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Summary 

This paper deals w i t h the genera l 
problem o f a s s o c i a t i o n i n a r t i f i c i a l i n ­
t e l l i g e n c e . The suggested approach is 
based on a mu l t i d imens iona l i n f o r m a t i o n 
space t h a t organizes i t s e l f as a l a rge 
number of e lementary assoc ia t i ons are 
s u p p l i e d . The space conta ins such e n t i ­
t i e s as words, t e c h n i c a l te rms, symbols, 
phrases , and proper names, as may be 
a p p r o p r i a t e f o r i n f o r m a t i o n r e t r i e v a l , 
language p rocess ing , problem s o l v i n g , e t c . 
A s e t - t h e o r e t i c t r a n s f o r m a t i o n of the 
space is a p p l i e d . The r e s u l t i n g system is 
capable o f responding w i t h whatever e n t i t y 
i s most r e l e v a n t t o the e n t i t i e s se lec ted 
f o r i n q u i r y . There i s no s e q u e n t i a l 
sea rch . L i f e l i k e c h a r a c t e r i s t i c s i n c l u d e 
p a r a l l e l p rocess ing , e q u i p o t e n t i a l memory, 
t o l e r a n c e t o ma l func t i ons and i nexac t i n ­
p u t s , random connect ion and shar ing of 
l o g i c a l e lements , and a d a p t a b i l i t y . S ta ­
t i s t i c a l performance i s b r i e f l y desc r i bed , 
t o g e t h e r w i t h the r e s u l t s o f s m a l l - s c a l e 
computer s i m u l a t i o n s . A t e n t a t i v e h a r d ­
ware des ign is o u t l i n e d , based on MOS 
techn iques c u r r e n t l y under development. 

I n t r o d u c t i o n 

The purpose o f t h i s paper is to o u t ­
l i n e a new t h e o r e t i c a l approach to bas ic 
problems of a s s o c i a t i o n t h a t occur in many 
a p p l i c a t i o n s o f a r t i f i c i a l i n t e l l i g e n c e . 
A s s o c i a t i o n , o r the l i n k i n g o f mu tua l l y 
r e l e v a n t p ieces o f i n f o r m a t i o n , l i e s a t the 
h e a r t o f a l l c o g n i t i v e behav io r , and t h e r e ­
f o r e war ran ts i n t e n s i v e study on i t s own 
te rms. The approach descr ibed in t h i s 
paper leads to a type of conceptua l model 
and system o r g a n i z a t i o n t h a t e x h i b i t un­
u s u a l l y l i f e l i k e p r o p e r t i e s . 

I n pu rsu ing t h i s s tudy , I found i t 
d i f f i c u l t t o b u i l d upon s p e c i f i c techniques 
o f p rev ious work. However, c e r t a i n con­
cepts and i n s i g h t s developed over the past 
few decades were h e l p f u l in f o r m u l a t i n g 
the approach; i n p a r t i c u l a r , Ashby's 
homeostat ic mechanism1, Hebb's coopera t i ve 
c e l l - a s s e m b l i e s 2 , R o s e n b l a t t ' s success fu l 
use of random n e t s 3 , and Weiss 's view of 
the o rgan ic growth of knowledge1*. Some of 
the work of MacKay5, von Neumann6, R e i s s 7 , 
and o the rs is a l so r e l e v a n t . Space does 
not pe rm i t an adequate d i scuss ion of these 
c o n t r i b u t i o n s , bu t the approach taken in 
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t h i s paper can be seen to r ep resen t a 
syn thes is of such i d e a s , aimed at a p o s s i ­
b l e method f o r d e a l i n g w i t h the gene ra l 
problem o f a s s o c i a t i o n . 

Funct ions of an A s s o c i a t i v e Model 

Our u l t i m a t e o b j e c t i v e i s t o des ign 
machines t h a t behave " c r e a t i v e l y " w i t h 
respect t o the i n f o r m a t i o n they r ece i ve 
from t h e i r env i ronment . We would l i k e to 
p rov ide machines w i t h genera l and 
e f f i c i e n t f a c u l t i e s f o r concept f o r m a t i o n , 
i n d u c t i o n , d i s c o u r s e , c o n j e c t u r e , drawing 
ana log ies , and the l i k e . Le t us t r y to 
i d e n t i f y a few of the o b j e c t i v e f u n c t i o n s 
i m p l i e d by such behav io r . 

One of the r e q u i r e d f u n c t i o n s is the 
a b i l i t y to make use of any and a l l s t o r e d 
i n f o r m a t i o n as the need a r i s e s . The more 
a system s e l e c t i v e l y takes advantage of 
pas t exper ience , the more success fu l i t 
w i l l be in hand l i ng new exper ience . But 
the "need" f o r c e r t a i n s t o red i n f o r m a t i o n 
must f i r s t be recognized as a f u n c t i o n of 
the p a r t i c u l a r s i t u a t i o n a t hand. Th is 
can be accomplished through the percep­
t i o n of key elements and element combina­
t i o n s i n the s i t u a t i o n , bu t pe r cep t i on 
and r e c o g n i t i o n should occur even i f the 
r e l e v a n t i n f o r m a t i o n had been expressed 
i n d i f f e r e n t terms when s t o r e d . I n 
a d d i t i o n , a dynamic system should accept 
new i n f o r m a t i o n in a way t h a t u s e f u l l y 
r e l a t e s i t t o a l l o f the s t o r e d i n f o r ­
ma t i on . When new i n f o r m a t i o n i n v a l i d a t e s 
some o l d i n f o r m a t i o n , the l a t t e r must be 
mod i f i ed o r even r e s t r u c t u r e d w i t h o u t 
j e o p a r d i z i n g v a l i d i n f o r m a t i o n . The 
same is t r u e when the meanings of some 
elements are s h i f t e d , s p e c i a l i z e d , 
g e n e r a l i z e d , s p l i t , o r combined w i t h the 
passage of t i m e . 

To a l a r g e e x t e n t , the degree of 
success o b t a i n a b l e in the performance o f 
such f u n c t i o n s depends on the na ture of 
the a s s o c i a t i v e l i n k s w i t h which elements 
of i n f o r m a t i o n are o rgan i zed . When the 
l i n k s are few and r i g i d , the system can 
be expected to have l i m i t e d c a p a b i l i t y . 
When a s s o c i a t i o n s are r i c h and dynamic, 
t he re is a g rea te r chance of success. 
What we e v i d e n t l y need is a genera l and 
f l e x i b l e a s s o c i a t i v e mechanism by which 
p a t t e r n s o f re levance can be l a r g e l y s e l f -
o rgan ized and s e l f - m a i n t a i n e d . 



