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The a c t i v i t y in smal l networks of randomly 
connected a r t i f i c i a l neurons, s imulated on a 
d i g i t a l computer, i s descr ibed. Networks w i t h 
only e x c i t a t o r y connect ions, and networks w i t h 
both e x c i t a t o r y and i n h i b i t o r y connect ions are 
cons idered. 

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

Much of the work on b r a i n models in the l a t e 
1950's and ea r l y 1960's comprised the cons t ruc ­
t i o n , e i t h e r in hardware, or more commonly by 
s imu la t i on on a d i g i t a l computer, of networks of 
a r t i f i c i a l neurons (he rea f te r the term 'neuron' 
w i l l r e f e r t o a r t i f i c i a l neurons, where necessary 
b r a i n c e l l s w i l l be r e f e r r e d as ' n a t u r a l 
neu rons ' ) . H i s t o r i c a l l y the idea networks o f 
neurons per forming b r a i n l i k e func t ions stems 
from the work of McCulloch and P i t t s . 

S im i l a r work was presented and expanded by 
Kleene , who showed tha t i t is poss ib le to 
represent any d e f i n i t e event ( i . e . an event 
compr is ing a d e f i n i t e set of inpu t sequences but 
not an event whose input sequences extend 
i n d e f i n i t e l y i n t o the past ) i n a f i n i t e automaton 
which cou ld be const ruc ted from McCu l loch-P i t t s 
neurons. Un fo r tuna te l y t h i s work i s o f l i t t l e 
p r a c t i c a l he lp t o model b u i l d e r s , i t po in t s out 
some of the p o s s i b i l i t i e s and l i m i t a t i o n s of the 
excerc ise w i thou t g i v i n g any f i r m gu ide l i nes as 
to the cons t r uc t i on of such models. 

The process of neuron mode l l ing adopted by 
va r ious workers has tended to f o l l o w a f a i r l y 
f i x e d p a t t e r n , s t a r t i n g w i t h a d e s c r i p t i o n o f 
some of the genera l l y assumed p rope r t i es of 
n a t u r a l neurons, and the in te rconnec t ions between 
them, g i v i n g a framework f o r the cons t r uc t i on of 
a network of neurons. These networks have then 
rece ived d i s c r e t e or cont inuous input s t i m u l a t i o n 
and some record made of the r e s u l t a n t p a t t e r n of 
a c t i v i t y . There may or may not be any m o d i f i ­
c a t i o n (adapt ion) o f the network parameters to 
at tempt to demonstrate l ea rn ing by the network. 

Genera l ly assumed p rope r t i es of neurons 

Most model neurons incorpora te a l l or many 
o f the f o l l o w i n g fea tu res (see f i g 1 ) . The 
inpu ts to a neuron may be e i t h e r e x c i t a t o r y , e , , 
( p o s i t i v e ) or i n h i b i t o r y , i , ( nega t i ve ) . Each 
inpu t connect ion has a c e r t a i n weight ascr ibed 
to i t , i f an impulse i s rece ived along a 
p a r t i c u l a r f i b r e an amount o f e x c i t a t i o n ( p o s i t i v e 
or negat ive) p r o p o r t i o n a l to the weight o f the 
connect ion is g iven to the neuron. The neuron 
is a t h resho ld dev ice ; i t has an ' a l l o r none' 
mode of opera t ion and w i l l on ly produce an ou t -
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put ( f i r e ) i f i t s e x c i t a t i o n exceeds a c e r t a i n 
predetermined ( th resho ld ) va lue . 

Thus the neuron w i l l f i r e i f 

(1) 

where T is the th resho ld and e, is p r o p o r t i o n a l 
t o the weight o f the i t h . e x c i t a t o r y connect ion 
i f an input pulse has j u s t been rece ived along 
i t h . f i b r e , and zero otherwise 

The neuron does not t ransmi t an output pulse 
as soon as the e x c i t a t i o n exceeds the th resho ld 
va lue , there is a shor t delay - corresponding to 
the synapt ic delay in n a t u r a l neurons - before 
on output pulse is t r a n s m i t t e d . Although in 
n a t u r a l systems a neuron may apparent ly f i r e at 
any t ime , i n s imu la t i on experiments i t i s only 
poss ib le t o deal w i t h d i s c r e t e t ime i n t e r v a l s , 
thus the synapt ic delay t ime , t , i s usua l l y taken 
as the u n i t of t ime . Therefore i f a t t ime t - 1 
a neuron rece ives an amount of e x c i t a t i o n greater 
than i t s th resho ld va lue i t w i l l t ransmi t a n 
output pulse at t ime t =0 to a l l neurons 
connected to i t s axon branches, t h i s output 
becomes an input to these neurons at t ime t ■ 0, 
unless some speed of t r a v e l c o n s t r a i n t is app l ied 
t o the connect ions. Normally a l l c e l l s w i t h 
which an axon system connects rece ive inpu ts in 
the same t ime i n t e r v a l i r r e s p e c t i v e of t h e i r 
d is tance from the o r i g i n a t i n g c e l l . 

