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Chapter X

Introduction

file purpose of th is  paper is  to develop & aera approach 

to  the "brain-model” problem. The following questions illu s tr a te  

the moat anpertant problems in  th is f ie ld .

(1 ) . What are the physiological processes through
per£>r m

which animals4suah a c t iv it ie s  as " learning" ."memorisa

tion"," recognition” / ’a tten tion "reason ing" , etc .?

(8 ) . How can these a c t iv it ie s  of sc -sa lie d  "sentient"

organism# be duplicated in  systems which we can actu

a lly  construct? Is i t  possible to  describe a system 

capable of behavior of humanoid complexity*yet simple 

enough in  i t s  physical structure that I t  can be under* 

stood? Can we describe suoh a system which i s  in  ad* 

d ltio u ,su ffic ien tly  r e s ilie n t  that i t s  functioning
j

; can be maintained in  the face of extensive injury,*®

in  the case of the animal nervous system?

We begin by considering the properties of sin g le  neurons,aad 

of simple se ts  of interconnected neurons (nnotsn) ywith the objective 

of investigating phenomena which m y  be of importance in  much larger 

not# and in  the brain i t s e l f .  The results of th is analysis are then

| applied to the study of  very large,'1 randan" , nets,and f in a lly , t@

certain  assemblies of very large nets. I t  i s  these assemblies which 

are cur "brain Aodela".i
lash "brain model" i s  formed of a small number of very large 

"random" neural nets with a small number of channels connecting the*
ru n

m tstm o h  connect ion i s  a large se t of fibres which ̂ between a pair of 

sp ecified  n e ts . In addition to  thee® connections there must be a set 

of "output" or "motos^ channels sad e set of "input" or "sensory*
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i'2.
channels whioh nm between the bmin model end i t s  environment*

Sow fche"quallty“ of a bm la can hardly bo evaluated except 

la  tents of the relation  between i t  and i t s  ejaviroment» Oar in i t 

ia l ly  die organised, "randan* model must be able to  raise i t s e l f  

from i t s  lA it ia l ohaotie sta te  to  a  higher degree of internal or

ganisation, and th is  organisation must be measured in  ten ts of the 

extent to  whioh the brain can learn to  deal with i t s  environment*

This la tter  oapaoity oust i t s e l f  be evaluated by some measurejfer 

animals i t  seems natural to use as measure the a b il ity  to  maintain 

the Internal { p h y s i o l o g i c a l )  sta te  within some "normal* range,i*e*,
!
| the a b il ity  to survive,,
f
I I t  w il l  be sheen that when m r  models are plaoed in  an environ

ment,and assigned (in  a way described la ter ) a range of "normal* inter**
i

nal sta tes ,th a t they w ill  le v e l of organisation that can be
I

o cm pared only to  that of the highest animals* Furthermore, th is capacityI . -

for self-organisation  w ill  in  general,not be le s t  a fter  injury,unl#ss
I
jj the injury i s  such as to  change the gross topology of the syst«m,e*g*,
I?■I i f  one of the basie nets i s  romcoed en tire ly ,or  i f  one of the grossF
| ooansotians i s  en tire ly  destroyed* Thus these methods provide an apy
t| proaoh to  the problems of (2) above*

In addition,these models a lso  provide an approach to the problems 

ef (1) abovv* For the models are so  constructed that tiuy  resemble 

the bruin- net only in  i t s  higher organisation,but a lso  on the level ef 

physical structure* Most of the properties e f  the "cells" of the 

theory are based on properties established for neurons in  the experiment* 

a l literature* A few e f the properties may only be described as plausible* 

This situation  i s  inevitable with the present sta te  of information about 

the nervous systemfwhlle some new properties have to  be asauaedhere,they 

have been made as sim ple,flausible,and few as seems possible* la  every 

such case the assumptions are based on a plausible analogy with ether
gjj

b iological situations* The gecmstpy e f the nets i s  ale® based on real  J

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



I -  s

blologlo&l data,In th is  oase on the evidence of nonroanator.y* The 

viewpoint that the basics ingredients •£ th® eystoa can be taken m  

large unorganised "randas* nets oan be ju s t if ie d  in scvor&i mys*

Hi© net® of the brain,for the moat part,appear quit© disorderly a t  

fchs leve l of interesBmaefciona between ®ell®»{Th©re are ©adoption® to  

th is,b ut they are usually  confined to region® associated with certain  

special a c tiv itie s ,a n d  noed not be considered in  a theory of th is gen® 

erality#) There Is as evidence of anything lik e  the c r it ic a l ly  orderly 

connection® ef & modern o«aputsr« As the power of the micros®opals 

r e c c e d , order Is perel®v©d,an& for th© gross brain a pattern of a (Mall 

number of iieoernabl® ” regions'* and distinguishable bundles of connect 

tion® can b© soen* The evidonoe provided by surgery and newwjathology 

support tM s picture. A lso ,it  can be argued tiiat the organisation of 

biological structure® in general cannot b© toe complex,without acne 

process of self^ergst-lza t i  an jrecent estimates (Quaatlor 1953,  26S f f )  

of the infom&tion carried by the genetic detexainers aay mean that 

tissue® can be organised only along general plana 3there Is not enough 

information to determine saany Individual ccnneotlons (unless i t  W®r® 

dea® In regular pattern®,whioh i t  i s  not*)* Finally,a® many of the results 

of th is  paper &r© to  a high degree independent of the ©met connection 

structure (on the*local” or ’’inlcroaoopls5* leve l within a sing I® random 

n e t ) , i t  i s  not necessary for us t© specify th is  structure to any la@g® .. . 

extent*

In order to analyse the "behavior'* of the bmin models,ifcll® 

necessary to introduce a number of i*learning**th®or®tIe” notions* In 

th is  paper,the most prominent of thas® ideas are those of wreinforce*’ 

ment operator" and ” rainforeoment process’*» S@es.us® these Idea® are 

basic to the present analysis, and are,in  addition,very closely  related .sgl
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fco a T?all“dov<alopod body of contemporary psychological theories,

& sep&r&to chapter i s  devoted to th is study* in a reiaforoeasont 

process, the react ions of si system to  external stim uli are originally  

a matter e f  ahanoo# But the resu lt,or  immediate consequence,of each 

reaction Is  given a valuation,and th is valuation determines the 

farm of on operator which i s  applied to the system# I f  th© valuation  

i s  ,!high” ,th© e ffe c t  i s  t© raise  the dependability of the assoel&tod 

reaction# Thus we have a sort of "tr ia l and error” process#

I t  turns out that ©ertaia assemblies of random nets are capable 

of rea lisin g  th is kind of proo®sa,if the valuation and reinforcement 

operator are controlled by an external '* trainer'*. Then an important 

step i s  taken in  showing that in  assemblies of a very few nets,an  

"internal” or "secondary* rcinforomcnt system am  be n&d© to  evolve 

en tire ly  within th© net systemfstarting with a very simple primitive 

valuation systffla£suoh as i s  the basis of simple ’’’rsward*punlshjaent" 

sfchamos of animal training) thee© assemblies rslnfcreemtitteaselv®® 

whenever any of a small distinguished sM  of stim uli occur# Thsy 

leara t© apply reinforcement a lso  to behavior pattern® whioh lead 

to the occurrence of these stim uli,as well,and eon organise themselves 

to do th is  on higher and higher levels# It can Mien be seen that 

such systems,which in i t ia l ly  have vary l i t t l e  organisation,©*?©! ve 

complex behavioral patterns whioh exploit the structure of their  

environment (or any environment whioh contains an appropriate degree 

of regularity) so as to  force the ooourronoo of environmental events 

which have a high valuation in  the roinforoeaenfc structure that 

ha® evolved within th® system# Thu® th® system display® behavior which 

ha39undisputttbly,th© chaps©beristies of both Hgeml-ozdonteif and 

"»oed~©rianted" motivations# By rolafetog the in itia l,p r im itiv e .
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valuation to  th« " Internal physiological sta te1* of the sysfeoa9Isi „ 

such a way that reactions whioh bring th is "state" toward i t s  $  

"normal® value,the overall evolution of the system w ill  b® mad# to  

tend toward the establishment of behavioral patterns which are 

effec tiv e  in  sa tisfy in g  the *physiological needs® of th© system.

In additionat© the highly developed reinforcement systems 

acquired by these assem blies, another process occurs whioh exhibits 

the features of what might be ca lled  "simple associative  learning**. 