A customary approach in des ign ing 
c o g n i t i v e systems is to beg in by con­
s t r u c t i n g a model t h a t rep resen ts as 
c l o s e l y as p o s s i b l e the a p p r o p r i a t e i n ­
f o rma t i on mac ros t r uc tu re , proceed ing from 
the genera l to the s p e c i f i c . (Here the 
term "mac ros t ruc tu re " r e f e r s to an o v e r a l l 
o r g a n i z a t i o n of the data to be handled by 
the system. Such macros t ruc tu res are the 
t r a d i t i o n a l means by which complex 
r e l a t i o n s h i p s are v i s u a l i z e d , reco rded , 
and communicated.) Using t h i s approach, 
the des igner proceeds to impose assoc ia ­
t i v e l i n k s h i e r a r c h i c a l l y and a t tempts t o 
a n t i c i p a t e p o t e n t i a l modes o f a d a p t a t i o n . 

I t i s q u i t e p o s s i b l e , however, t o 
choose the oppos i te d i r e c t i o n f o r con­
s t r u c t i n g an i n t e r n a l model . One cou ld 
beg in w i t h a l a r g e number of e lementary 
a s s o c i a t i o n s known to be r e l e v a n t , and 
l e t the mac ros t ruc tu re be i m p l i e d by the 
c h a r a c t e r i s t i c s o f the r e l a t a , r a t h e r than 
p rede te rmined . For example, a c h i l d l ea rns 
about animals and t h e i r approximate g roup­
ings long be fo re he can be taugh t to view 
the animal kingdom t a x o n o m i c a l l y . I n t h i s 
case, the obvious d i f f e r e n c e s between 
i n s e c t s , f i s h , b i r d s , and mammals r e a d i l y 
imply the ex i s tence o f a t l e a s t f ou r major 
groups. Only l a t e r are s p i d e r s , b a t s , and 
do lph ins p o i n t e d out to be s p e c i a l cases, 
and they are o f t e n remembered as such. 

Another example appears in the l e a r n ­
i ng of a n a t i v e language, whereby grammar 
and syntax are u n i v e r s a l l y i n f e r r e d from 
s imple i l l u s t r a t i o n s . Indeed, few people 
ever achieve an accura te concep t ion of the 
s t r u c t u r e o f t h e i r n a t i v e language. 

Desp i te the apparent conciseness o f 
i n f o r m a t i o n m a c r o s t r u c t u r e s , t h e i r use f o r 
genera l purposes of a s s o c i a t i o n may 
a c t u a l l y impede performance of the 
c o g n i t i v e f u n c t i o n s desc r ibed above. I n 
p a r t i c u l a r , i t would b e d e s i r a b l e i f 
elements o f i n f o r m a t i o n cou ld be f r e e l y 
l o c a t e d , a s s o c i a t e d , m o d i f i e d , o r o t h e r ­
wise processed w i t h o u t re fe rence to a 
predetermined m a c r o s t r u c t u r e . 

E n t i t i e s i n I n f o r m a t i o n Space 

The proposed a s s o c i a t i v e mechanism 
can be developed by f i r s t p o s t u l a t i n g an 
i n f o r m a t i o n space i n t o which elements o f 
i n f o r m a t i o n , o r " e n t i t i e s , " can be p laced 
as l o c a l i z e d volumes or p o i n t s . There are 
no r e s t r i c t i o n s on the d i m e n s i o n a l i t y o f 
the space. The space con ta ins such 
e n t i t i e s as Eng l i sh words, t e c h n i c a l te rms , 
symbols, d a t a , phrases, re fe rence numbers, 
and proper names. Each e n t i t y must have 
f i n i t e i n f o r m a t i o n capac i t y and be mean­
i n g f u l l y r e l a t e d t o o the r e n t i t i e s . 

Now, a conven ient way to a l l ow 
a s s o c i a t i v e l i n k s t o form i s s imp ly t o put 
r e l a t e d e n t i t i e s c lose t o one ano the r . 
Since our i n f o r m a t i o n space can have any 
number of d imens ions, each e n t i t y can 
always be p laced ad jacen t to any number of 
r e l a t e d e n t i t i e s . I f i t l a t e r becomes 
necessary to b r i n g remote reg ions t o g e t h e r , 
the space s u f f e r s no worse t o p o l o g i c a l 
d i s tu rbance than does a s t r i n g when a 
loop is made in i t . I f more room must be 
made a v a i l a b l e in a p a r t i c u l a r r e g i o n , the 
space can s t r e t c h l i k e a rubber band w i t h 
i n f i n i t e compl iance. Thus the space can 
be as f l e x i b l e and dynamic as r e q u i r e d , 
and the a s s o c i a t i o n s i t con ta ins can be as 
r i c h as r e q u i r e d . 

For purposes of mechan iza t i on , we 
must now impose some a r b i t r a r y conven t ions . 
There are two c lasses of e n t i t i e s . Ex­
p l i c i t e n t i t i e s (E ) are those d e l i b e r a t e -
r e 
l y en te red as express ions in the i n p u t 
language. I m p l i c i t e n t i t i e s ( E i ) , though 
mean ing fu l to the system, are u n v e r b a l i z e d . 
They are a u t o m a t i c a l l y i n s e r t e d among the 
E when a s s o c i a t i o n s are formed. ( I t w i l l 

e 
be shown t h a t l ong - t e rm s to rage of the Ee 
i s unnecessary. ) 

Each E. is l i n k e d to e x a c t l y t h ree E , 
1 " 

thus forming the cen te r of a t h r e e - p o i n t e d 
s t a r . There is no l i m i t , however, on the 
number of l i n k s a t tached to an E . Any 
th ree E l i n k e d to a common E. are s a i d e 1 
to be members of a " t r i p l e t . " F igure 1 
shows a s imple t h ree -d imens iona l r e p r e ­
s e n t a t i o n o f a reg ion o f the i n f o r m a t i o n 
space. Note t h a t an E can be a member of 
seve ra l t r i p l e t s , and t h a t two d i f f e r e n t 
t r i p l e t s can share two (but no t t h ree ) 
common members. The leng ths of the l i n k s 
have no s i g n i f i c a n c e . 

The t r i p l e t convent ion was chosen 
because, in deve lop ing a rud imentary 
system, I was f o r ced to adopt a cons tan t 
number of members per g roup. The use of 
two members per g roup, I f e l t , was too 
u n s p e c i f i c f o r most a s s o c i a t i v e purposes, 
w h i l e f ou r seemed unnecessa r i l y r i g i d . 
Neve r the less , the use of t r i p l e t s a l l ows a 
s u b s t a n t i a l v a r i e t y o f a s s o c i a t i v e 
s t r u c t u r e s t o fo rm. 