I f a neuron does not f i r e in a p a r t i c u l a r 
t ime step a f t e r r e c e i v i n g some e x c i t a t i o n then, 
in many models, i t s e x c i t a t i o n does not 
immediately drop to zero but f a l l s exponen t ia l l y 
towards t e ro w i t h a t ime constant usua l l y of the 
order of 0 . 1 to 2 t ime i n t e r v a l s . Hence a 
neuron may f i r e a f t e r repeated burs ts of 
s t i m u l a t i o n , none of which by i t s e l f is 
s u f f i c i e n t t o f i r e the c e l l ; t h i s i s observed t o 
occur in n a t u r a l neurons. 

A l so , in order to comply w i t h neuro-
p h y s i o l o g i c a l da ta , immediately a f t e r a c e l l has 
f i r e d i t s t h resho ld becomes i n f i n i t e , t h i s s ta te 
( the abso lu te l y r e f r a c t o r y per iod) usua l l y l a s t s 
1 to 3 t ime i n t e r v a l s . The th resho ld then decays 
towards i t s quiescent va lue , again i t i s 
convenient to assume an exponent ia l decay w i t h a 
t y p i c a l t ime constant of 0.2 to 3 t ime steps. 
These po in t s are i l l u s t r a t e d i n f i g . 2 . 

The connect ions from c e l l to c e l l are 
u n i d i r e c t i o n a l and independent (pulses may only 
t r a v e l as output from one c e l l v i a i t s axon 



branches to prov ide inpu ts to other c e l l s , but 
there is no reason why i f an axon branch of c e l l 
a is connected to c e l l b t ha t an axon branch of 
c e l l b should not be connected to c e l l a ) . The 
connect ions are d i s t r i b u t e d accord ing to some r u l e , 
normal ly a f u n c t i o n of the r a d i a l d is tance between 
c e l l s . 

Some feedback mechanism may be be app l ied 
to the network in an attempt to cause i t to 
produce p a r t i c u l a r forms of output in response 
to p a r t i c u l a r i n p u t s . Mechanisms of the form -
i f the requ i red output i s not obta ined reduce the 
weights o f a l l connect ions which c o n t r i b u t e d to 
the f i r i n g o f c e l l s and increase the weights o f 
a l l those which fed pulses to c e l l s which d i d 
not f i r e - have been used w i t h some success. 
I f I n h i b i t o r y as w e l l as e x c i t a t o r y connect ions 
have been used then some o r i g i n a l l y p o s i t i v e 
( e x c i t a t o r y ) connect ions may become negat ive 
( i n h i b i t o r y ) by the use of such mechanisms. Th is 
has been the case in severa l models, but i t i s 
be l ieved t h a t t h i s i s not p h y s i c a l l y poss ib le i n 
n a t u r a l systems, where a synapse appears to be 
always e i t h e r e x c i t a t o r y o r i n h i b i t o r y . U t t l e y 
has suggested t h a t t h i s d i f f i c u l t y may be overcome 
by p o s t u l a t i n g t ha t the re are always two pathways 
connect ing any two neurons, a d i r e c t e x c i t a t o r y 
pathway, and an i n d i r e c t ( v i a an In te rmed ia te 
neuron) i n h i b i t o r y pathway. 

To summarise we have the f o l l o w i n g parameters 
f o r each c e l l . 

Threshold 

E x c i t a t o r y connect ions ) Denot ing c e l l 
I n h i b i t o r y connect ions ) o f o r i g i n and 

weight 
E x c i t a t o r y c o n n e c t i v i t y ) r is the 
f u n c t i o n ) r a d i a l d i s t -
I n h i b l t o r y c o n n e c t i v i t y ) ance between 
f u n c t i o n ) c e l l s . 

Synapt ic delay (bas ic u n i t o f t ime) 

Abso lu te ly r e f r a c t o r y pe r i od 

Ref rac to ry pe r iod t ime constant 

E x c i t a t i o n decay t ime constant 

E x c i t a t o r y weight m o d i f i c a t i o n f u n c t i o n 

I n h i b i t o r y weight m o d i f i c a t i o n f u n c t i o n 

7 x 7 Networks 

Several networks were s imulated and t h e i r 
performance examined on the A t l a s computers at 
Manchester and Ha rwe l l . The type of neuron 
programmed incorpora ted most of the fea tu res 
descr ibed in sec t i on 1 , the networks being con­
ce ived as plane square mat r ices normal ly having a 
s ide leng th of 7 c e l l s . 

The c e l l s were connected randomly w i t h a 
g i v e n , v a r i a b l e exponent ia l p r o b a b i l i t y d i s t r i b u ­
t i o n o f connect ions (see f i g 3 ) . The number o f 
connect ions per c e l l might vary from about 5 to 25 
depending on the parameters fed i n t o the program 
da ta . For each c e l l , f o r each poss ib le connect ion 

e i t h e r t o every o ther c e l l o r t o a l l c e l l s w i t h i n 
a c e r t a i n r a d i a l d i s tance , a random number in the 
range 0 - 1 was generated (us ing a psaudo-random 
number generator s u b - r o u t i n e ) , i f the p r o b a b i l i t y 
of connect ion was greater than the random number 
produced then a connect ion was es tab l i shed 
between the two c e l l s . Thus the constant 'A ' 
( f i g . 3 ) e f f e c t i v e l y c o n t r o l l e d the number o f 
connect ions per c e l l ( f o r a g iven ' a * ) and the 
constant 'a ' the d is tance decay of p r o b a b i l i t y 
of connect ion. The program was arranged such 
t ha t a c e l l cou ld not be connected to i t s e l f . 