(The system thuc provides a me del for theories of the "contiguity*' 

group ef contemporary theories of learning,and perhaps indicates 

hoar the controversy between th© "reinforcement" and "contiguity** 

schools may have to be resolved.) Assemblies with no more than 

thro® or four net* are shewn to  have the capacity for organisation 

in to  much mere advanced activ ity}th ey  are capable of "considering" 

alternative actions,m&lcing an estimate of the consequences of oahh 

alternative (using previously acquired Information about the regu

la r it ie s  of the environment) and preforming or rejecting actions 

on the basis of such an estimate* There i s  no evident lim it to  

the degree of complexity of behavior that may be acquired by S*-*-1? Gk 

system * Their development w ill depend to a great extent m  

th® environment (including hero the physical body) in  which i t  

i s  embedded*the sensory and motor chancels with which i t  i s  pro

vided,and m  th# early experience© to whioh i t  i s  subjected*
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The paper i s  organised as f o i l  oars s

Th© present chapter is  a general introduction*

Chapter 2 i s  devoted t© the study ef the log ica l structure of neural 

nets.The oenfcral question i s  that of what kinds of behavior 

can bo obtained froa nets which contain only c e lls  whioh 

sa t is fy  certain postulated, ''hila scae of the resu lts obtained
\
• here are more general than is  actually  required for th© sequel,
I.
| they throw am© ligh t on the question e f  neural inhibition* The
r

bio log iea l data i s  so sparse in  th is area that i t  seemed appro”

prlate to  exploit the mathematical aspects of the problem,sc as

< to best u t i l iz e  the available information*

Chapter 5 discusses the nearophysiologioal basis for th® systems of th is  

theory* Vfniio there i s  vary l i t t l e  information available about 

the properties of the c e l ls  of the central nervous sys ten*what 

information ex ists  strongly indicated that the nerve impulse 

neohanisa is  the same as for peripheral nerve. However,for 

reasons discussed in  chapter 3 , i t  i s  lik e ly  that there is  a 

large "noise” component for a c tiv ity  at the Interneural junctions* 

Accordingly,it i s  assumed that the properties of th* juaetlsas 

ef our nets are lik e  the © suitability  properties for peripheral 

nerve (whioh are w ell-established) except that a probabilistic  

uncertainty i s  attached to  the c la ss ica l notion of ex c ita b ility  

*threshold”.  thus the a r t i f ic ia l  axioms of chapter 2 era replaced 

by a se t of b io log ica lly  very plausible postulates*

Chapter 4  develops same of the loaraiag-theorotic notions that w ill  be 

required. "Beiaforoesa&at process” and (reinforcement ops rater” 

are dsfined.aad & se t of abstract "behavioral models1* are examined*
t
: Bach model has an abs trao fc” envi rcKxasat” and we determine the extent
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CHAPTER 2 .  1

i  FINITE AUTOMATIC NETWORK!

2 / 1  Terms l i k e  "neural network" or "nerve net" are used

| |  a t  p r e s e n t  to  denote the 3ubj©ctg of a number of

t h e o r i e s ,  e a c h  o f  which  r e p r e s e n t s  an a b s t r a c t i o n
| |
j o f  3ome of  th e  knowledge d e r i v e d  from contemporary
ifM

n e u r o p h y s i o l o g i c a l  t h e o r y .  In t h i s  c h a p t e r  we d e f i n e  

§; a few 3uch  o b j e c t s  and e s t a b l i s h  some theorem s  on

M th e  e q u i v a l e n c e  o f  c e r t a i n  s e t s  o f  ax ioms f o r  such

‘ t h e o r i e s .

2 / 1 . 1  j. 1 .  K leene  h a s  d e f i n e d  a ^INKE AUTOMATON a s  a

g e n e r a l i z a t i o n  o f  some p r e s e n t  t h e o r i e s .  Because
f::

we have a d i f f e r e n t  e m p h a s is  h i s  sy s tem  i s  p r e s e n t e d
:V;

i n  a s l i g h t l y  d i f f e r e n t  form:

\  MIMITE AUTOMATON i s  a c o l l e c t i o n  o f  e le m en ts  c a l l e d  

" c e l l s "  whose o p e r a t i o n  i s  d e t e .m i n e d  by th e
V . - '

f o l l o w i n g  ax iom s:

F - l ;  TIME i s  " q u a n t i z e d ” a s  a sequence  o f  d i s c r e t e  

moments ( Indexed  by th e  I n t e g e r s ) .

F-2:  BELLA: There are  a f i n i t e  number o f  c e l l s ,

e a c h  o f  whioh a d m its  o f  one of  a 

f i n i t e 2 , number o f  s t a t e s  a t  any 

moment *

F -3 a :  Two k i n d s  o f  c e l l s  are  d i s t i n g u i s h e d j  INPUT 

CELL3 and INKER CELLJ.
M

? - 3 b :  The s t a t e  o f  an INNER GEIJL a t  a t im e t  depends  

on th e  s t a t e s  o f  a l l  c e l l s  a t  t ime t  -  1 .
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F-j5c: The s t a t e  o f  an INPUT SELL a t  a t im e  t  I s  said.

t o  "depend on th e  e n v ir o n m e n t " .

F«3 c means th a t  th e  s t a t e s  o f  t h e  " i n p u t " c e l l s  may 

be any f u n c t i o n  o f  t im e  ( o f  t h e  i n t e g e r s ) ,  or  be 

a r b i t r a r i l y  a s s i g n e d  by an "operator"  o f  t h e  

automat on .  3-

2 / 1 . 2  The d ependency  r e l a t i o n  o f  F -3  i s  e n t i r e l y  u n 

s p e c i f i e d .  There I s  one f e a t u r e  o f  t h e  dependency  

r e l a t i o n  t h a t  i s  common t o  a l l  s o - c a l l e d  " n e u r a l -  

nc tv?ork" t h e o r i e s .  I t  i s  e x p r e s s e d  by a d d in g  th e  

f o l l o v t i n g  axiom t o  X l o e n e ’ s sy s tem :

;;’- 3 n: There  are  a  s e t  o f  "CONNECT IGKd" [ Gi ^ *  *

c o n n e c t i o n  i s  s a i d  t o  “ o r i g i n a t e  on 

c e l l  Cj_", and " te r m in a te  on c e l l  C j " . 

There I s  a  c o n n e c t i o n  o n ly  f o r

^ HOTE: KLeene r e s t r i c t s  t h e  in p u t  c e l l s  t o  t a k e ,  a t  e a c h
moment, one o f  two s t a t e s  c a l l e d  0  ( " q u i e t " )  and
1  ( " f i r i n g " ) ,  a s  he p o i n t s  o u t ,  one can a lw a y s  
c o n s t r u c t  a l o g i c a l l y  e q u i v a l e n t  f i n i t e  automaton  
i n  which  e a c h  c e l l  has  j u s t  two s t a t e s ,  a t  th e  
p r i c e  o f  a u n i fo rm  e x p a n s i o n  o f  t h e  t im e  s c a l e .  
However,  t h e  p r e s e n t  th e o r y  i s  d e f i n i t e l y  n o t  
o r i e n t e d  i n  a l o g i c a l - a l g e b r a i c  d i r e c t i o n ,  and,  
r e p l a c i n g  th© ax iom s  by a s i m p l e r  e q u i v a l e n t  
s y s t e m  in  which e a c h  c e l l  h as  J u s t  two s t a t e s  
would be an u n n a tu r a l  i m p o s i t i o n .
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c e r t a i n  p a i r s  o f  c e l l  a (■']*, No*»

c o n n e c t i o n  t e r m i n a t e s  on any In  out c e l l  

The s t a t e  o f  a c e l l  'Jj a t  a t im e  t  depends  

o n ly  on t h e  s t a t e s ,  a t  t i n e  t  - 1 , o f  

t h o s e  c e l l o  0  ̂ f o r  which t h e r e  e x i s t s  a  

co n n e c t . io n  .h j .

D e f . a s v s te m  which  s a t i s f i e s  F - l .  F - 2 .  F - 3 .

F-3n W i l l  be c a l l e d  a "FXHT-ti  AH TOM. I I P

“ • • • "V -r 
. .  V * i. I ' . i U v  •

2 / 1 . 3  A n o t a b l e  example  o f  a f i n i t e  a u t o m a t ic  n e tw ork  i a

p r o v i d e d  by th e  s y s t e m  o f  Ho J u l i o  oh and P i t t s  ( 1 9 4 3 ) .  

axioms f o r  t h i s  sy s tem  are  p r e s e n t  in  a form c o n s i s t e n t  

w i t h  t h o s e  in  1 . 1  and 1 , 2 .

K ? - l :  MP-1 i s  F - l , th e  t ime q u a n t i z a t i o n  ax iom.

HOtSi F-3n s t a t e s  t h a t  no c o n n e c t i o n  t e r m i n a t e s  on any 
i n p u t  c e l l  (which  f o l l o w s  a l s o  from F - 3 c ,  i f  one 
r e g a r d s  a c o n n e c t i o n  w i t h  no e f f e c t  a s  v a c u o u s ) .  
However,  in  t h e  p r e s e n t  t h e o r y ,  th e  "environment"  
o f  a. g i v e n  n e t  w i l l  o f t e n  be a n o t h e r  n e t ,  and 
c o n n e c t i o n s  from th e  en v ir o n m e n t  n e t  w i l l  t e r m in a t e  
on th e  in p u t  c e l l s  o f  th e  g i v e n  n e t .  The d i s t i n c t i o n  
b etw een  "input"  and "Inner" c e l l s  i s  t o  be reg a rd ed  
a s  a  c l a s s i f i c a t i o n  o f  a c e l l ' s  p o s i t i o n  i n  a s u b n e t ,  
i n  r e l a t i o n  t o  an o b s e r v e r ' s  s p e c i f i c a t i o n  o f  which  
c e l l 3  o f  a l a r g e r  u n d e r l y i n g  n e t  b e lo n g  t o  th e  
g i v e n  s u b n e t ,  and i s  n o t  t o  be ta k e n  a s  a d i s t i n c t i o n  
b etw een  i n h e r e n t l y  d i f f e r e n t  k in d s  o f  c e l l s .  I t  
a l a t e r  p o i n t ,  c e r t a i n  in p u t  c e l l s  v / i l l  be d e s i g n a t e d  
a s  " r e c e p t o r  c e l l s "  ( e . g . ,  th erm al  r e c e p t o r s ) ,  and 
t h i s  d e s i g n a t i o n  w i l l  r e p r e s e n t  an i n h e r e n t  d i f f e r e n c e ,  
or " s p e c i a l i z a t i o n "  o f  c e l l s .
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KP-2: KP-2 i s  F-2  w i t h  e a c h  c e l l  r e s t r i c t e d  t o  two  

s t a t e s ,  C " q u i e t ” and 1 " f i r i n g " .