For b r e v i t y , we s h a l l r e f e r t o a l l 
e x p l i c i t e n t i t i e s a s "words , " but t h e i r 
genera l na tu re should be kept in mind. 
For example, the e n t i r e Get tysburg 
Address cou ld be cons idered as a word , 
s ince i t has f i n i t e i n f o r m a t i o n con ten t 
and i s r e l e v a n t t o " L i n c o l n , " " C i v i l War," 
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"1863 , " e t c . Note, however, t h a t most 
languages tend to reduce long express ions 
to sho r t ones where f e a s i b l e . Thus we 
can unambiguously r e f e r t o t h i s e n t i r e 
speech by an express ion con ta i n i ng on ly 
17 l e t t e r s and a space. Fur thermore, the 
speech is very s t r o n g l y suggested by the 
s i n g l e n i n e - l e t t e r word " f o u r s c o r e . " 
Hence we s h a l l assume t h a t a l l usable 
e n t i t i e s have a l i m i t e d w o r d - l e n g t h , and 
can t h e r e f o r e be descr ibed s imply as 
"words . " 

Storage of any t r i p l e t in the system 
e s t a b l i s h e s a p a r t i c u l a r s t rong re levance 
among i t s words. However, the f u l l mean­
i ng of the a s s o c i a t i o n cannot be de r i ved 
from the s i n g l e t r i p l e t , but depends on 
the t r i p l e t ' s l o c a t i o n and i n t e r c o n n e c t i o n 
among many o ther t r i p l e t s . When a t r i p l e t 
i s s t o r e d , i t acts t o p u l l t oge the r 
se lec ted p o r t i o n s o f the i n f o r m a t i o n space. 
Hence the t o t a l r eg ion o f a s s o c i a t i v e i n ­
volvement can be i n d e f i n i t e l y l a rge and 
complex. 

Fo l l ow ing s torage (or between subse­
quent s torages) i t i s poss ib le t o address 
the i n f o r m a t i o n space, o r " i n q u i r e , " w i t h 
two words. If these are common members 
of any t r i p l e t , we want the system to 
respond prompt ly w i t h the t h i r d word o f 
the t r i p l e t . Th is should occur regard less 
o f the d i r e c t i o n from which the t r i p l e t i s 
addressed. in some cases, the response 
to a s i n g l e - t r i p l e t i n q u i r y may be very 
h e l p f u l t o the user o f the system; i n 
o the r cases, i t may seem redundant . In a l l 
cases, the response w i l l be meaningfu l and 
r e l e v a n t to both words o f the i n q u i r y . 

Other modes of ope ra t i on i n v o l v e the 
concatenat ion of two or more s i n g l e - t r i p l e t 
i n q u i r i e s . I f , f o r example, two t r i p l e t s 
share one word, then under c e r t a i n c o n d i ­
t i o n s the system can respond in a manner 
t h a t s imu la tes r e c o g n i t i o n o f an analogy. 
Of course, the re w i l l be many cases in 
which two t r i p l e t s t h a t share one word do 
not n e c e s s a r i l y represent an analogy. 
Here the theory r e s t s on the f a c t t h a t the 
s p e c i a l r e l a t i o n between the i n q u i r y and 
the response is meaningfu l and probably 
u s e f u l , w h i l e exact l o g i c a l i n t e r p r e t a t i o n s 
are of secondary impor tance. Note t h a t 
responses are in genera l unknown to the 
user u n t i l the system produces them. Once 
produced, they may be so r e v e a l i n g t h a t 
f u r t h e r ana l ys i s i s unnecessary. In any 
case, l o g i c a l i n t e r p r e t a t i o n s cou ld be 
c l a r i f i e d b y f u r t h e r i n q u i r y . 

S i m i l a r l y , t r i p l e t s can be manipulated 
t o form d icho tomies , l i s t s , t a b l e s , and 
c l asses . ( I t i s not impor tan t t o descr ibe 
such s t r u c t u r e s i n d e t a i l a t t h i s p o i n t . 
This is because the p r i n c i p a l model to be 
developed in t h i s paper t rans forms the 

i n f o r m a t i o n space in such a manner t h a t 
the approximate a s s o c i a t i v e "d i s t ance " 
between e n t i t i e s outweighs the form of 
the l i nkages between them.) 

Our i n f o r m a t i o n space thus serves as 
a medium t h a t f a c i l i t a t e s a s s o c i a t i o n 
among r e l a t e d e n t i t i e s — as a chemical 
so l ven t f a c i l i t a t e s the i n t e r a c t i o n o f 
s o l u t e s . The major p r o p e r t i e s of the 
space may be summarized as f o l l o w s : F i r s t , 
each e n t i t y occupies a s i n g l e l o c a t i o n 
determined by i t s re levance to o the r 
e n t i t i e s . Second, m u l t i d i m e n s i o n a l i t y 
a l lows p r a c t i c a l l y u n l i m i t e d reshaping 
(growth, sh r inkage , f o l d i n g , e t c . ) w i t h o u t 
d i s t o r t i n g e x i s t i n g a s s o c i a t i o n s . T h i r d , 
the fundamental u n i t o f a s s o c i a t i o n is a 
group of th ree words, l i n k e d as a t r i p l e t 
by v i r t u e o f t h e i r mutual re levance . 
Such t r i p l e t s cou ld be used as b u i l d i n g 
b locks t o form l a r g e r s t r u c t u r e s . F o u r t h , 
the bas ic mode of i n p u t / o u t p u t i n t e r ­
a c t i o n i s the i n q u i r y , i n which two i n p u t 
words evoke a s i n g l e word response. 
F i f t h , i n q u i r i e s may be concatenated to 
pursue a l i n e o f i n v e s t i g a t i o n , r ep resen t -
able as a cont inuous path from t r i p l e t to 
t r i p l e t . 

System Organ iza t ion 

Despi te the complex i ty o f the i n f o r ­
mat ion space and i t s many i n t e r c o n n e c t i n g 
s t r u c t u r e s , the s i n g l e t r i p l e t should be 
s imple enough to mechanize by a l g o r i t h m i c 
process ing of one k i n d or another . The 
form of p rocess ing chosen should a l l ow us 
t o s t o re i n f o r m a t i o n by p u t t i n g i n th ree 
E and having the system d e f i n e a s u i t a b l e 
E. . To r e t r i e v e i n f o r m a t i o n , we would 
i npu t two E and l e t the system loca te the 
corresponding E. ( i n e f f e c t , f i n d the area 
of maximum r e l e v a n c e ) . The t h i r d E would 
then r e s u l t from i n t e r a c t i o n between the 
g iven E and the E. . I f such opera t ions e 1 
cou ld be c a r r i e d out independent ly o f 
o ther t r i p l e t s , we need not be concerned 
w i t h the macroscopic comp lex i t i e s o f the 
i n f o r m a t i o n space a t a l l . 