In many of these models the connect ion 
p a t t e r n f o r each c e l l was c a l c u l a t e d and s to red 
separa te l y , as f a r as the author is aware in a l l 
o ther s imu la t i on s tud ies a r e p e t i t i v e from of 
connect ion has been used. Some l a t e r networks 
were cons t ruc ted w i t h a r e p e t i t i v e connect ion 
p a t t e r n and are compared w i t h the prev ious models 
i n sec t ion 7 . I n the 7 x 7 models only e x c i t a t o r y 
connect ions of f i x e d weight were used. A qu ies ­
cent th resho ld l e v e l , To, of 200 was chosen, and 
a va lue of 1000 to represent the i n i t i a l p o i n t , 
Tm, fo r the decay of the r e f r a c t o r y p e r i o d . Two 
forms of r e f r a c t o r y pe r iod were used : -

a ) 1s t . t ime step a f t e r f i r i n g , c e l l abso lu te l y 
r e f r a c t o r y 

2nd. t ime step a f t e r f i r i n g , t h resho ld 
- 3 / 2 To 

3 r d . t ime step a f t e r f i r i n g , t h resho ld - To 

b ) 1s t . t ime step a f t e r f i r i n g , c e l l abso lu te l y 
r e f r a c t o r y 

2nd. to n t h . t ime steps governed by the 
expression 

T ■ To + (Tm - T o ) . E l (g - 1) (2) 

where El is a constant less than u n i t y , g is 
the nuuber o f t ime steps s ince the c e l l l a s t 
f i r e d 

For type (b) temporal summation of e x c i t ­
a t i o n was e f f e c t e d by us ing the r e l a t i o n 

where E i s the e x c i t a t i o n l e v e l a t t ime t , 
and E2 Is a constant less than u n i t y . 

Values of El used were 0 . 4 , 0.7 

Values of E2 used were 0 . 5 , 0 

There was no temporal summation of s t i m u l i f o r 
type (a) networks. 

The advantages of us ing a pseudo-random 
number generator were t h a t the same sequence of 
s t a t i s t i c a l l y random numbers cou ld be produced 
repeated ly merely by s t a r t i n g the genera t ion 
sequence w i t h the same ' p r i m i n g 1 number, t h i s 
enabled the same network to be set up on the 
computer on d i f f e r e n t occasions w i t hou t having 
to read in the connect ion d e t a i l s as da ta ; and 
a lso networks w i t h the same connect ion parameters 
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(dens i t y of connect ions, and p r o b a b i l i t y of 
connect ion d i s t r i b u t i o n ) could be set up and 
compared by simply regenera t ing the network us ing 
a d i f f e r e n t pr iming number. 

For each t ime step a c e l l which has j u s t 
f i r e d is denoted by the symbol 1, and a c e l l 
which has not f i r e d by the symbol 0. 

Desc r i p t i on of r e s u l t s - 1st ser ies 

7 x 7 networks of neurons were set up on the 
computer as descr ibed above, in t h i s f i r s t ser ies 
of experiments the i n t e r neuron connect ions were 
c a l c u l a t e d and s tored separate ly f o r each c e l l in 
the network. The network was i n i t i a l l y s t i m ­
u l a t e d by e x c i t i n g th ree or four of the n ine 
c e n t r a l c e l l s w i t h one of the pa t te rns shown in 
f i g . 4 . 

The a c t i v i t y was al lowed to cont inue fo r a 
number of t ime s teps , usua l l y 20 or 40, the 
a c t i v i t y was then stopped, a l l c e l l s re tu rned to 
t h e i r quiescent s ta te w i t h zero e x c i t a t i o n , and 
a new p a t t e r n of a c t i v i t y i n i t i a t e d by s t i m ­
u l a t i n g the network w i t h a d i f f e r e n t input 
p a t t e r n . P rov i s i on was made to output the a c t i v ­
i t y pa t t e rn in the network at each t ime s tep , or 
f o r the f i n a l few t ime s teps. 

The type of a c t i v i t y which occurred in the 
networks f e l l i n t o one o f f i v e ca tegor ies . 
Examples o f which are shown in f i g s . 5 - 9 . 

1. A t t enua t i on . The c o n n e c t i v i t y of the 
network is not s u f f i c i e n t l y ' s t r o n g ' and the 
a c t i v i t y d ies out in a few t ime s teps, ( f i g . 5) 

2. Unstab le . The a c t i v i t y does not a t t e n ­
ua te , but there is no d i s c e r n i b l e con t inu ing 
c y c l i c p a t t e r n ; a t l eas t i n the short term, 
( f i g . 6) 

3 . V i r t u a l l y s tab le ( a ) . Wi th the number 
of t ime steps recorded the output has not 
s a t i s f i e d one of the cond i t i ons 4 or 5 (see 
be low) , but i t appears probable t ha t i t w i l l lock 
in to one of these modes dur ing the next few t ime 
s teps , ( f i g . 7 ) 

4 . V i r t u a l l y s tab le ( b ) . The output 
p a t t e r n a t t ime t is not i d e n t i c a l w i t h tha t a t 
t ime t + 2, but is i d e n t i c a l w i t h t ha t at some 
t ime t + n, where n is an in teger greater than 2 
( f i g . 8) 

5. S tab le . The network produces an 
o s c i l l a t o r y output such t ha t a l l c e l l s which do 
not f i r e a t t ime step t , f i r e a t t ime step t + 1 . 
A l l c e l l s which f i r e d a t t ime step t are o f 
course abso lu te l y r e f r a c t o r y at t + 1. The t t h . 
p a t t e r n i s t he re fo re the inverse o f the p a t t e r n 
of the prev ious t ime s tep , and i d e n t i c a l w i t h 
the ( t + 2 ) t h . p a t t e r n , ( f i g . 9 ) 

From an examinat ion of the outputs t y p i f i e d 
I n f i g s . 5 - 9 severa l fea tures emerge. 