'fS?~3s HP-3 i s  F-3n w i th  th e  d ep en d en cy  la w  c o m p l e t e l y  

s p e c i f i e d :  The l a w  can be g i v e n  a s
T  ‘ • '

f o l l o w s  ( i n  a  f o r a  a rran ged  t o  match t h e  

P a x i o m s ) !

Each c o n n e c t i o n  Cj_  ̂ h a s  a n u m e r ic a l  v a l u e

■which i s  e i t h e r  a p o s i t i v e  i n t e g e r  or  minus

i n f i n i t y .  The v a l u e  can be d e n o te d  by

L e t  . =  C In th e  c a s e  t h a t  t h e r e  I s  n o

c o n n e c t i o n

L e t  C j (^ )  r e p r e s e n t  the  f u n c t i o n  which.

h a s  v a l u e  1  i f  1  ̂ f i r e s  a t  t im e t- and -has

v a l u e  0 i f  t h i s  i s  n o t  th e  c a s e .  L e t  C j ( t )

a l s o  r e p r e s e n t  th e  p r o p o s i t i o n  f i r e s  a t
%

t im e  t " . 1

F i n a l l y ,  each' c e l l  Cj h a s  a n u m e r ic a l  

'’Thresho ld"  y  which i s  a p o s i t i v e  I n t e g e r .  

The d ependency  lav; can th en  be s t a t e d  a s

^ 2  3± ( t  -  1 ) • ^CiJ  >

N o te :  In t h e  M? t h e o r y ,  th e  c e l l s  a re  c a l l e d

"neurons"

1 T h i s  c o n v e n t i o n  w i l l  be u se d  th r o u g h o u t  t h i s  paper .
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I f  .19 n o s l t i v e ,  we say t h a t  h a s  j

"endbu.lbs" on C<. I f  ;6o* ' -  -  00 , vxe say  t h a to- o ' ■’

C  ̂ has  an 11 I n h i b i t o r y  end b u l b 11 on Cj .  yn

example I s  aro v ld ed  t o  d e m o n s t r a te  th e  uae  of

th e  netw ork  n o t a t i o n ,  and I t s  d e s c r i p t i o n  

u s i n p  th e  p r e p o s i t i o n a l  c a l c u l u s .

OS! ,1 .1: COMHfvCT 7 OH 3 :

A la =- 1 i  -  1

-  3 2

far, - - 1 ^Ja* -  i

^ 2 3  -  1 

t '- ’.y, ~  1

/)C p r- - OO

DI.iQaAM s

D aPirfniaiiG Y  L iW.3 :

0 ^ ( t )  ^  Ci ( t  - 1 ) vGo ( t  - 1 ) 

C4 ( t )  = c1 ( t - l ) - c 2 ( t - l )  

0 5  ( t )  ~ % ' t - i )

THEO.lBlM:

. 0 ^ ( t + 2 ) =  £ q^ ( t ) v C 2 ( t I7My/02 ( t )  •Gg(t i /
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2 - 6

None o f  t h e  ax iom s  above r e p r e s e n t  much o f  our  

r e a l  know ledge  o f  n e u r o p h y s i o l o g y . C e r t a i n l y  

F - l ,  th e  t im e q u a n t i s a t i o n  axiom, i s  f a l s e .

( In  C hapter  5 ,  we : * i l l  d i s c u s s  some c o n s e q u e n c e s  

o f  making t h i s  f a l s e  a s s u m p t i o n . )  The e x i s t e n c e  

o f  s p e c i f i c  i n h i b i t o r  c o n n e c t i o n s  h as  n o t  been  

e s t a b l i s h e d  w i t h i n  th e  b r a i n ,  a l t h o u g h  t h e r e  

I s  some e v i d e n c e  f o r  them i n  t h e  s p i n a l  c o r d .

The P ash evsky  sy s tem  seem s ,  on t h e  s u r f a c e ,  more 

b i o l o g i c a l ,  3 l n c e  i t  r e q u i r e s  c e l l s  t o  f i r e  whenever  

l o c a l  c o n d i t i o n s  a re  a p p r o p r i a t e .  I t  p r o v i d e s  an 

exam ple  i n t e r m e d i a t e  betw een  the  above  F i n i t e  

Automatic  N etw orks ,  find t h e  .‘ten e r a i l  s a t  i o n s  b e lo w .

1 - 1 :  No t im e q u a n t i s a t i o n .  C e l i a  can f i r e  a t  any

t im e  s u b j e c t  t o  th e  e x c i t a t i o n  axiom.

1 -2 :  Each c e l l  can have two s t a t e s ,  q u i e t  and

f i r i n g .  (Note:  In T a s h e v s k y ' s  s y s t e m ,  ea c h

c e l l  h as  a c o n t i n u o u s l y  v a r i a b l e  i n t e r n a l  

s t a t e  f u n c t i o n ,  " e - j " ,  whose v a l u e  i s  a 

f u n c t i o n  o f  t im e a n d  o f  th e  h i s t o r y  o f  p u l s e s  

t h a t  have reach ed  th e  c e l l  th ro u g h  i t s  

c o n n e c t i o n s . )

1 -3 :  There are  two k i n d s  o f  c o n n e c t i o n s ,  E^j and

I j j , c a l l e d  ‘‘e x c i t a t o r y "  and " i n h i b i t o r y " .

The dependency  la w  i s  somewhat as  f o l l o w s !

slf
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A c e l l  f i r e s  when “e - j "  e x c e e d s  some " t h r e s h o l d 1 

?he f u n c t i o n  " e - , )“ d epends  on th e  p a s t  s t i m u 

l a t i o n  in  such  a way t h a t  ' V  i n c r e a s e s  'with 

e x c i t a t o r y  s t i m u l a t i o n ,  and "J" i n c r e a s e s  

w it h  i n h i b i t o r y .  Both f a l l  o f f  e x p o n e n t i a l l y  

w i t h  t i n e , ^

2 / 1 . 5  Let  u s  con -ic ier a more g e n e r a l  sys tem  {which i n c l u d e s  

a l l  th e  a b o v e ) !

i Nidi ML-AH ..LCO MUHINS i s  a c o l l e c t i o n  o f  c e l l s  

w ith  t h e  f o l l o w i n g  axioms;

A-l No t im e  q u a n t i s a t i o n .

v-2  I n p u t  b e l l s  ore  f i r e d  by th e  e n v ir o n m e n t .

Each c e l l  has two " e x t e r n a l  s t a t e s " ,  " q u ie t " ,  

and " f i r i n g " .  Each c o l l  has an i n f i n i t e  

number o f  I n t e r n a l  s t a t e s ,  'which are t o  be 

i d e n t i f i e d  w i th  i t s  "p u lse  h i s t o r y " ;  th e  

p u l s e  h i s t o r y  a t  t im e fc, o f  c e l l  dy i s  the  

s e t  o f  t im e s  up to  and i n c l u d i n g  t  a t  which  

0^ h a s  f i r e d .  ( F i r i n g  i s  i n s t a n t a n e o u s . )

\ - 3  The f i r i n g  o f  an i n n e r  c e l l  d epends  on th e

p u l s e  h i s t o r y  o f  a l l  c e l l s .

1  3ee 2 / 7 . 2 . 2  We w i l l  n o t  d i s c u s s  t h i s  sys tem  i n  d e t a i l  
b e c a u s e  th e  h y p o t h e s e s  are  much s t r o n g e r  than n e c e s s a r y  
h e r e .
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Again a s e e d a l l n a t i o n  l a  a p p r o p r i a t e :

\  NbU.l.fL- AhALOO :-;vT'.»o;  ̂ i s  a c o l l e c t i o n  o f  c e l l s

f o r  which

v-1 ,

4 - 2 ,  end

\ -3 n j  There a re  a s e t  o f  c o n n e c t i o n s  The

The f i r i n g  o f  an I n n e r  c e l l  T j depends  on t h e  

p u l s e  h i s t o r y  o f  a l l  c e l l s  f o r  which t h e r e

i s  a c o n n e c t i o n  0  .
J

liOl’hl: These  ay a t  eras are  more g e n e r a l  than m ight  a p p e a r .  