Our method of a t t ack was mot iva ted by 
wel l -known b i o l o g i c a l ev idence: p a r a l l e l 
p rocess ing , e q u i p o t e n t i a l memory, ex tens ive 
shar ing o f l o g i c a l e lements , random- l ike 
i n t e r c o n n e c t i o n , and the l i k e . These 
c h a r a c t e r i s t i c s suggested a s e t - t h e o r e t i c 
s o l u t i o n i n which the e n t i t i e s o f the 
i n f o r m a t i o n space are t ransformed i n t o 
b ina ry s e t s . 

The hea r t of our system is a l a rge 
c e l l u l a r a r ray con ta i n i ng K i d e n t i c a l 
u n i t s . Each u n i t , o r c e l l , has p r o v i s i o n s 
f o r s imple l o g i c a l opera t ions and a 
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c a p a c i t y o f one b i t o f permanent memory. 
The c e l l s operate independent l y of one 
ano ther . By means of language-dependent 
encoding (descr ibed be low) , words can be 
represen ted as d i s t i n c t i v e p a t t e r n s o f 
b i n a r y c e l l a c t i v i t y . Encoding i s such 
t h a t each word w i l l have i t s own i n v a r i a n t 
p a t t e r n . An approx imate ly cons tan t 
f r a c t i o n o f the c e l l s , w , i s energ ized by 
any s i n g l e word , independent of word 
l e n g t h . Thus the se t o f a c t i v e c e l l s 
W = Kw. (We s h a l l use c a p i t a l l e t t e r s to 
r e f e r to e i t h e r the name or the number of 
a s e t . ) I f p a t t e r n s o f a c t i v i t y cou ld be 
d i s p l a y e d , they would appear random and 
reasonably u n i f o r m i n s p a t i a l d i s t r i b u t i o n . 

Let W-, W2 W3 r ep resen t the t h ree 
word p a t t e r n s o f a t r i p l e t to be s t o r e d 
(F igure 2 a ) . The i m p l i c i t e n t i t y l i n k i n g 
these words can be modeled as the l o g i c a l 
i n t e r s e c t i o n o f the t h ree s e t s , o r 
E i = W i n W 2 n W 3 " I f t h e w o r d s a r e i n p u t 
s e q u e n t i a l l y , each c e l l needs two b i t s o f 
temporary s to rage t o determine whether i t 
i s a member o f E . . I f i t i s , the c e l l 
r e g i s t e r s a 1 in i t s permanent memory; i f 
n o t , i t s memory remains at 0. The 
temporary -s to rage p o r t i o n s o f a l l c e l l s 
are then r e s e t t o t h e i r o r i g i n a l s t a t e s . 
Th is has the e f f e c t o f d i s c a r d i n g a l l o f 
the i n p u t except the r e s i d u a l E . . F igure 
2b i l l u s t r a t e s the complete s to rage se ­
quence. The c i r c l e s show the l o c a t i o n s of 
E 1 c e l l s ( i t i s assumed t h a t two o f these 
had p r e v i o u s l y been r e g i s t e r e d ) . 

As shown by the c e l l in the lower l e f t 
co rner of each a r r a y , permanent memory 
accumulates as the l o g i c a l un ion of 
i m p l i c i t e n t i t i e s : 

U E. M - E i l U E i 2 U E i 3 U . . J i t ' 
where t i s the t o t a l number o f t r i p l e t s 
s t o r e d and M is the se t o f r e g i s t e r e d 
memory c e l l s . An impor tan t system 
parameter is m = M/K, the t o t a l d e n s i t y of 
memory. 

Upon i n q u i r y , W, and W~ se t up an 
" i n q u i r y p a t t e r n " Q = W , n w 2 , as shown by 
the c e l l s marked 2 in f i g u r e 2c. The 
c o r r e c t response R ( i n t h i s case R = W~) 
cannot b e r e t r i e v e d d i r e c t l y , bu t i t can 
be approximated by a process of c e l l 
e l i m i n a t i o n . The ru le_can be s t a t e d 
s y m b o l i c a l l y a s Q f lMCR; t h a t i s , c e l l s 
t h a t be long to the i n q u i r y Q, bu t are not 
members of the t o t a l memory p a t t e r n M, 
cannot p o s s i b l y be long to the response R. 
Th is i s obv i ous l y so , f o r any c e l l t h a t i s 
a member of bo th Q and R is by d e f i n i t i o n 
a member of W , n w 2 n w 3 , and hence would 

have been r e g i s t e r e d as a member of M 
d u r i n g s t o r a g e . Th is r u l e a l l ows the 
system to e l i m i n a t e the two c e l l s marked 
X in the f i n a l a r ray o f F igu re 2c. The 
remain ing seven c e l l s i n c l u d e the f i v e o f 
W 3 p lus two f a l s e c e l l s , bu t the l a t t e r 
are not p a r t i c u l a r l y t roub lesome. 

In d e s c r i b i n g the s to rage and i n q u i r y 
modes, we t r e a t e d e x p l i c i t e n t i t i e s as 
a r b i t r a r y p a t t e r n s . Encoding i s r e q u i r e d 
t o r e l a t e these p a t t e r n s t o a c t u a l 
express ions i n the i n p u t / o u t p u t language. 
I n i t s p resen t f o rm , the encoding method 
a r t i f i c i a l l y extends words up to a 
s tandard number of c h a r a c t e r s . Th is is a 
conven ient way of r e g u l a t i n g w, t he 
r e l a t i v e d e n s i t y o f word p a t t e r n s . 
Ex tens ion is accompl ished s imp ly by r e p e a t ­
i n g the word u n t i l a s tandard l e n g t h X is 
reached. The system's a lphabet can c o n t a i n 
any reasonable number of cha rac te rs a; 
l i k e X, a must be c o n s t a n t . If a = 38, 
f o r example, t he re i s room f o r 26 l e t t e r s , 
10 numera ls , a space symbol ( b ) , and an 
end-o f -word symbol ( e ) . I f a l l 38 charac­
t e r s are assumed to occur w i t h equa l 
f requency , and if we take X = 19, t he re 
w i l l be almost 100 b i t s per word - - a 
s u b s t a n t i a l c a p a c i t y f o r exp ress ing E n g l i s h 
words, names, e t c . Accord ing to these 
r u l e s , " s t r o n t i u m 90" would be i n p u t as 
STR0NTIUMb9OeSTR0NT. 