The d i s t i n c t i o n between modes 2 - 4 is some­
what a r b i t a r y and more one of degree than a p re ­
c ise d i v i s i o n . Those networks c l a s s i f i e d as type 
3 normal ly only lack s t a b i l i t y in a few (say less 
than 6) 'ou ter square' c e l l s . In type 2 networks 
there is a more random v a r i a t i o n , f r equen t l y some 
c e l l s change a l l e g i a n c e ; i . e . i f they were 
i n i t i a l l y ON dur ing an even t ime step they may, 
at a l a t t e r stage, be ON dur ing an odd t ime s tep. 
In such unstable networks no two i d e n t i c a l ou t ­
puts have been noted over per iods of 40 t ime 
steps ( the exponent ia l r e f r a c t o r y per iod las ted 
5 time s teps ) . I t i s d i f f i c u l t to imagine tha t 
one of these networks i f al lowed to ma in ta in 
a c t i v i t y f o r a s u f f i c i e n t l y long t ime would not 
f a l l i n t o a cyc l e , even i f t h i s were of many 
hundreds of t ime steps d u r a t i o n . An i n t e r e s t i n g 
fea ture of t h i s type of network is the tendency 
fo r under ly ing pa t te rns o f a c t i v i t y ( s i m i l a r t o 
type 4) to l a s t fo r a few t ime s teps, s lowly 
d i s i n t e g r a t i n g to form a new basic pa t te rn which 
in t u r n bu i l ds up and then d i s i n t e g r a t e s - though 
a few c e l l s may be common to a l l such t r a n s i t o r y 
pa t t e rns . 

The d i f f e rence between modes 5 and 4 is 
presumed to be a lack of s p e c i f i c connections to 
a p a r t i c u l a r c e l l or c e l l s , such tha t they only 
f i r e every 4 t h . or 6 t h . t ime step ra the r than 
every 2nd. s tep . I t i s a lso poss ib le f o r a c e l l 
to f i r e every 3 r d . t ime step g i v i n g a mode 4 
output w i t h a cyc le t ime of 6 t ime s teps. 

The lock in t ime before a s tab le output was 
produced was a f f e c t e d by the type of input 
p a t t e r n used to s t imu la te the network. Networks 
s t imu la ted w i t h pa t te rns i and i i tended 
genera l l y t o s t a b i l i s e more r a p i d l y than i i i and 
iv type inpu ts due to t h e i r having a greater 
p r o b a b i l i t y of two or more a c t i v e connections 
to the same c e l l dur ing the f i r s t t ime s tep. For 
example in pa t te rns i and i i there are s i x c e l l s 
which are only one u n i t d is tance from two 
s t imu la ted c e l l s , i n i i i and i v there are only 
four such c e l l s . In v the re are n ine such c e l l s , 
but i n s u f f i c i e n t runs were made to s a t i s f a c t o r i l y 
compare the tendency of t h i s inpu t to s t a b i l i z e 
qu i ck l y compared w i t h types i - i v . 

The lock in t ime is a lso dependent on the 
constant 'A ' being shor te r f o r la rge values of A. 
For s u f f i c i e n t l y la rge A the network w i l l s tab ­
i l i z e i n s t a n t l y t o repeat the input p a t t e r n 
unchanged in a l t e r n a t e t ime steps ( f i g . 10). This 
'over connected' network g ives r i s e to an i n t e r ­
es t i ng and poss ib l y use fu l mode of a c t i v i t y which 
it is convenient to designate as mode 6 - the 
sa tu ra ted s tab le mode. 

To summarise, dependent on the network para­
meters the f l ow o f a c t i v i t y i n the network w i l l 
g ive r i s e to one of s i x poss ib le modes. These 
a r e : -

1 . A t tenua t i on 4 . V i r t u a l l y s tab le (b) 

2. Unstable 5. Stable 

3 . V i r t u a l l y s tab le (a) 6 . Saturated s tab le 
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Comments on r e s u l t s - 1st se r ies 

The r e s u l t s o f t h i s f i r s t se r i es o f 
experiments r a i s e d severa l po in t s on the behav­
i ou r of these and more compl icated networks. 
Many of these were in the form of a more accurate 
assessment o f the v a r i a t i o n in output w i t h the 
va r ious network parameters, e . g . 

1 . What i s the e f f e c t o f the th resho ld /connec t ­
i v i t y s t reng th r a t i o on the s t a b i l i t y o f the 
network - perhaps expressed in terms of the lock 
in t ime and the pe r iod o f the c y c l i c a c t i v i t y . 