The form o f  t h e  dependency  may v ary  from c e l l  

t o  c e l l ,  e t c .  The form o f  the  ax ioms makes  

them appear  t o  c o n t a i n  one im p o rta n t  commit

ment about th e  d ep en d en cy ,  namely an “a l l - o r -  

none" law  f o r  p u l s e s .  Tor the  dependency law  

i n v o l v e s  o n ly  th e  t i m e - o f - a r r i v a l  o f  p u l s e s ,  

and t h e r e  i s  no e x p l i c i t  dependence  on any o t h e r  

p r o p e r ty  o f  a p u l s e .  However, by a l l o w i n g  ea c h  

c e l l  t o  ta k e  on© of a l a r g e  number o f  s t a t e s ,  

and u s i n g  a s u f f i c i e n t l y  c o m p l i c a t e d  dependency  

l a w ,  one can c o n s t r u c t  a sys tem  e q u i v a l e n t  t o  

one in w hich  p u l s e s  h ave ,  e . g . ,  s e v e r a l  d e g r e e s  

o f  a m p l i tu d e  and d u r a t i o n ,  and in  which th e  

e f f e c t  o f  a p u l s e  d epends  on t h e s e  "form" 

p a r a m e te r s .  '

it
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2 / 1 . 6  None o f  th e  above ay s te m s  c o n t a i n s  what may be

c o n s i d e r e d  t h e  d i s t i n c t i v e  .•-.aooct o f  t h e  p r e s e n t  

t h e o r y ;  th e  p r o b a b i l i s t i c  f i r i n g  c o n d i t i o n . The 

f o l l o w i n g  s y s te m  w i l l  p r o v i d e  the s t r u c t u r e  u n d e r 

l y i n g  t h e  m a ch in e s  c o n s i d e r e d  in  th:l3 t h e s i s ,

A. 3TQ1H 1 1? 11 11AIRAL- ANALOG NaTNQi'tK i s  a sy s tem  

which s a t i  •>.f i e  a t he a x i o m s :

\ - 1  ( c o n t i n u o u s  t im e)

v - 2  ( P u l s e - h i s t o r y  i n t e r n a l  s t a t e ,  hence  b i a s  

toward a l l - o r - n o n e  t h e o r y )

3 \~3n f o r  any r i v e n  i n n e r  c e l l  Aj, a t  t im e  t ,  th e

p r o b a b i l i t y  d i s t r i b u t i o n  f o r  th e  t i n e  o f  th e

n e x t  f i r i n g  o f  d ep en d s  on th e  n u l s e  h i s t o r y

o f  e a c h  c e l l  "’O'"' which t  he re i s  a c o n n e c t i o n

1 , t , ?iC!f e ; f h i . s  d i s t r i b u t i o n  i s  a c o n d it io n a l

p r o b a b i l i t y  on th e  h y p o t h e s i s  that- th e  p u l se

h i s t o r i e s  o f  t h e  A,. ’ s do n o t  c h a n g e • riachX
t im e  one o f  t h e  a d o e s  f i r e ,  a new d i s t r i 

b u t i o n  f o r  th e  n e x t  f i r l o r  t ime o f  A, i s  a o n l i e d .j
2 / 1 . 7  D I  .301J 5 1 1  ON ;

I f ,  in  a p p l i c a t i o n  o f  A l-3n  t o  th e  n e r v o u s  s y s t e m ,  

we t a k e  th e  " c e l l s "  t o  be n e u r o n s ,  and th e  t o

be s y n a p s e s ,  th en  a commitment i s  made which i s  

i n v o l v e d  w ith  what i s  p ro b a b ly  th e  most b a s i c  c o n 

t r o v e r s y  in  th e  f i e l d  o f  p h y s i o l o g i c a l  p s y c h o l o g y .

I
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For t h e  s u b s c r i p t  "nM* a t t a c h e d  t o  m  axiom l a  

used  t o  d e n o t e  th e  assu m pt ion  t h a t  the machine* s 

components  are  r e l a t e d  e x c l u s i v e l y  through  d i s c r e t e  

"connec  l o n g " ,  and t h a t  t h e r e f o r e  th e  o p e r a t i o n  o f  

t h e  machine d ep en d s  e x c l u s i v e l y  on t h i s  c o n n e c t i o n  

s t r u c t u r e , a n d  n o t  on th e  s p a t i a l  arrangem ents  o f  

t h e  c e l l s  and s y n a p s e s  i n  t h e i r  p h y s i c a l  e .nvironmont. 

(For  any g i v e n  m ach in e ,  o f  c o u r s e ,  th e  for-malian
M »

co u ld  be a d ju sted  by r e p l a c i n r  any g e o m etr ic  i n 

f l u e n c e  3  by f i c t i t i o u s  c o n n e c t i o n s  w i th  a p p r o p r ia te  

dependency  pro s o r t i e  3 .}

I t  l a  by no means my i n t e n t i o n  to  e x c l u d e  the p o s s i 

b i l i t y  t h a t  s p a t i a l . r e l a t i o n s  ore  im p o r ta n t  in  the  

o p e r a t i o n  of  t h e  n er v o u s  s y s t e m .  The re  are  numerous  

t h e o r i e .3 t h a t  have been formulate:!  by p h y s i o l o g i c a l  

p s y c h o l o g i s t s  in  which s o - c a l l o i  " f ie ld '*  e f f e c t s  

a r e  c o n s id e r e d  t o  be major f u n c t i o n a l  e n t i t l e s .

( e . g . ,  f w l o v ,  L a u h lo y ,  do a t  a l t  t h e o r i s t s .  Kohler* 3  

f i e l d  t h e o r y  for- v i s i o n  i s  t h e  most  d e v e lo p e d  such  

t h e o r y . )  In  my o p i n i o n ,  none  of t h e s e  t h e o r i e s  has  

been advanced t o  t h e  ( o r i m i t i v e )  l e v e l  o f  d e s c r i b i n g  

how one s u c h  f i e l d  a f f e c t s  a n o t h e r ,  or how th ey  are  

a s s o c i a t e d  w i t h  in p u t  and ou tpu t  o f  the  m achine .  Nor

1 _ H „  „  j. iior n e t
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..are t h e  p h y s i o l o g i c a l  arguments  f o r  t h e s e  f i e l d  

t h e o r i e s  v e r y  i m p r e s s i v e .

I t  i n  s a i d  t h a t  such t h e o r i e s  are r e q u ir e d  t o  

e x p l a i n  how the  n e r v o u s  ay stem c o n t i n u e s  t o  f u n c t i o n  

a f t e r  p h y s i c a l  I n . lu r y , y e t  i t  a p p ea rs  t h a t  " f i e l d s "  

ought t o  he e q u a l l y  v u l n e r a b l e  t o  p h y s i c a l  d i s t o r 

t i o n ;  e s p e c i a l l y  i f  they  are  to  have th e  c o m p le x i t y  

presum ably  require::  t o  e x p l a i n  t h i n k i n g .

I f  t h e s e  " f i e l d s "  are  regarded  a c ,  s a y ,  c o n t a i n i n g  

t h e i r  s t r u c t u r e  in  t o e o l c g . i c a l  form, r a t h e r  than  

m e t r i c a l ,  - and as  a l s o  h a v in g  autonomous s e l f -  

s t a b i l i z i n g  p r o p e r t i e s ,  with  the p h y s i c a l  b r a in  

a c t i n g  only  as  a s o r t  of e t h e r ,  th e n  such  a th e o r y  

c o u ld  indeed  e x p l a i n  i n j u r y  r e s i s t a n c e .  One cannot  

e s c a p e  th e  f e e l i n g  t h a t  L u sh le y  ( and r -v lo v )  has  

some such model in  mind, but n e i t h e r  a p h y s i c a l  

b a s i s  i s  p r o p o se d ,  n o r  oven r fo rm a l  scheme a s  to  

how th e  f i e l d  i s  r e l a t e d  to  b e h a v i o r .  .Ml t h a t  I 3  

e x o r e s e e d  i s  th e  hope t h a t  a " f i e l d  theory" w i l l  

be e v e n t u a l l y  c o n s t r u c t e d .

As f o r  th e  "isomorphism" approach o f  K o h ler ,  in  

•which the f i e l d s  a s s o c i a t e d  w i th  s e n s o r y  e v e n t s  

r e f l e c t  in  some a lm o s t  g e o m e tr i c  manner th e  s en so r y  

e v e n t s  t h e m s e l v e s ,  i t  l a  hard to  s e e  how one can  

hope th a t  ev en  i f ^  s e n s a t i o n  i n  t h e  v i s u a l  a r e a s  i s

.m
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i n  f a c t  a - s o e i a t o d  w i th  " i s o n r r r h i c "  f i e l d s ,  t h a t  

t h i s  w i l l  a id  in  t.he u r i l e r s t n n d l n r  o f  th e  r e s t  nf  

t h e  n e r v o u s  s y s t e m .  There c e r t a i n l y  i s  a s t a g e  

in  b r a i n  f u n c t i o n  where th e  e v e n t s  he nr  l i t t l e  

r e i n  t  io n  t o  the  roome t r i e  s t r u c t u r e  o f  s e n so r y  

e v e n t s ,  o . r t i  in  the  snivnrnent o f  apohen names 

o f  o b j e c t  -;. \ t  the  "motor end" o f  t be n e r v o u s  

s y s t e m  t he re :■ n v e r y  l i t t l e  "isomorphism" l e f t ,  

but t h e r e  V o I eon ,v u c u t  d e - 1  o f  "commutation".

“’V-e physi<r- l  r-:1 n i l  r i f l e  :• mut t  he 3 ropne-'’ .somewhere 

ir. t h e  p r o c e s s ,  •.■' ■ 1 t ha s  not  bean  shorn  how t h e i r  

v r e s e r v a t i o n  e •: •: a id  in fho c o m p u ta t i on. In a 

p a c e r  n: a p o s s i b l e  mechanism f o r  v i s i o n ,  M o lu l lo c h  

and r i '  t c  ( I ? 1’;?} s u r y e s t  - proewsv. involv. l  ny p a t t e r n s  

g e o m e t r i c a l l y  r e l a t e d  t o  t h e  r e t i n  0.. y v t t c r n ,  - ncl 

t h e s e  n e u r a l  p a t t e r n s  a re  used i n  u v h i u a  a computa

t i o n  about t h e  come t r i o  f e a t u r e s  of  t h e  r e t i n a l  

■ p a tte rn ,  hut  i f  t h i n  mechanism were i n  f a c t  t he  one 

o p e r a t i n g  i n  t h e  human b r a i n , i t  would n o t  support  

th e  f i e l d - t h e o r i s t g *  c o n t e n t i o n  t h a t  the  b r a in  

f u n c t i o n s  g e n e r a l l y  by the  use  of such f i e l d s .  In 

f a c t  the  purpose o f  such  a mechanism aa t h a t  o f  

M c i u l l o a h  and i t t s  i s  p r e c i s e l y  to  c o n v e r t  the  

i n p u t  i n f o r m a t i o n  i n t o  on a b s t r a c t  and p ro fo u n d ly  

n o n - g e o m e t r i c  form, f o r  th e  c o n v e n i e n c e  o f  the  r e s t
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o f  t h e  b r a i n .  e w i l l  r e t u r n  -to t h i s  s u b j e c t  i n  a . .

sepA«*te •■/hero the arFUUant a-ui he more p r e c i s e .