Character sequence i s taken i n t o 
account by numbering the l e t t e r " p l aces " 
f rom 1 to X and combining these numbers 
w i t h t h e i r cor respond ing c h a r a c t e r s . 
"S t ron t i um 90" then becomes a s i m u l ­
taneous combinat ion of 19 symbols whose 
o rder is un impo r tan t : 17, M9, N5, N18, 
04 , 017, R3, R16, S i , S14, T2, T6, T15, 
T19, U8, 911 , 012, b lO , e l 3 . 

The system t r e a t s a l l 722 symbols 
(aX) e q u a l l y and i ndependen t l y . Each 
symbol is represen ted as a f i x e d , random 
p a t t e r n in the c e l l u l a r a r r a y . The 722 
p a t t e r n s can o v e r l a p , y e t each i s 
d i s t i n c t i v e . Since the p a t t e r n s are f i x e d , 
the encoding of each symbol can be w i r e d 
i n . a s an i n t e r c o n n e c t i o n t r e e — the re i s 
no need to w a i t f o r t a b l e l ook -up o r 
o the r a u x i l i a r y o p e r a t i o n s . Permanent 
encoding i s f e a s i b l e because t h e r e i s no 
fundamental reason f o r changing the 
p a t t e r n s . The on ly known c o n d i t i o n s f o r 
e f f i c i e n t encoding are (a) a cons tan t 
o p t i m a l number of c e l l s per symbol , and 
(b) complete independence among p a t t e r n s . 
Th is requ i rement f o r s t r i c t independence 
is the main reason f o r us ing random 
connec t i ons . ( I n f a c t , a l l a t tempts t o 
improve encoding by i n t e r f e r i n g w i t h 
t h i s independence have f a i l e d . ) 
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Let C represen t the set o f c e l l s 
energ ized by a s i n g l e symbol. Then word 
p a t t e r n s r e s u l t f rom the union of symbol 
p a t t e r n s : 

w = c 1 u c 2 u c 3 u . . . u c r 
We can now c a l c u l a t e w as a f u n c t i o n of 
A and c (where c is the symbol p a t t e r n 
d e n s i t y C/K, or "encoding d e p t h " ) . Def ine 
the complementary v a r i a b l e s w = 1-w and 
c = 1-c. Assuming o r t h o g o n a l i t y , w w i l l 
be approx imate ly equal to the A power of 
c. For c = 0.02 and A = 19, w is about 
0 .32. The encoding depth c is a c r i t i c a l 
parameter inasmuch as i t d i r e c t l y a f f e c t s 
the r e l a t i v e d e n s i t i e s o f words, t r i p l e t s , 
and t o t a l memory. A l l o f these v a r i a b l e s 
i n t e r a c t to produce a c e r t a i n o v e r a l l 
system e f f i c i e n c y . 

Upon i n q u i r y , the c r i t e r i o n QOMCR 
i s a p p l i e d i n t e s t i n g every language 
symbol. For example, i f the symbol S6 
i nc ludes in i t s _ s e t C one or more c e l l s 
t h a t are in Q O M , the symbol can be 
e l i m i n a t e d as a poss i b l e candidate f o r the 
s i x t h p lace in the response word. How­
ever , i f the symbol T6 happens to be one 
o f the c o r r e c t symbols, i t w i l l always 
pass t h i s t e s t . Thus the c o r r e c t response 
R w i l l always emerge, though it may be 
accompanied by a number of nonsense words, 
depending on system e f f i c i e n c y . In gener­
a l , l a r g e r values of c (up to a p o i n t ) can 
present more o p p o r t u n i t i e s to t e s t a g iven 
symbol and can thereby suppress f a l s e sym­
bo ls more e f f i c i e n t l y . 

The encoding scheme descr ibed above 
i s a d m i t t e d l y c rude; i n d i s t i n g u i s h i n g 
cha rac te rs by t h e i r exact p o s i t i o n s i n 
words, i t takes no account o f l i n g u i s t i c 
c o n s i d e r a t i o n s . Never the less , i t has 
been found to be e f f e c t i v e . Whi le pe r fo rm­
ing the i n t e r f a c i a l t r a n s f o r m a t i o n between 
the e x t e r n a l language and the c e l l u l a r 
a r r a y , the encoding process c a r r i e s w i t h 
i t some very u s e f u l f u n c t i o n s . F i r s t , i t 
a l l ows e n t i t i e s to be d ispersed and r e ­
cons t ruc ted w i t h equal ease; the same 
p h y s i c a l s t r u c t u r e cou ld accompl ish b o t h . 
Second, i t enhances the e f f i c i e n c y o f the 
system in determining_R from on ly a 
p a r t i a l knowledge of R. ( I n a l a r g e 
system, the p r o b a b i l i t y t h a t a wrong 
response symbol con ta ins no c e l l s t h a t are 
in QOM is very s m a l l . ) T h i r d , and most 
s i g n i f i c a n t from a t h e o r e t i c a l s t a n d p o i n t , 
encoding makes d i r e c t use of the r i chness 
and v a r i e t y o f language f o r the 
r e p r e s e n t a t i o n o f concepts . 

At t h i s p o i n t , the system as a whole 
can be seen to have the f o l l o w i n g 
p r o p e r t i e s : F i r s t , i t enables m u l t i ­
d imens iona l a s s o c i a t i v e s t r u c t u r e s to be 
s t o r e d as t r ans fo rma t i ons o f i m p l i c i t 
e n t i t i e s o n l y . Since the l a t t e r r e s u l t 

f rom the i n t e r s e c t i o n o f word p a t t e r n s , 
r e l a t i v e l y few b i t s are added to the 
t o t a l memory as each t r i p l e t i s s t o r e d . 
Most o f the i n p u t is d i sca rded imme­
d i a t e l y . Second, memory is accumulated 
in the form o f ove r l app ing quasi- random 
p a t t e r n s t h a t bear no s imple r e l a t i o n to 
e x t e r n a l i n f o r m a t i o n s t r u c t u r e s . I n f o r ­
mat ion d i f f u s e s throughout the memory. 
T h i r d , l o g i c a l elements ( c e l l s ) are 
e x t e n s i v e l y shared, randomly connected, 
and operated s imu l t aneous l y . The i r 
combined a c t i o n i s s t a t i s t i c a l , bu t no t 
i n d e t e r m i n a t e . L o g i c a l f u n c t i o n s , tem­
porary s t o rage , and permanent memory a l l 
i n t e r a c t l o c a l l y . F o u r t h , i n d i v i d u a l c e l l 
ma l f unc t i ons would not render the system 
i n o p e r a t i v e , s ince t he re would no rma l l y 
be many c e l l s a v a i l a b l e f o r redundant 
p rocess ing . Ma l f unc t i ons would i n s t e a d 
have the e f f e c t o f reduc ing o v e r a l l 
e f f i c i e n c y . 