2 . A q u a n t i t a t i v e ana lys i s of the e f f e c t s of 
•A ' , ' a f , the leng th o f the abso lu te l y r e f r a c t o r y 
p e r i o d , the r e f r a c t o r y pe r iod decay constant and 
the e x c i t a t i o n decay constant on the network. 

3 . The e f f e c t o f the v a r i a t i o n o f i npu t p a t t e r n 
s i se and shape on the tendency to produce 
d i f f e r e n t modes of ope ra t i on . 

The most i n t e r e s t i n g form of a c t i v i t y which 
the networks produced was t h e i r a b i l i t y to g ive 
a s t a b i l i s e d output of shor t cyc le l e n g t h . As 
f a r as the author is aware t h i s p roper ty has not 
been p rev i ous l y demonstrated. Presumably because 
of the shortage of computing storage and t ime 
other workers have tended on ly to output the 
frequency o f f i r i n g o f c e l l s , o r moni tor the 
gross a c t i v i t y of the network. Hence they may 
not have r e a l i s e d t h a t the nature o f the a c t i v i t y 
- even when they observed s t a b i l i t y - was such a 
f i n e measure o f the inpu t p a t t e r n . 

The s t a b i l i s e d p a t t e r n i s always cha rac te r ­
i s t i c o f the p a r t i c u l a r i npu t p a t t e r n i n i t i a t i n g 
the a c t i v i t y ( f i g . 11 ) , though i t i s poss ib le 
t h a t two d i f f e r e n t i npu t pa t te rns cou ld g ive r i s e 
to the same output a c t i v i t y , but t h i s has not 
been observed to occur. Wi th a l i g h t l y connected 
network the output p a t t e r n f o r a g iven inpu t 
p a t t e r n v a r i e s w i t h the c o n n e c t i v i t y , i . e . i t i s 
dependent on the p a r t i c u l a r random number 
generator (b) used ( f i g . 12) . However, when 
the re are s u f f i c i e n t i n t e r c e l l connect ions a 
p a t t e r n may be set up which dup l i ca tes the 
o r i g i n a l i npu t p a t t e r n i n a l t e r n a t e t ime steps 
Independent o f the p a r t i c u l a r c o n n e c t i v i t y 
genera tor . 

Th is l a t t e r form o f a c t i v i t y i s i n t e r e s t i n g 
f o r i t shows t h a t a very simple network, having 
neurons w i t h on ly e x c i t a t o r y connect ions to o ther 
c e l l s , can e x h i b i t a u s e f u l memory f u n c t i o n . The 
requirement is t h a t the re should be a l a rge 
number of such connect ions but these may be made 
a t random, the a c t i v i t y p a t t e r n being independent 
o f the ac tua l c o n n e c t i v i t y p a t t e r n . Once s t i m ­
u l a t e d the network is una f fec ted by a d d i t i o n a l 
e x c i t a t o r y i n p u t s ; the p a t t e r n once es tab l i shed 
cannot be a l t e r e d except by i n h i b i t i n g some of 
the c e l l s f rom f i r i n g i n a p a r t i c u l a r t ime s tep . 
Th is is so because every c e l l which is not 
abso lu te l y r e f r a c t o r y f i r e s as soon as i t has 
emerged from i t s abso lu te l y r e f r a c t o r y p e r i o d . 
Thus we have a mechanism which can be used to 

s to re an inpu t p a t t e r n i n d e f i n i t e l y and which 
is unaf fec ted by subsequent e x c i t a t o r y inpu ts 
to the network. The network may be re tu rned 
to i t s quiescent s t a t e by app ly ing b lanket 
i n h i b i t i o n over the whole network. 

These networks t h e r e f o r e possess some 
poss ib ly u s e f u l p r o p e r t i e s , i n order t o f u r t h e r 
evaluate these p r o p e r t i e s a second se r ies of 
networks was s imu la ted . 

Second S imu la t ion 

A major drawback to the method used to 
cons t ruc t the o r i g i n a l networks - c a l c u l a t i n g 
the c o n n e c t i v i t y p a t t e r n f o r each c e l l - was 
the la rge amount of computer storage which had 
to be a l l o c a t e d f o r t h i s purpose, a lso causing 
a consequent increase in computing t ime . Th is 
was so severe t ha t p r a c t i c a l l y i t was impossib le 
to run the s imu la t i on fo r networks of much more 
than 100 c e l l s , and p o t e n t i a l l y r e s t r i c t i v e on 
the number of runs which might be made to 
evaluate the p rope r t i es of 7 x 7 or s i m i l a r 
networks. Accord ing ly a mod i f i ed program was 
w r i t t e n in which a more regu la r c o n n e c t i v i t y 
p a t t e r n cou ld be adopted, but h o p e f u l l y have no 
s i g n i f i c a n t e f f e c t on the performance of the 
network compared w i t h the o r i g i n a l model. A 
program o f t h i s type was e s s e n t i a l i f l a rge r 
networks w i t h i n h i b i t o r y and e x c i t a t o r y 
connect ions were to be s imu la ted . 

Comments on 7 x 7 networks - 2nd, ser ies 

In order to eva lu te the performance of 
7 x 7 networks va r ious network parameters were 
v a r i e d i n t u r n , ho ld ing a l l o ther parameters 
cons tan t . There being severa l v a r i a b l e s i t i s 
d i f f i c u l t t o adequately po r t ray the performance 
in g raph i ca l form. Nevertheless f i g s . 13 & 14 
g ive an impression of the behaviour of the 
networks. 