2/ 1 . 8  On t h e  o t h e r  bund i t  j a u u i t o  p o s s i b l o  t h a t  '’f i e l d s " ,

and i n  p a r t i c u l a r  e l e c t  r i e . a i ,  c h e m i c a l ,  and m e ch a n ic a l

: f r a d i e n t s ,  do i n  f u e l  piny an e saen  Liul  r o l e  i n

b r a i n  f u n c t i o n ,  a l t  S ou h no t  -seces.e-nrliy as  g l o b a l  

p a t t e r n s  •■•hich r e p r e s e n t  i n  none way i d e n t i f i a b l e  

m e n ta l  e v e n t s .  Two such p o s s i b i l i t i e s  are  d i s c u s s e d  

i ,  rhe are s e n t  t h e o r y .

( 1 ) .  " d i e  r o se  e p i c ' 1 l i c i . !  f  f a c i l e / - t he  e x c i t a b i l i t y  

of  s y n a p s e s ,  r s 3 J . l t i n  I r o n  the  m e t a b o l i c  and n e u r a l  

a c t i v i t y  o* c e l l  ■> i n  the  n  j i p h b o  rhoo d , ad

( 2 ) .  h r f i e l d :  a f f e c t i  tha . . . .a t iv i ly  w i t h i n  

whole s e t s ,  r,;;; i d ; i r  from e l e a t r o t o n i c ,  c h e m i c a l ,  

or e l e c t r i c  f i e l d s  s e t  uo by :.ho rn. naive  (o ■

" s y n c h ro n o u s  ' diner. ;  iy;e of  l a y  e p r o u r s  of c e l l s .

(1} i s  con a ide  red 1.. t he  f i r s t  p a r t  of Jivj .pter’ 3.  

(2) i n  c o n s i d e r e d  throuy.h out J h a p t o r a  5.a.t~iA 1° •

The 1 armor f i e l d s  c la y  a r a t h e r  im p o rta n t  r o l e  in  

t h e s e  o h u p t o r s ,  hence in  s p i t e  of  t h e  c o m b in a t o r i a l  

for.n of the e a r l i e r  c h a p t e r s ,  the  f i e  :i  theory  in  

as  vued  a “ f i e l d  theory'* a s  i t  i s  a “network t h e o r y " , 

t o  u se  t e r r a  o f t e n  employed in  t h e  p r e s e n t  p s y c h o 

l o g i c a l  c o n t r o v e r s y .  n

The p r e s e n t  t h e o r y  a l s o  a v o i d s  the d i f f i c u l t i e s

i
. •Vn

' i
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e n c o u n t e r e d  by t h o s e  netw ork  t h e o r i e s  which u se  

t im e  q u a n t i z a t i o n .  T h i s  m a t t e r  i s  d i s c u s s e d  in  

C hapter  5 .

2 / 2 .  Some n e u r a l  n e t s  and t h e i r  f u n c t i o n  s p a c e s .

Most o f  th e  n e t s  in  t h i s  s e c t i o n  can be r e p r e s e n t e d
Ci 9 4 3 ;

i n  th e  M e C u l l o c h - P i t t s ^ s y s t e m ,  e x c e p t  where p ro b a 

b i l i t i e s  a re  u s e d .  While  t im e q u a n t i z a t i o n  i s  n o t  

im p o sed ,  we assume a “u n i t  s y n a p t i c  d e la y "  which

s e r v e s  much th e  same p u r p o s e .

2 / 2 . 1  Ui'I A JUN ST ION, X .

{ £ -
Two c e l l s  Rq and Ffy. One c o n n e c t i o n  Oqj.  

Dependency r e l a t i o n :  a ^ ( t )  s  Rc ( t - 1 ) .

T h i s  e x p r e s s e s  t h e  n o t i o n  o f  " u n i t  s y n a p t i c  

d e l a y " .  I t  i s  used o n ly  f o r  c o n v e n i e n c e ,  and 

d i s m i s s e d  in  Chapter  5 .

In  th e  p r o b a b i l i s t i c  c a s e ,  

prob/R-^ ( t j [ 7  -  a • Rc ( t - 1 ) .  Here "a" i s  the  

"t r a n s m i s s i o n  p r o b a b i l i t y " o r  "XP" o f  th e  c o n n e c 

t i o n  C q i # ("IRq( ti) ” i s  used  here  a l s o  a s  th e  t r u t h  

v a l u e  o f  th e  p r o p o s i t i o n  R^Ct) . )

2 / 2 . 2  CHAIN OP UNARM JUNCTIONS.

n + 1 c e l l s  1 R , . . . , 8 ^ .  n c o n n e c t i o n s  C j . - i , i *  

I f  th e  XP o f  i s  a^,  then

Pi'ob /an ( t | 7  = ** ai  * Ro
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i V l/ 1/

“h i s  * 3  c a l l e d .  a “unary c h a in  o f  l e n g t h  n" 

f 0 0 ^ f1 t e 5 U 0 1 -■ nr: s ' •

21 ? - J u n c t i o n s .

n 1 c e l l s ; 1 . . . . , 1  .

r c o n n e c t i o n s ;  “h - ,  '1>- , . . . , -Z„r  .
—  «.  t — V  . . N .

 ̂ / f" ' «_ 7? / "T  ̂f. ') /•*•'/- *' - V U i — ' i_ ^  '

’ ’e want to  f i n d  a n r o b o b i l i s t i c  a n a lo g y  of  

1" s i t u a t i o n  ■■ith t h r e s h o l d  u n i t y .  A c h o i c e  t h a t  

s u i t s  the  p u r p o s e s  of t h i s  c h a p t e r  would be 

? { X-i , • . . ,  'ir '• ~ a i f  n o t  a l l  v a r i a b l e s  are z e r o ,

T — f  o t h e r w i s e ,  “'hen .'<1 -  a f o r  th e  J u n c t i o n s ,

i e e  be low ;  2 / 2 . 3 .

J o n - J u n c t i o n s .

Sane n e t  as in  2 / 2 . 3

Le t n o t  a l l  o

-  a i f  t h e y  a l l  f i r e .

? h i s  i s  an a n a lo g  o f  th e  M? J u n c t io n  w i th  

t h r e s h o l d  n .

•MS!$Mi
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2 / 2 . 5  .61 i iu  ; .sir,M

Mhe e l e n e n t g  of  2 / 2 . 4  • nd <: /2 . 3  r-.re r a t h e r  

l r s o l - u s i b l o  o h y s i o l o r 1 c  a l l y . I’he n r 'U - ' e n t  In f a v o r  

o f  a. n r o b o o i l i o t i c  t r a n a m i  raulon i  ■ h o 1?? • ound below 

In .5 /1 .  In  t'!-c 1.1 a h t  d t  ‘.ho r e n n r u l  . - • m o e n t n  of  

t h a t  s e c t i o n ,  1.1 would s e e n  wore n a t u r a l  t o  nsoune  

t h a t  t h e  p r o b a b i l i t y  of  i ' i r i n r  n j u n c t i o n  w ould ,  i n  

p e n o r o l ,  i n c  r e  a se w i t h  i n  c r e a d  n r  s t i m u l a t i o n *

Hence ,  ’’f i l e  ' h a  v a l u e s  of ? (of  \ ? } a r e  chosen i n  

2 . 3  and 2 . 4  t o  he v e r y  a l - n l e *  i n  G”Oh cose  •’ pi ..mid 

be t h o u g h t  ot -1 c a monotone Iccre-sgi-w- f u n c t i o n  o 2 

i t s  ( o r o n o c i t  i o m . l ) v a r i a b l e ? .  ffw f o l i o w i n y  a r - u -  

• leut  s h?r-'e f  i o  in viovr.  ('• f. i on. r o e , i f  a r b i t r a r y  

non o t on e  fun of. ’ onrs wo re  p e r u l  I ted , chew th e  . junc t i ons  

of  2 . 3  and 2 . 4  would be t h e  s a n e , In .order  t h a t  t hey  

r e s em b l e  t he  l o g i c a l  f u n c t i o n s  a f t o r  which ti ny a r e  

node- l ed , •' n u s t  bo chosen  so •'. • t  i n  c a se  2 . 3  the

v a l u e  nf <’ i s  c l o s e  t o  wedrfey when any one xnouo i o  

f i r e d ,  ’and i n  cose  2 . 4 ,  t he  v a l u e  of u u s t  be low 

u n l e s s  a l l  a r e  f i r e d .  ’’or t h e  n o n - p r o b a b i l i s t i c  

c a s e s ,  i n  2 . 3 ,  f  ?D i s  1 ;'nd i n  2 . 4 ,  f/~:Q i g  n .  

d / 2  • 6 -fe so  on ae n u t a t i o n s

; n e t  i s  d e s c r i b e - : ’, by c a t a l o p u i n r  i t s  i n p u t  

c e l l s  j5 , i t s  i n n e r  c e l l s  d j  an i i t s  c o n n e c t i o n s  

VlT1 where m r a n e e s  o v e r  a l l  t h e  i ’ c -md j ‘ s ,
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w h i le  tj ranges  over the  j ’ s o n l y .