System Performance 

For any g iven i n q u i r y cor respond ing to 
a s to red t r i p l e t , the number o f c h a r a c t e r s , 
N , t h a t emerge at a g iven l e t t e x - p l a c e 
must be an i n t e g e r l a r g e r than 0. The 
number of p o s s i b l e words, Nw , t h a t emerge 
as combinat ions of these charac te rs is then 
the product of the A values of N . I f the 
i n q u i r y does not correspond to a s to red 
t r i p l e t , N w i l l u s u a l l y van ish i n a t l e a s t 
one l e t t e r - p l a c e , y i e l d i n g N = 0 . 

On a s t a t i s t i c a l b a s i s , the expected 
va lues of N and N are minimum at a 
c e r t a i n optimum encoding depth c ' . 
P r e l i m i n a r y c a l c u l a t i o n s show t h a t f o r 
t = 1 (only one t r i p l e t s to red) and 
K = 100, a = 10, A = 5, N a t t a i n s a 

w 
minimum of 2.27 at c' = 0 .26. Out of 
10 p o s s i b l e "words , " the system s e l e c t s 
about two, one of which is bound to be the 
c o r r e c t response. (The o the r i s g e n e r a l l y 
a m i s s p e l l e d v e r s i o n of the c o r r e c t word. ) 
For t =■ 3 and K = 300, performance improves 
t o N ^ 1.30 a t c ' = 0 .16 . w 

I t has been found t h a t optimum per ­
formance occurs at or near the encoding 
depth t h a t produces m = 0 .5 , depending on 
the e x t e n t o f t r i p l e t i n t e r c o n n e c t i o n . 
(Note t h a t the number of combinat ions of 
K i tems taken M at a t ime is a lso maximum 
at M = K/2. ) Use of m = 0.5 s i m p l i f i e s 
the task o f s e l e c t i n g parameters to o b t a i n 
a des i r ed l e v e l o f per formance. 

Values of K ob ta ined in t h i s way may 
be compared w i t h the number of b i na ry 
c e l l s t h a t would be needed f o r o r d i n a r y 
n o n - a s s o c i a t i v e s t o rage . Accord ing t o 
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i n f o r m a t i o n t h e o r y , the number o f b i t s 
r e q u i r e d t o s t o r e 3 t words i s 
3tX l o g 2 a . I n our system, however, i t i s 
p o s s i b l e to s t o r e t unconnected t r i p l e t s 
(3 t words) in fewer c e l l s , p rov ided a 
l a r g e enough va lue of N can be t o l e r a t e d . 
I n e f f e c t , the system t rades o f f p r e c i s i o n 
o f response f o r a s s o c i a t i v e power. 
E v i d e n t l y , such economy of s to rage is a 
r e s u l t o f our hav ing d i sca rded a l l bu t the 
i m p l i c i t e n t i t i e s . 

Larger va lues of N ( e . g . , 10 to 
1000) would be acceptab le i f t he system 
were p rov ided w i t h a second memory, whose 
f u n c t i o n i t i s t o check which o f the 
response words are l i k e l y to be v a l i d . 
Such a "word memory" would have i t s own 
encoding p r o v i s i o n s and would opera te in 
a manner analogous to the main " t r i p l e t 
memory." B r i e f l y , the word memory would 
use a l a r g e r va lue of c and would s t o r e 
on ly the W p a t t e r n f o r each word , l e t t i n g 
memory accumulate as the un ion of the 
i n d i v i d u a l W s e t s . (The l a r g e c and 
complementary l o g i c are chosen because 
X>3.) F o l l o w i n g i n q u i r y , the system would 
pause to t e s t each ou tpu t word in sequence. 
Those words t h a t pass the t e s t are then 
t r a n s m i t t e d as responses. The c o r r e c t 
response always emerges. 

D i g i t a l computer s i m u l a t i o n s o f the 
system were o r i g i n a l l y a t tempted to prove 
whether i t would work i n a t l e a s t an 
e lementary way. Good r e s u l t s were occa­
s i o n a l l y o b t a i n e d , and these inc reased i n 
f requency as more was lea rned about the 
techn ique . E v e n t u a l l y , computer s i m u l a ­
t i o n became the p r i n c i p a l t o o l f o r a l l 
exper iments . 

Because o f capac i t y / speed l i m i t a t i o n s 
and the need to s t o r e l a r g e amounts of 
encoding d a t a , the s i m u l a t i o n a c t u a l l y 
represen ted a very sma l l a s s o c i a t i v e 
system. I t had on l y 160 c e l l s i n the 
t r i p l e t memory and, f o r s i m p l i c i t y , an 
equal number o f c e l l s in the word memory. 
The program used X * 5. Words longer 
than 5 l e t t e r s were t r u n c a t e d ; those 
s h o r t e r than 5 l e t t e r s were s imp ly r e p e a t ­
ed w i t h o u t us ing an end-o f -word symbol . 

One group of exper iments was based on 
the s to rage o f t h r e e unconnected t r i p l e t s 
(9 words) w i t h a » 17. C was s e t at 26 
c e l l s f o r t he t r i p l e t memory and 36 f o r the 
word memory. Wi th these parameters , 
success ive va lues of M a f t e r each s torage 
should t h e o r e t i c a l l y have been 32 .5 , 58 .2 , 
79 .0 . Exper imenta l data agreed t o w i t h i n 
3 c e l l s . For t h ree t r i p l e t s , t h e r e are 
n ine p a i r s o f words t h a t can be used f o r 
p r o d u c t i v e i n q u i r y . Of these n ine 

i n q u i r i e s , seven gave s i n g l e responses, 
one gave two, and one gave t h r e e . In 
each case, the c o r r e c t word was produced. 

Another group of exper iments used 
th ree t r i p l e t s i n t e r c o n n e c t e d i n a r i n g 
s t r u c t u r e (6 words) w i t h a = 16. Here 
performance was bes t w i t h C = 27 and 
M = 66 in the t r i p l e t memory. The de­
creased M i n d i c a t e d g r e a t e r sha r i ng of 
M-ce l l s among i n t e r c o n n e c t e d t r i p l e t s . 
Of the n ine i n q u i r i e s , e i g h t gave s i n g l e 
responses and one gave two. The s i n g l e 
i n c o r r e c t response had one wrong l e t t e r . 
When t h i s m i s s p e l l e d word was l a t e r used 
in two i n q u i r i e s , the system gave s i n g l e 
c o r r e c t responses to each. 

