The 3 rows g i v e measures of 1) compac tness , 
2 ) e l o n g a t i o n 3 ) p r o p o r t i o n a l a rea i n each c a s e . 

CONCLUSIONS 
T h i s i s a n ( e x t r e m e l y b r i e f ) o u t l i n e o f t h e 
app roach w e a r e t a k i n g t o machine l e a r n i n g . A l ­
t hough i t i s p r e s e n t l y l i m i t e d t o s i m p l e v i s u a l 
c a t e g o r i z a t i o n i t i s hoped t h a t b y s t u d y i n g 
l e a r n i n g a t t h i s f u n d a m e n t a l l e v e l w e w i l l p r o v i d e 
a f o u n d a t i o n f o r models o f h i g h e r l e v e l l e a r n i n g , 
and t h a t p r i n c i p l e s o f o r g a n i z a t i o n s t h a t emerge 
i n c a t e g o r i z a t i o n w i l l a l s o b e i n c o r p o r a t e d t h e r e . 
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