I t w i l l b e r e c a l l e d t ha t the c o n n e c t i v i t y 
of the network Is governed by the expression 

y ( r ) - A . e x p ( - r / a ) (4) 

where A, a are cons tan ts , and r is the r a d i a l 
d is tance between c e l l s , and t h a t a connect ion is 
made i f 

y ( r ) x (5) 

where x is a randomly generated number on the 
range 0 - 1. 

The form o f a c t i v i t y susta ined in the n e t ­
work as A and a are v a r i e d is shown in f i g . 13. 
For l a rge A and a sa tu ra ted s tab le a c t i v i t y 
(mode 6) occurs , as the va lue of these constants 
i s reduced t h i s a c t i v i t y g ives way to the s tab le 
mode ( 5 ) , i n i t i a l l y w i t h immediate lock i n to the 
mode, and on ly one or two c e l l s in a d d i t i o n to 
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the o r i g i n a l l y s t imu la ted c e l l s f i r i n g i n 'odd ' 
t ime s teps. As A and a are f u r t h e r reduced the 
f o l l o w i n g progress ion o f a c t i v i t y takes p lace : 
the lock in t ime to mode 5 g radua l l y increases, 
and more c e l l s f i r e in odd t ime s teps, when the 
lock in t ime is about f i v e or s i x t ime steps and 
about h a l f the c e l l s are ON in each t ime s tep , 
the a c t i v i t y changes to mode 4 w i t h immediate 
lock in t ime . At t h i s stage the mode 4 a c t i v i t y 
w i l l genera l l y have a cyc le t ime of s i x t ime 
s teps , or occas iona l l y four t ime s teps. Then the 
cyc le and lock in t imes g radua l l y increase u n t i l 
no pure ly c y c l i c a c t i v i t y is noted over a per iod 
of 20 or so t ime s teps, mode 3. Though in these 
cases the c e n t r a l 25 c e l l s usua l l y cyc le w i t h a 
shor t cyc le t ime , and i n s t a b i l i t y i s conf ined to 
the outer r i n g of c e l l s . Where longer s imu la t ions 
have been made these networks tend to have very 
long lock in and cyc le t imes , the l a t t e r were 
usua l l y a m u l t i p l e of 6, which was the t o t a l 
leng th of the r e f r a c t o r y per iod used. A very 
narrow band of unstab le (mode 2) a c t i v i t y occurs 
between mode 3 and mode 1 ( a t t e n u a t i o n ) . In t h i s 
reg ion the p a t t e r n in the c e n t r a l core o f c e l l s 
changes and the i n s t a b i l i t y is no longer conf ined 
to the outer r i n g of c e l l s . Though some repeated 
pa t te rns have occas iona l l y been noted in simu­
l a t i o n s of 40 or more t ime steps no tendency to 
c y c l i c a c t i v i t y has been noted. The a c t i v i t y in 
t h i s mode is e i t h e r a very extreme case of mode 
3 w i t h exceedingly l ong , probably g rea ter than 
100 t ime steps cyc le t ime ( c . f . re ference 8 ) , or 
a l t e r n a t i v e l y a c t i v i t y which w i l l u l t i m a t e l y 
a t t enua te ; a case has been observed where the 
a c t i v i t y a t tenuated a f t e r some 20 t ime s teps . 
Near the v i r t u a l l y s tab le reg ion a c t i v i t y 
a t tenuates (mode 1 ) , i n i t i a l l y a c t i v i t y l a s t s f o r 
a shor t p e r i o d , as A and a are reduced t h i s 
per iod decreases u n t i l the a c t i v i t y d ies out 
immediately a f t e r s t i m u l a t i o n . There is a gradual 
d r i f t of the mode d i v i s i o n curves towards the 
o r i g i n as the number o f c e l l s i n i t i a l l y s t i m ­
u l a ted r i s e s to h a l f the t o t a l number o f c e l l s , 
but t h i s e f f e c t i s very s l i g h t f o r smal l numbers 
o f c e l l s i n i t i a l l y s t imu la ted , the curves fo r 3 
and 7 c e l l s being v i r t u a l l y i d e n t i c a l . A l l the 
mode d i v i s i o n curves w i l l become asymptot ic to 
the A and a axes, s ince fo r both A = 0 and a ■ 0 
there can be no connect ions to other c e l l s , but 
f o r a va lue of one v a r i a b l e near ze ro , and a very 
l a rge va lue f o r the other susta ined a c t i v i t y 
i s p o s s i b l e . 

F i g s . 14 a - d show the e f f e c t s of 
va ry i ng both the quiescent th resho ld and the 
maximum th resho ld f o l l o w i n g the abso lu te l y 
r e f r a c t o r y per iod f o r d i f f e r e n t values o f a , a l l 
the graphs being drawn fo r a value of A ■ 1. The 
th resho ld decay was c o n t r o l l e d by equat ion 2. 