Tri'"7! U l  1 a d e sc r ib e d  r s e t  - 'a irs  

( l , o )  •.•'he.- re c ( i , s )  I f  an3 only I f  3 ^ ( t )  I s

P '  r t  o f  t ’ cr W / .  , -  , r  (, -  . - . . .

' ‘hen a s t im u lu s  5 s m o res ' -o tcd  by * s i n g l e  

l e t t e r  A, •. he symbol *-111 re pro sent e i t h e r  the  s e t  

of  3n a ex pal r s ,  or the p r o p o s i t i o n

V  ^ ( t )
< k , t )  c 1

I t ira u l l  w i l l  o f t e n  be a s s o c i a t e d  with a time  

i n d e x .  I f  .1(0} i s  a g iv en  s t i m u l u s ,  then

3(t<-.) ~  l_7 i, t  + fê ,} . 

hi  ̂̂  ’ ’’ "'

changing the t i n e  index t r a n s l a t e s  ( in  t ime)  

the  e n t i r e  s t i m u l u s ,  be w i l l  require  th a t

Sj^ t )  e 3 ( t f. )= >  t  >  t 0 . 1

I*ho b e h a v io r  of a n e t  • • i s  d e sc r ib e d  by i t s  

I S !  :Ob:i :  •1JM07T0N 16 3 (5 ) -  fhe domain o f  Res(a) i s

the  s e t  o f  a l l  s t i m u l i ,  i . e . ,  o f  a l l  s u b s e t s  o f
z *•

r  x T. I t s  ran ft© i s  the s u b s e t s  of  J  x ? ond i t

 ̂ Ho o u l s e  of a s t im u lu s  can occur be fo re  the index time of  
the  s t i m u l u s .

2 I i s  fch© ifldex se t  of the iujjufc o@iis, J that of th© inn©? c o i l s .
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- l a  d e f i n e d  a s  f o l l o w s :  Assuming t h a t  th e  n e t  I s

q u i e t  when t  < 0 ,

i l e s (3)  =  Z,T^,t) /  3 =̂> .

2 / 2 . 7  THEOREM: ( 2 / 2 . 7 )

I f  a n e t  i s  composed e n t i r e l y  o f  d i s - j u n c t i o n s , 

t h e n  f o r  any s t i m u l u s  3 =  3 ( 0 )  ^

R e s (3 )  = ^  Res (3  Y ( % ) ) .
( / ,  t ) e 3

P r o o f :

I o n s  ic ier  any e le m e n t  . ^ ( t )  o f  Res ( 3 ) .  J i n c e  

.1 ( t )  i s  an i n n e r  o e l l ,  t > l .  Now R ( t )  must beA &
f i r e d  by e i t h e r  an i n n e r  c e l l  o r  an in p u t  c e l l .

Hence, . , .. , . .
P. ̂  -j 3 ‘ c

\  (t ') = / j3 k 'J  (1 0 k I k Ti 0 • Sjj I ( t  -1) U v  /T 3 iJ  ( $0  lk  ̂  0 • 31 (t  -1) 17 .

I f  th e  s econ d  p r o p o s i t l o h  on th e  r i g h t  h o l d s ,  th en  

Rjc ( t )  e R e s (3 j , ) .  I f  n o t ,  th e  second must h o l d ,  ana 

Rvi ( t - 1 ) .xx.

By i t e r a t i n g  th e  same argument ‘T 1/  t i m e s ,  

where i s  l a r g e s t  i n t e g e r  i n  t ,  we have:

I f  R, ( t )  i s  n o t  in  any R es (3 ,7 ( t - J ) ) ,  J =  1 , 2 , . . . , TYx » y
, t h en  t

(3 k ^ T̂ )(jfck(T)k(T*l) 4 0 • Rk(T) ( t  *  T) )  7

v Qfi)^Cik (T-X) S 0 • S4( t  -  T )) •

1
No p u l s e  o f  a . s t im u lu s  can o ccu r  b e f o r e  th e  Index  t ime o f  
the  s t i m u l u s .
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The f i r s t  p r o p o s i t i o n  i s  f a l s e  b e c a u s e  

% {>:) Tut I f  th e  secon d  h o l d s ,  t h e n  byA
t h e  I n d u c t i v e  argument,  t h e r e  e x i s t  c o n n e c t i o n s  

3]C1  £  > 0 ^ 2 ^ 1 , . . . ,  0  i y j r - 1 7 .  M a o ,  3^ ( t  -  / " P  .  B u t  

th e n  R, ( t )  e b s ( 3 a ( t - H i  ) ) ,  c o n t r a r y  t o  t h e.i£ J* * **■
a s s u m p t i o n .  Since Rf, ( t ) i s  any e l e m e n t  o f  R e s ( 3 ) ,  

we have

Re a ( 3 )  C l ^  R9 s ( 3 . ( t ) ) .
( l , t  ) e3

The r e v e r s e  argument i s  a s p e c i a l  c a s e  o f  

theorem  2 / 2 , 8  b e lo w ,

2 / 2 , 8  wor  th e  p r o b a b i l i s t i c  c a s e  we d e f i n e

30 8 (3)  =  Z T k , t , a )  3D probR^/fc) =r a / .

I f  1 and R* a r e  r e s p o n s e s ,  v.-e say  t h a t  R* D R 

I f ,  and o n ly  I f ,

( k , t , a )  e R => ( 3 £ ) < k , t , b }  e R1) ,

Theorem; I f  a  n e t  I s  composed e n t i r e l y  o f  . junct iona  

w i t h  mon o fc one -*-1  ran ami a a 1  on f u n c t i o n s  

( s e e  2 . 5 )  th en

Rea(3)  ZD 3 e s ( % ( t ) )
( i , t ) e 3

I n  f a c t ,  more g e n e r a l l y ,

1
By "monotone" we a lw a y s  mean " n o n - d e c r e a s i n g " •
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.''he o r a n : { . i / ' d .  r ‘ )

3* D 2 ResC V )^> Pea(,3) «

i . e . ,  n n o t  g or: no geo. i f  monotone .hmo t l o n s  has  a 

•i on o to n e  re an on ge f u n c t i o n  . 

riPOF: Choo ae (V.,-t-,<0 t  J. If on

   v, f 'I \ ... ? ( '"I  ̂ ■ Yf -C ' '
i J  r o  I J l  V  \  ,  • - V  V  '  . £ v .  • *  -  I , \  1/  — i  ;  /J ^

vhe r e  t h e  a r c  t h e  c e l l o  w h ich  c o n n e c t  t o  a, , ,  rmd 

Fic l a  t h e  n o n o t o n e  f u n c t i o n  o f  p b in a r y  v a r i a b l e s  

w h i c h  d e u c r l b e a  t h e  t r a n s m i s s i o n  p r o p e r t i e s  o f  . 

R eplace  r=\t by t h e  f u n c t i o n  ^  ( 3^ ( t - 1 ) ,  {t - 1 C n {t

o f  a l l  c e l l s  w h ich  ha a th e  same v a l u e s  a s  r, . F*vi£ K

i s  1 I 3 0  monotone*

How i f  p r o b l ^ ( t - l )  r: t h e n

a “  n r o b (  : l ^ ( t ) )  rr 

1
n  n

J l  $ ,12* •* * * 3n ~  t
*•>X

n J2 <1-3 ,  )
= ax \  rr  a4 (1-*: )̂ 1 F* ( l , i 2, . . . , i n)

/  ^  3-~2
1 ,  J • * 9 » f'

<+• (1 - a < )^2- -#4rt>

= ' i S l  + ( i - a i j S T g

r r  -  ^ 2 ^ +  ^ 2

Mow, b@co.use !?I i s  monotone, each term o f i s  >, the
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2 - 2 1

c o r r e s p o n d in g  term InJET^. Hence^ 

probRjc (t,) -  + Z 2 rj i s  monotone f o r

a^, and s i m i l a r l y  f o r  e a c h  o f  the  a • T h is  p r o v e s  

t h a t  f o r  any 1  and j ,  i n c r e a s e  o f  p r o b R ^ ( t - l )  ca n n o t  

d e c r e a s e  p r o b ( R . ( f c ) ) .  8y  i n d u c t i o n ,  i n c r e a s i n g  

i?rob(R^ ( t - 1 ) ) ca n n o t  d e c r e a s e  p r o b ( ( t + d ) ) f o r  any 

d > 0 . ( I t  c e r t a i n l y  ca n n o t  d e c r e a s e  p r o b (R 1 ( t + d ) ) 

f o r  n e g a t i v e  d ;  th e  c a u s a l i t y  i s  a lw a y s  forward i n  

t i m e . )

Now, s i n c e  3*IP 3,

3* = w ;3u2 ( v 2 ) ^ . . .  l̂ 3u i ( v i ) ^ .  .^ 3 u z ( v z )

where th e  o i t ^ v ^ )  a r e  th e  e l e m e n t s  o f  3 1 n o t  i n  3 .

L e t  ‘31  ~  3 ^ 3 0 ^  (^1 ) , and i n d u c t i v e l y ,  3^= 3^’^ S u ^ (vfe) •

Then 3s  =  3*, and 3 = 3 ° .

Now • i e a ( 3n ) ~D IB 3 ( 3n ~1 ) .  For i f  (k , t , a ) e l e s ( 3n "1 ) ,

th e  f lr in cr  o f  3 1 , (v ) cannot  d e c r e a s e  nrob'L ( t ) .n n a

Hence f o r  some b a ,  (h ,  t  ,b )  eRes ( 3n ) .

Hence

Rq 3 (3} C_ r?e 3  (.3^) CZ. • • • d  R©a( 3*) ♦  ̂• E . D.