The e f f e c t s of m a l f u n c t i o n were 
t e s t e d b y a r b i t r a r i l y s e t t i n g c e l l s t o 
s t a t e 1 , thus d e s t r o y i n g t h e i r a b i l i t y t o 
e l i m i n a t e t r i a l symbols by the QHM r u l e . 
Using 20% d e s t r u c t i o n (32 c e l l s ) in bo th 
memories, seven i n q u i r i e s gave s i n g l e 
responses, and the remain ing two gave two 
each. At 40% d e s t r u c t i o n , one i n q u i r y 
was s t i l l ab le to produce a s i n g l e 
response. At 55%, one i n q u i r y produced 
two responses. Aga in , the c o r r e c t words 
always emerged. 

The s imu la ted system a l so showed a 
tendency to seek ou t r e l e v a n t e n t i t i e s 
t h a t were not s t o r e d as such. Using the 
t h r e e - t r i p l e t r i n g s t r u c t u r e , two words 
were s e l e c t e d whose r e s p e c t i v e t r i p l e t s 
shared one word . Under normal c o n d i t i o n s , 
i n q u i r y w i t h these two words gave no 
response, s ince they were no t members of 
a common t r i p l e t . However, i t was 
p o s s i b l e to induce a response by (a) 
t e m p o r a r i l y s e t t i n g a number of a r b i t r a r y 
c e l l s to s t a t e 1 , and (b) reduc ing C 
d u r i n g i n q u i r y . A l though f i n e c o n t r o l o f 
these v a r i a b l e s was r e q u i r e d , the system 
cou ld produce a s i n g l e c o r r e c t l y s p e l l e d 
response. Th is was the word t h a t j o i n e d 
the two t r i p l e t s , i . e . , the word most 
r e l e v a n t t o the i n q u i r y . 

T e n t a t i v e Hardware Design 

Cons ide ra t i on has been g i ven to 
p o s s i b l e hardware des ign i n o rder t o 
v i s u a l i z e s i z e , t i m i n g , and modes o f 
c o n t r o l , as w e l l as to i d e n t i f y eng ineer ­
i n g problems t h a t m igh t be encountered 
i f a p r o t o t y p e machine were b u i l t . 

As p r e s e n t l y conce ived , such a 
p r o t o t y p e would be a p a r a l l e l - o r g a n i z e d 
machine whose "program" is a lmost 
comple te ly w i r e d i n . There would be a 
console c o n t a i n i n g an e l e c t r i c t y p e w r i t e r 
used f o r bo th i n p u t and o u t p u t , w i t h 
p r o v i s i o n s f o r i n i t i a t i n g s to rage and 
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i n q u i r y , a d j u s t i n g C, e t c . A separate 
c o n t r o l u n i t would p rov ide s e r i e s / p a r a l l e l 
convers ion o f i npu t s and o u t p u t s , b u f f e r 
s to rage of words and symbols, and master 
t i m i n g c o n t r o l . 

The encoder would c o n s i s t of a 
" f o r e s t " o f aX independent t r e e s , t e r m i n a t ­
i n g i n a l a rge i n t e r c o n n e c t i o n m a t r i x f o r 
random attachment to the memory a r r a y . 
B i d i r e c t i o n a l ope ra t i on cou ld probab ly be 
e f f e c t e d on the bas is o f pu lse p o l a r i t y i n 
the b ranch ing c i r c u i t s . Each branch 
c i r c u i t cou ld be designed (a) to amp l i f y 
and d i s t r i b u t e pulses o f one p o l a r i t y to 
i t s branches in one d i r e c t i o n , and (b) to 
ac t as an OR gate in the oppos i te d i r e c ­
t i o n f o r pu lses o f the oppos i te p o l a r i t y . 
A t e n t a t i v e des ign f o r such a b i p o l a r 
c i r c u i t has been worked o u t . 

The memory a r ray would c o n s i s t of K 
i d e n t i c a l c i r c u i t s , each c o n t a i n i n g a 
two-s tage coun te r , some s imple l o g i c , and 
a memory d e v i c e . (At p resen t , the most 
p rom is ing memory device appears to be the 
a d j u s t a b l e - t h r e s h o l d f i e l d - e f f e c t 
t r a n s i s t o r . See, f o r example, O leks iak , 
et a l 8 . ) Each memory c i r c u i t would have 
a s i n g l e b i d i r e c t i o n a l connect ion to the 
encoder. Other connect ions would be 
common t o a l l c i r c u i t s . I t appears t h a t 
l a r g e - s c a l e MOS technology might be s u i t ­
ab le t h roughou t , w i t h the major problem 
be ing t h a t o f i n t e r c o n n e c t i o n . A r e a l 
machine of any apprec iab le s i ze would 
almost always con ta i n some m a l f u n c t i o n i n g 
c e l l s . However, the impor tan t maintenance 
q u e s t i o n would not be how to avo id mal ­
f u n c t i o n , nor even how to l oca te ma l ­
f u n c t i o n , bu t how o f t e n groups of c e l l s 
shou ld be rep laced to ma in ta in an accept ­
ab le l e v e l o f m a l f u n c t i o n . 

Note t h a t the mechanizat ion o f en ­
coding pe rm i t s a l l symbols to be t e s t e d 
s imu l taneous ly upon i n q u i r y . Consider a 
s i n g l e c e l l i n the a r r a y . I f i t i s not a 
member o f QOM at the t ime o f i n q u i r y , i t 
remains q u i e s c e n t . I f i t i s a member o f 
QOM, i t sends out a " f a i l " pu lse r e g a r d ­
less o f i t s membership in one symbol 
p a t t e r n o r another . The f a i l pu lse w i l l 
f l ow back through the encoding t r ees and 
e l i m i n a t e any symbol t o which i t i s 
connected as a candidate f o r the response 
word. 

Due to such p a r a l l e l o r g a n i z a t i o n , 
o p e r a t i o n would be ext remely r a p i d . For 
example, s torage of a t r i p l e t cou ld be 
completed w i t h i n about 10 c lock cyc les 
a f t e r b u f f e r s torage o f the th ree words. 
I n q u i r y would be even f a s t e r , up to the 
p o i n t at which the word memory begins to 
a c t . T h e r e a f t e r , the t e s t i n g o f each word 
i s e s s e n t i a l l y a t w o - c l o c k - c y c l e o p e r a t i o n . 
A conse rva t i ve es t imate of the c lock r a t e 
would be in the neighborhood of 1 MHz. 