As the quiescent t h resho ld r i s e s i t becomes 
more and more d i f f i c u l t to i n i t i a t e susta ined 
a c t i v i t y , when the c o n n e c t i v i t y is s t rong enough 
f o r susta ined a c t i v i t y to occur there is a 
corresponding inc reas ing tendancy f o r i t to be 
s t a b l e , and the reg ion (modes 2, 3 and 4) of 
v i r t u a l l y s tab le and unstab le a c t i v i t y becomes 
very narrow ( f i g . 14d). For l a rge r values of A 

the mode d i v i s i o n boundaries w i l l move upwards 
and to the l e f t . In the same manner as f i g . 13, 
there is a gradual change from one form of 
a c t i v i t y to another, but the mode d i v i s i o n 
boundaries are s u r p r i s i n g l y c l e a r , very r a r e l y i s 
a network found which does not respond in a manner 
which could be pred ic ted from the graphs. In 
these ra re cases where the a c t i v i t y has not been 
in the p red ic ted group i t has, except in one case, 
been of the form of the nearest adjacent r eg i on . 

D i f f e r e n t random number generators , b ' s , 
have l i t t l e e f f e c t on the form of f i g s . 13 and 14, 
occas iona l l y a network, whose parameters place i t 
very near a mode d i v i s i o n boundary, w i l l change 
from one mode to the other fo r d i f f e r e n t gen­
e r a t o r s , but normal ly the a c t i v i t y may be acc­
u r a t e l y p r e d i c t e d . Thus the value of ' b' used 
does not se r i ous l y a f f e c t the p r e d i c t i o n , i t 
merely adds the a d d i t i o n a l cons t ra in t tha t f o r 
c e r t a i n c r i t i c a l values o f the network parameters 
the a c t i v i t y mode w i l l be dependent on the ac tua l 
network connect ions. 

This second ser ies of experiments has shown 
tha t the s p e c i f i c a t i o n of the parameters A, a, 
T , and T is s u f f i c i e n t to p red i c t the behaviour 
or the network, and t h a t the p a r t i c u l a r random 
number generator w i l l u sua l l y only a f f e c t the 
form of the output p a t t e r n , as in f i g . 12. 

Mod i f i ed s imu la t i on program 

The method of generat ing the c o n n e c t i v i t y 
p a t t e r n used in the experiments so fa r discussed 
is s a t i s f y i n g in t h a t a unique set o f connections 
is generated f o r each c e l l , w i t h i n the same 
s t a t i s t i c a l c o n s t r a i n t s as the connect ions to 
o ther c e l l s . However, t h i s method i s was te fu l i n 
terms of computer s to rage, and to a lesser extent 
t ime . Therefore in the mod i f i ed program instead 
of generat ing the connect ion p a t t e r n separate ly 
f o r each c e l l four poss ib le connect ion pa t te rns 
were generated; being the same as four a r b i t r a r y 
pa t te rns which might have been generated by the 
o r i g i n a l programme. Each c e l l in the network 
was assigned one of these connect ion pa t te rns at 
random, the c o n n e c t i v i t y thus being a compromise 
between the o r i g i n a l connect ion method and a 
pure ly r e p e t i t i v e method. 

A se r ies of 7 x 7 networks was set up us ing 
t h i s connect ion technique and the performance 
of the networks compared w i t h the o r i g i n a l ne t ­
works as dep ic ted in f i g . 13. I t was found tha t 
the performance was in general very s i m i l a r , but 
t ha t tne r e s u l t s were not q u i t e so cons i s ten t . 
Wi th the o r i g i n a l networks, g iven the parameters 
A, a, a network*s behaviour may be accura te ly 
p r e d i c t e d . In the mod i f ied system there was a 
f a r g rea te r p r o b a b i l i t y , perhaps 0.25 tha t the 
form o f the a c t i v i t y would not l i e w i t h i n the 
r e g i o n a l boundaries o f f i g . 13, compared w i t h 
about an 0.05 p r o b a b i l i t y f o r the o r i g i n a l n e t ­
works. Th is is not a l t oge the r a s u r p r i s i n g 
r e s u l t , s ince i f any one o f the four connec t i v i t y 
pa t te rns g ives a 'poor ' d i s t r i b u t i o n of connec-
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t i o n s t h i s w i l l a f f e c t about a quar te r o f the 
c e l l s , whereas the odd poor d i s t r i b u t i o n in the 
o r i g i n a l program w i l l have l i t t l e e f f e c t . How-
ever , w i t h i n t h i s r e s t r i c t i o n the second program 
gives a s a t i s f a c t o r y s imu la t i on method. 

Poss ib le extensions of 7 x 7 networks 

The s t a b i l i t y of neuron has been discussed 
by severa l authors 1, 2, 6, 7, with the conc lu ­
s ion t h a t e i t h e r some f a i r l y compl icated feed-
back mechanism mon i to r ing the l e v e l o f a c t i v i t y 
i n the network and ho ld i ng i t w i t h i n c e r t a i n 
l i m i t s i s necessary to prevent s a t u r a t i o n . Or, 
as was then not such a popular idea w i t h neuro-
p h y s i o l o g i s t s but is now genera l l y accepted as 
being the case, i n h i b i t o r y as w e l l as e x c i t a t o r y 
connect ions are necessary. To some extent in a 
smal l network, such as the 7 x 7 networks, these 
mechanisms are unnecessary s ince the abso lu te l y 
r e f r a c t o r y pe r i od ensures t ha t a l l the c e l l s can 
never f i r e at the same t ime - unless they were 
o r i g i n a l l y a l l s t imu la ted toge the r , i n which case 
the a c t i v i t y w i l l e x t i ngu i sh i t s e l f immediately 
i f the e x c i t a t i o n o f a c e l l f a l l s t o sero once 
i t has f i r e d . A l t e r n a t i v e l y , i f the e x c i t a t i o n 
is merely reduced by i t s normal decrement, the 
network may e x h i b i t sa tura ted s tab le o s c i l l a t i o n 
w i t h a l l c e l l s on in one t ime s tep , and none in 
the f o l l o w i n g s tep . E l se , i f the c o n n e c t i v i t y 
were s t rong enough to a l low a c t i v i t y to cont inue 
but not to a l l ow the sa tu ra ted mode to occur the 
network would s e t t l e in one o f the modes 3 - 5 . 