1 0 r r . I f  th e  monotone f u n c t i o n s  :r̂  are a l l  o f  th e  

form: F^ ls  u n i t y  i f  (and on ly  i f )  any v a r i a b l e  i s

n o t  a e r o ,  and i a  a ero  o t h e r w i s e ;  then we have a 

n e t  o f  ( d e t e r m i n a t e )  4  ̂  “ -1un c t i  on a , and t h e  theorem  

in  t h i a  c a s e  c o m p le t e s  th e  p ro o f  o f  theorem 2 / 2 . 7 *

HO Hi*. Theorems 2 / 2 . 7  and 2 / 2 . 8  are o f  p a r t i c u l a r  

i n t e r e s t  b eca u se  t h e r e  i s  no r e s t r i c t i o n  made on
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t h e  t o  ,’v l o r y  of  t h e  n e t ,  ■ nd c y c l e  n w i t h  .In f i n  i t ©  

re .-.iron so :• ( s e e  - J h a p t e r  !j )  a r e  a d m i t t e d . Jheorsni 2 / 2 . 7  

can  be r o a o :  n e t s  w i t h  a d d i t i v e  j u n c t i o n a  have  

a d d i t i v e  r e s p o n s e  f u n c t i o n s .  Theorem 2 / 2 . 8  s t a t e s  

t h a t  n e t s  t-r:' v.t n n n o i o n o  j u n c t i o n . -  have  monotone  

r e s p o n s e  f u n c t i o n s .

2 / 3  ■uL.'iLXd.fblLIIT Or OUTPUT IL/bCi. I  OK J .

In t h i s  s e c t i o n  we examine the  q u e s t i o n  o f  which  

f u n c t i o n s  can be r e a l i z e d  by n e t s  o f  y i v e n  c o m p o s i t io n ,  

he d i s t i n g u i s h  t h r e e  v a r i e t i e s  o f  c e l l s ;

outnuti n o u t ,  I . ,  i n n e r ,  I , ,  and out out R,_. nn1 «] A
f u n c t i o n  i s  l i k e  a r e s p o n s e  f u n c t i o n  e x c e p t  t h a t  i t  

d e s c r i b e s  only th e  a c t i v i t y  o f  the  output  c e l l s ,  and 

n o t  the i n n e r  c e l l s .

L e t  be th e  t im e  o f  th e  f i r s t  p u l s e  In s t i m u l u s  3 .  

" T3  ..........................   " l a s t

” r ? " “ " ” " f i r s t  i! ” ou tput

II mj? *! II I! H H -) ,„4. >1 .1 II itI l u s t ,  .

D e f i n i t i o n ; 'n o u tp u t  f u n c t i o n  ? ( 3 )  h as  d e l a y s  i f  

f o r  a l l  3,

’T’ ’ - I ■« F ^  -  -3 T -
\ I

d e f i n i t i on; An o u tp u t  f u n c t i o n  ? ( 3 )  has  d u r a t io n -

i f  f o r  a l l  3,

T?( 0  ^  yJ  + d.

D e f i n i t i o n ; A s im u l t a n e o u s  i n p u t  v o l l e y  a t  t im e t 0
3

I I a n  nf -. 1 m i l l  11 es C f n r >  v ; h 1 n h  T . .  r  T  .
t o '

(an ( . 3 . 1 . 7 . ) .  ) i s  a s t i m u l u s  3 f o r  w hich  T =■ 
twv J

§§
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l i o t e s  ’ ’hen e v e r  1 t i  s t o  be shown th a t  a Net  N 

r e a l i s e s  a •' iven out out f u n c t i o n  r ( z ) ,  we w i l l  use

th e  symbol 1 ?•(•*;) t o  d e n o t e  the  out nut f u n c t i o n  o f  

th e  n e t  '1t '-rd o’" ow thn.t ;''•?{ 3 ) ~

2 / 3 . 1  ,rihGorcn ( 2 / " . l )

T,ot .~N ;) vvy ■; ;?;:r.jtion o f  on - . I . N .  which  i s  

a l i l t - l v o ,  has  f i n i t e  d u r a t i o n ,  d e l a y  > 1  ana f o r  

which ?(C) -  0 . Then ?(.!i) can be re a l l  zed by a 

n e t  composed e n t i r e l y  o f  d l a - . l i m o t l o n s ;

T r o o f : L e t  Tg=C vjithoufc l o s s  o f  g e n e r a l i t y ,

l e  ore s e n t  3 ^  3* ( f ) .
VO) 0 3

J.et end .1̂  be in p u t  ond o u tpu t  c e l l s  f o r  N.

For e a c h  l v ( t )  In ?(  J , ) c o n s t r u c t  a c h a i n  o f  i n n e rK X

c e l l s  s t a r t i n g  a t  j  , w i th  t - 1  i n n e r  c e l l s  and
X

t  e rmin a t  i  n s o n  .

,11 j u n c t i o n u  are  d i s - j u n c t i o n s  U:-P j u n c t i o n s

w ith  t h r e s h o l d  u n i t y ) .  Ihen f o r  e a c h  1, ( t ) i n  . ( )

t h e r e  i s  a p ath  w ith  d e l a y  t  from 3  ̂ t o  hence

PM ( 3 . )  Z2 r f h  ' x 2. ■
and s i n c e  t h e s e  are tho on ly  p a th s  frotn 3j, t o  any

o u tp u t  c e l l s 3 ;;'f ( :\± ) r- ? ( 31 ) . . 'J so , by theorem

2 / 2 . T, ??’ ( >) i s  a d d i t i v e .  31nce th e  v a l u e s  o f

.?*:(d j ) ,  and the f a c t  t h a t  i a  a d d i t i v e ,  d e te r m in e

a un iq u e  a d d i t i v e  f u n c t i o n  PIT<.3)» i t  must be

I d e n t i c a l  d t h  ? ( 3 )  which s a t i s f i e s  th e  same c o n d i t i o n s .

ms
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f; 2 - 2 4

1
• O'.*;-;. ’?i t h o u f  th e  r e s t r i c t i o n  t h o t  ?(:3) have  

f i n i t e  4ur*Stt i  on , gone 2 , m irht  need t o  have an

p  i n f i n i t e  number o f  w a d b u lb s . ^h© c o n d i t i o n  'P(O) — 0
2'
v: i  a a n -o o e r ty  0 T m y  r e a l i s a b l e  re soon ?k? f u n c t i o n
Vi

"■

Cor n e t  3 wo! . r e v i o r n l v  • •c t lve  .
a

2 / 3 .2    2 / 1 . 2
b.

Naina oxil■’ c o n -  and d l c - J u n c t i o n o ,  a  n e t  can
E,
2 be con  3 t r u e  ted  t o  rea l? . : e any monotone output
//

f u n c t i o n  ? o f  an 3 . 1 . v . f o r  which r h a s  f i n i t e

l e n g t h ,  d e l a y  >• 2 (and ;-(o) -  0 ) . 

j; P r o o f ; Let  =  0 .  C o n s tru c t  the n e t  S as

2 f o l l o w s :  Let  \ be t h e  in d e x  s e t  f o r  t h e  j , ’ s .
L

f o r  e a c h  s u b s e t  b  0 ?  • supply  an i n t e r m e d i a t e  c e l l
/  ■' '

l b ,  and a c o n n e c t i o n  3 ^  from t o  d-D f o r  ea ch

i  e b .  Let  be a  c o n - . j u n c t i o n .  (1^ i s  a. iff’

neuron  w i t h  t h r e s h o l d  ^ I h Then
i e b

(3  = ) i b ( l ) ) . r ; o U  3i ( i ) .
i e b

Let  :3^(Q) ~ U  3 , ( 2 ) .  
i e o

Now f o r  e a c h  b ana ea ch  ( j , t ) f o r  which

l ^ ( t )  s ? (  3^ (C) ) ,  c o n s t r u c t  a c h a in  o f  c e l l s  o f

t o t a l  number t ,  the  f i r s t  of which i s  and th e

l a s t  o f  w h ic h  i s  R . . Let  a l l  j u n c t i o n s  in  such  
1' 4, ,

c h a i n s  be & e & -ju n c t io n s ;  ea ch  w i l l  be a m u l t i p l e

J u n c t io n  w i th  t h r e s h o l d  /j&j — 1 .  Now th e  pathways
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2 - 2 5

we have c o n s t r u c t e d  I n s u r e  t h a t

PM(3b ) Z > P ( 3 b ) .  ( (1)

On t h e  o t h e r  hand, suppose  t h a t  Rk (t)eP'/7 ( 3 b ( 0 ) ) .  

Then,  Rk ( t )  wa3 f i r e d  by a p u l s e  a r r i v i n g  a l o n g  a

c h a i n  vthich o r i g i n a t e s  on e i t h e r  I b or  on some I c

f o r  w hich  C£"b. Tor a l l  c h a i n s  o r i g i n a t e  on some 

I x  and o n ly  t h e  above o n e s  can f i r e  in '  r e s p o n s e  t o  

3 ^ ( 0 ) .  How .s ince ? i s  m onotone ,  3 {3 b ) 3

hence  such a c h a in  can e x i s t  i f ,  and o n ly  i f ,

;?k ( t )  e T{3b ) . Thus

? ( 3 b ) Z ?  P H ( lb ) .  (2)

Hence the  n e t  N r e a l i z e s  th e  f u n c t i o n  P.