The technique f o r encouraging 
response had been s imu la ted by t e m p o r a r i l y 
s e t t i n g c e l l s t o s t a t e 1 . I n a p ro to t ype 
machine, the same e f f e c t cou ld be ob­
t a i n e d by p a r t i t i o n i n g the memory a r ray 
i n t o sec t i ons and b l o c k i n g the genera t i on 
of f a i l pu lses from one or more s e c t i o n s . 
Since memory is e q u i p o t e n t i a l , we would be 
able to c o n t r o l the s t r e n g t h o f memory 
u t i l i z a t i o n in a way t h a t i s independent 
o f the i n f o r m a t i o n be ing processed. 

Much work remains to be done be fo re 
one cou ld es t imate how a l a r g e system of 
t h i s k i n d might behave. The mathemat ica l 
ana l ys i s should be r i g o r o u s l y rev iewed, 
and s t a t i s t i c a l data c o l l e c t e d by computer 
s i m u l a t i o n . Neve r the less , i t i s p o s s i b l e 
to foresee some u s e f u l improvements and 
m o d i f i c a t i o n s . 

F i r s t , encoding shou ld be expanded 
and made more f l e x i b l e by i n c l u d i n g b i -
grams, t r i g r a m s , common r o o t s , e t c . , and 
by us ing r e l a t i v e p o s i t i o n s o f these i n 
words r a t h e r than exact p o s i t i o n s . Th is 
might enable the system to guess the mean­
ings of many words and express ions be fo re 
they are f o r m a l l y s t o r e d . I t shou ld a l so 
he lp to conserve memory. 

Second, the memory should be sub jec t 
to r e v e r s a l o r decay in o rder to phase 
out obso le te i n f o r m a t i o n and p rov ide c e l l s 
f o r new i n f o r m a t i o n . (The recommended 
memory dev ice has t h i s p o t e n t i a l p r o p e r t y . ) 
We suspect t h a t a con t i nuous , r a t h e r than 
b i n a r y , memory would be best f o r t h i s 
purpose. Th is would pe rm i t f i n e c o n t r o l 
of N as w e l l as g r a c e f u l decay of 
obso le te i n f o r m a t i o n . Feedback should be 
p rov ided to ma in ta i n an optimum e f f e c ­
t i v e d e n s i t y m as the system g r a d u a l l y 
adapts to new i n f o r m a t i o n . 

Conclus ions 

The a s s o c i a t i v e model desc r ibed in 
t h i s paper i s based on the f o l l o w i n g 
a s s e r t i o n s : 

1. One of the most impor tan t 
f a c u l t i e s i n t e l l i g e n t systems w i l l 
r e q u i r e i s an a b i l i t y t o recognize 
and r e t r i e v e p rompt ly whatever 
i n f o r m a t i o n may be u s e f u l f o r 
p rocess ing a g i ven t a s k . 

2 . A major f a c t o r in de te rm in ing 
p o t e n t i a l use fu lness i s the degree 
o f re levance among e n t i t i e s t h a t 
r e s u l t s from a l a rge number of 
s p e c i f i c assoc ia t i ons s to red and 
mod i f i ed throughout the exper ience 
of the system. 

-277-



3. An e f f e c t i v e medium in which to 
rep resen t such a s s o c i a t i o n s is a 
m u l t i d i m e n s i o n a l i n f o r m a t i o n space 
t h a t lends i t s e l f t o u n l i m i t e d 
reshap ing . 

4. An e f f e c t i v e way bo th to d e f i n e 
and address e n t i t i e s embedded in the 
i n f o r m a t i o n space is by means o f d i f ­
fuse random encod ing , t a k i n g advantage 
o f the symbol ic v a r i e t y and r i chness 
i n h e r e n t i n n a t u r a l language. 

The model is capable o f r e t r i e v i n g 
whatever e n t i t y i s most r e l e v a n t t o the 
e n t i t i e s s e l e c t e d f o r i n q u i r y . I n pe r ­
fo rming t h i s f u n c t i o n , the model makes 
use o f p a r a l l e l p r o c e s s i n g , w i t h i t s 
concomitant advantage o f h i g h speed. 
Sequen t i a l search i s absent , o r a t l e a s t 
rep laced by an e d i t i n g p rocedure . Memory 
i s e q u i p o t e n t i a l , p r o v i d i n g a s u b s t a n t i a l 
degree o f immunity t o m a l f u n c t i o n . 
Elements of the memory are e x t e n s i v e l y 
shared among e n t i t i e s , c o n t r i b u t i n g to 
o v e r a l l s to rage economy. Random connec­
t i o n o f the elements has thus f a r proved 
to be s u p e r i o r to o the r schemes of connec­
t i o n , p r o v i d e d c e r t a i n s t a t i s t i c a l r e g u l a r i ­
t i e s are ma in ta i ned . I f a con t i nuous -
d e n s i t y , r e v e r s i b l e memory medium can be 
p r o v i d e d , the model would be i n d e f i n i t e l y 
a d a p t i v e . 

There are t h ree major l i m i t a t i o n s . 
F i r s t , any such system b u i l t f o r a p r a c ­
t i c a l a p p l i c a t i o n must have very many 
elements (K > 10 ). Second, the memory of 
a p a r t i c u l a r system would no t be p h y s i c ­
a l l y expandable (because o f encoding 
c o n s i d e r a t i o n s ) , a l t hough i t cou ld adapt 
to new data a t the expense of " f o r g e t t i n g " 
o l d d a t a . T h i r d , t he re i s always an 
element o f i m p r e c i s i o n ( f o r f i n i t e K) 
t h a t r e q u i r e s i n t e r p r e t a t i o n o n the p a r t 
o f the use r . Note t h a t these l i m i t a t i o n s 
are a l so human ones; I b e l i e v e they go 
hand- in -hand w i t h the l i f e l i k e c h a r a c t e r ­
i s t i c s ment ioned above. 

To overcome c e r t a i n inadequac ies of 
p resen t models i n the f i e l d o f a r t i f i c i a l 
i n t e l l i g e n c e , we shou ld recogn ize t h a t the 
problem of p r o v i d i n g a gene ra l a s s o c i a t i v e 
mechanism must be a t t acked on i t s own 
te rms. Toward t h i s end, we have sought to 
show why o r d i n a r y i n f o r m a t i o n macro-
s t r u c t u r e s , used f o r v i s u a l i z a t i o n and 

communicat ion, are no t n e c e s s a r i l y s u i t ­
ab le as i n t e r n a l models f o r a s s o c i a t i o n . 
Th is paper has o u t l i n e d an a l t e r n a t i v e way 
t o mechanize e s s e n t i a l f u n c t i o n s t h a t w i l l 
some day be r e q u i r e d of i n t e l l i g e n t 
systems. 

The work desc r i bed in t h i s paper was 
suppor ted by the Norden D i v i s i o n o f Un i ted 
A i r c r a f t Co rpo ra t i on as an e x p l o r a t o r y 
research program. 
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