These forms of a c t i v i t y only suggest poss ib l y 
u s e f u l a p p l i c a t i o n s in a smal l network, in a 
l a rge homogeneous network (one w i t h the same 
c o n n e c t i v i t y f u n c t i o n throughout the network) i f 
t he c o n n e c t i v i t y i s s u f f i c i e n t l y s t rong such t h a t 
a c t i v i t y does not a t tenuate then the a c t i v i t y 
w i l l s lowly spread throughout the network and w i l l 
probably set up modes of a c t i v i t y very s i m i l a r 
to those in 7 x 7 networks, but w i t h much grea te r 
lock in t imes . F i g . 15 shows how the a c t i v i t y 
has spread through a 50 x 50 network 15 t ime steps 
a f t e r being s t imu la ted w i t h a th ree c e l l input 
p a t t e r n . 

I t i s u s e f u l t o ask a t t h i s po in t whether the 
form of s t a b i l i s e d output which is e a s i l y demon­
s t r a t e d in a smal l 7 x 7 network can be found to 
e x i s t l o c a l l y in much l a r g e r networks, w i thou t 
the a c t i v i t y spreading through the whole network 
as i n f i g . 15. One p o s s i b i l i t y i s t ha t i n 
a d d i t i o n to the shor t range e x c i t a t o r y connect ions 
so f a r pos tu la ted we add a number of long range 
i n h i b i t o r y connect ions, thus each l o c a l area 
when s t imu la ted Is surrounded by a b a r r i e r of 
i n h i b i t e d c e l l s ( f i g . 16) . In p r i n c i p l e we may 
now cons t ruc t a model w i t h t h i s form of connec-
t i v i t y , s t i m u l a t e a smal l area of the network and 
observe i f s t ab le l o c a l a c t i v i t y occurs . I f t h i s 
is so we may f u r t h e r note the number of such 
s t a b l e systems which can be operated in a g iven 
s i ce o f network. I t i s not being proposed tha t 
d i s t i n c t e x c i t a t o r y and i n h i b i t o r y areas are set 
up in the network, but t ha t the network i s 
homogeneous w i t h shor t range e x c i t a t o r y connec­

t i o n s . 

Networks w i t h i n h i b i t o r y and e x c i t a t o r y connect ions 

Using the mod i f ied program a smal l number of 
28 x 28 networks w i t h i n h i b i t o r y as w e l l as 
e x c i t a t o r y connect ions were s imu la ted . The ne t ­
works had a homogeneous connect ion p a t t e r n , the 
e x c i t a t o r y connect ions being p r e c i s e l y as 
descr ibed above. Only one p a t t e r n of i n h i b i t o r y 
connect ions was used, being common to a l l c e l l s , 
again t h i s was of the usual form governed by 
equat ion 4, except t ha t no i n h i b i t o r y connect ions 
were made to c e l l s less than f i v e c e l l s d i s t a n t . 
The c o n n e c t i v i t y constants (now denoted by A , a , 
and A , a , f o r i n h i b i t o r y and e x c i t a t o r y 
connect ions) cou ld be v a r i e d independent ly . 

From the r e s u l t s obta ined i t seems l i k e l y 
t ha t the form of a c t i v i t y suggested e a r l i e r - a 
s tab le exc i t ed area surrounded by an i n h i b i t o r y 
b a r r i e r - may be produced. F i g . 17 shows the 
a c t i v i t y in such a network a f t e r the 9 t h . and 
10th . t ime s teps. The a c t i v i t y in the 10 th . step 
i s i d e n t i c a l w i t h t h a t o f the 6 t h . , and d i f f e r s 
in on ly four c e l l s from tha t o f the 8 t h . The 
network is apparent ly e x h i b i t i n g mode 4 a c t i v i t y , 
but t h i s a c t i v i t y i s l i m i t e d to one area o f the 
network. The tendancy f o r the a c t i v i t y to con­
cen t ra te in a h o r l s o n t a l band appears to be a 
f unc t i on o f the p a r t i c u l a r c o n n e c t i v i t y generator 
used. Wi th longer range e x c i t a t o r y connect ions, 
and weaker i n h i b i t i o n , pockets of a c t i v i t y may 
be s t imu la ted in o ther pa r ts of the network beyond 
the i n h i b i t o r y b a r r i e r . I n these cases a c t i v i t y 
w i l l presumably spread throughout the network as 
in f i g . 15, but at a much slower r a t e . No attempt 
has been made to evaluate the p rope r t i es of the 
network i n the manner o f the 7 x 7 networks, o r 
t o i n i t i a t e a c t i v i t y i n two independent areas. 
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