2 / 3 . 3  DISCUSSION: S e r i o u s  d i f f i c u l t i e s  a p p ea r  when

g e n e r a l i s a t i o n  o f  the  above th eorem s  ( 2 / 3 . 1  and 2 / 3 . 2 )  

l a  a t te m p te d  f o r  more g e n e r a l  i n p u t s .  T h is  l a  due  

p a r t l y  t o  th e  f a c t  t h a t ,  a s  th e  n e t o  have no  

i n t e r n a l  c l o c k ,  t h e i r  r e s p o n s e s  t o  t i m e - t r a n s l a t e d  

i n p u t s  must have t i m e - t r a n s l a t e d  o u t p u t s .  Thus one 

c a n n o t  c o n s t r u c t  a r b i t r a r y  monotone f u n c t i o n s  o v e r  

any c l a s s  o f  i n p u t s  w hich  c o n t a i n s  any two p a t t e r n s  

w hich a r e  t im e t r a n s l a t e s .  Theorem 2 / 3 . 4  be low  

r e f e r s  t o  a c l a s s  o f  Inp u ta  which cannot  have any 

su ch  p a i r s .

The f a c t  o f  t r a n s l a t i o n  i n  v a r i a n c e  p l u s  

t h e  s u p e r a d d i t i v i t y  o f  n e t s  o f  monotone J u n c t i o n s  

m ight  be e x p r e s s e d  by s a y i n g  t h a t  a p r i n c i p l e  o f

v.
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s u p e r p o s i t io n  o p e r a te s  in  th e s e  n e t s .

D e f i n i t i o n : An a d m is s ib le  c l a s s  I I  o f  s t im u l i

i s  one which  i s  f i n i t e ,  and c o n t a i n s  no p a i r  o f  

t i m e - t r a n s l a t e d  s t i m u l i .

2 / 3 . 4  C o n s id e r  th e  o l a s s  I I ( a , b )  o f  s t i m u l i ,

d e f i n e d  by t h e  r e l a t i o n s  3 e I I ( a , b )  i f ,  and o n ly  i f

1 .  31 ( t )  e ;3 =£> a $ t < b

2 .  ( 3 i ) 31 ( a )  e 3

3 -  ( 3 j )  3 j ^ )  e 3

I t  may be s e e n  t h a t  I I ( a , b )  cannot  c o n t a i n  a p a i r  

o f  t r a n s l a t e d  o a t  t e r n s ,  and i s  an a d m i s s i b l e  c l a s s .

D e f i n i t i o n * «m output fu n c t io n  ? o f  s t i m u l i  

in  I I ( a , b )  i s  sa id  to  have d e la y  d i f
C*-4"

%  ( t ) e F ( d )  =$> t ^ - b + d .

THSOPJSM 2 / 3 . 4  Using, o n ly  c o n -  and d l a - j u n c t i o n s , 

a n e t  N can be c o n s t r u c t e d  to  r e a l i z e  any monotone  

o u tp u t  f u n c t i o n  which i s  d e f i n e d  on ly  on
1

I l ( a . b ) .  h a s  f i n i t e  l e n g t h ,  and h as  d e l a y <l

P r o o f : I t  I s  s u f f i c i e n t  t o  prove the  theorem

f o r  t h e  c a s e s  1 1 ( 0 , b ) .  Other c a s e s  are  t i m e - t r a n s l a t e s

o f  t h e  s e .

ion  s t r u c t  a n e t  w i t h  th e  f o l lo w in g ,  c e l l s  and 

c o n n e c t i o n s :

For I I b (b) t h e  d e l a y  can be >  2+b by theorem 2 / 3 . 2
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, . . . ,  3 a re  th e  g i v e n  Inp u t  c e l l s .

I n n e r  c e l  1  a : and  ̂j 1  r- 1 , 2 , . . . ,  n .

dno a d d i t i o n . 1!  i n n e r  c e l l 3  I  and I , . ,0 o
! ^ r \ T r * . t r i  • 'V ? *  T f V r  * •

>1 — ^I i e  '-i-l i*

J4.1 ^ Xi   ̂ a l l  i ,  a l l  0 ^ < b .
> ^ a l l

I b~~">3i J a l l i  j j •

T —
"0 * 3i J

a l l 1 ,  j .

3i ~ Xb a l l i .

Xi 1
-» T

’“u a l l 1 .

This not i s  represented on the following 

page, using the McCulloahrPitts (1943) symbolism «

'i.

'P
I
1
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s ,  £ > — —

THE NET OF THEOREM 2/3«4

Now iiQvt) 3  jQ ^ t-l) o I ° ( t - 1 )  • Ib ( t “l )
* )  . 

and sf(t) a  If(b -ac-l) • I ° ( t - 1 )  .  I- ( t -1 )

A lso , Ib ( t -1 )  S ( 3 i ) ( S i ( M ) )  and

I^(fc-X) s£ ( 3 j ) ( S  j ( t -b  ■*2))0 These two conditions oan hold i f  and 

only i f  t  :  b + 2 0 Henoe,

S * (t) S8? Ii(b+ 1) S1(x)o
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,.\11 c e l l s  are  d i  3 - J u n c t i o n s  ( t h r e s h o l d  1 )  e x c e p t  f o r  

t h e  which are  c o n - J u n c t i o n  a w i t h  t h r e s h o l d   ̂j  =  3 

From the  g i v e n  n e t ,  v;e car: s e e  t h a t  

■ii x ( t )  s  I l x ( t v l )  • I 0 ( t - 1 )  • I b ( t ~ l ) ,  (1)

f o r  J^x h a s  t h r e s h o l d  3 ,  and I ix> I 0 , I b are  the  

o n ly  c e l l s  which c o n n e c t  vi ith  3 i x . fu r th e r m o r e ,

i b ( t - i )  =  ( 3  i )  (2)

and

I 0 ( t - 1 )  = I ( 3 i ) I u (t.-2). (3 )

But

I n ( t “2)  =  I i 2 ( t “3)  s  • • • -  I l b ( t - b - l )  =  S ^ t - b - a ) ,  (4)  

and ( 3 ) and (•!} imply

I 0 ( t - 1 )  E ( 3  1 ) 3 1 ( t - b - 2 ) .  (5)

C o n d i t i o n s  (h) and ( 5 ) oan be a i n u l t a n c o u s l y  s a t i s f i e d

( a s  i s  r e q u i r e d  f o r  (1)  t o  h o ld )  o n ly  when t  = b+2 .

\nd t h e  f a c t  t h a t  3 e 1 1 ( 0 , b)  i n s u r e s  t h a t  t h i s  w i l l  

be t h e  c a s e .  Hence

\ x ( t )  £  Z t  r- b , . 2  • I l x ( t - l j 7  ( 6 )

A lso ,

I ^ t - l )  r > I i  ^ ( t - 2 ) ^  = » I l b ( t - b +x - l )

=£> 3j_ ( t - b + x - 2 )

Hence

and

3l x ( t )  =  0 i f  t  b*2

% x (b+2) = 3, (x),

( 7 )  

( 7 1)

mbi
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E q u a t i o n s  (7)  and (7*5 e x p r e s s  th e  im portant  

f e a t u r e  o f  t h e  n e t .  .\t t im e t  -  b+2,  t h e r e  i s  

d i s p l a y e d  on th e  j e l l s  3 a s im u l ta n e o u s  v o l l e y  

which c o n t a i n s  a l l  the  i n f o r m a t i o n  about the  

s t i m u l u s  3. 7c  com ple te  th e  p r o o f  o f  the  theorem,  

one n e e d s  on ly  t o  a d j o i n  a n e t  o f  th e  ty p e  descr ibed ,  

i n  theorem 2 / 3 . 2  u s i n g  th e  3 ^  a s  the  in p u t  c e l l s  

of  th e  new n e t .

\  f u n c t i o n  of  e l e m e n t s  o f  I I ( 0 , b }  i s  a 

f u n c t i o n  o f  s e t s  o f  o a i r s  ( l , J ) . ( i  ~  l , . . . t n)

 ̂J ~  b , . . . , b ^

R eplace th e  s o t s  o f  o a i r s  by s e t s  o f  t h e  c o r r e s 

ponding  e v e n t s  3, , ( b + 2 ) .  ny monotone f u n c t i o n
* J

on I I ( 0 , b )  wit-b d e l a y  > 4  can be r e a l i z e d  by a 

monotone f u n c t i o n  on s e t s  of  the  3, , ( W 2 )  w ith
■** cl

d e l a y  £ -2 .  3ir>ce any monotone f u n c t i o n  of  s e t s  

o f  th e  3 ( t+ 2 )  'mlth d e l a y  2 can ,  by 2 / 3 . 2  be

r e a l i z e d  by a n e t  with th e  3% j a3 i n p u t  c e l l s ,  

t h e  a d j o i n i n g  o f  such a n e t  t o  th e  above w i l l  r i v e  

a n e t  which r e a l i z e s  the  c o r r e s p o n d i n s  monotone  

f u n c t i o n  o f  I I ( C , b ) .

M-C'TC. Vh.e n e c e s s a r y  c o n d i t i o n  ? ( 0 )  -  0 must  

h o l d ,  but need, not  b© s t a t e d ,  s i n c e  n e i t h e r  

I X ( s , b ) ,  n o r  any o t h e r  a d m i s s i b l e  c l a s s ,  

c o n t a i n s  the  o s t i m u l u s .
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2 / 4  i : : h i i 3 I ? c  y  f c i n ;  ;:v i;cN i

2 / 4 . 1  I n h i b i t o r y  c o n n e c t i o n s  a: th e  'c J u l l o o h - . ' i u t a  t y p e

v:ere d e s c r i b e d  i n  2 / 1 . 3 *  -.n i n l . i b i t o r y  c o n n e c t i o n

h a  a t h e  p r o p e r /  t h a t  i f  an i n h i b i t o r y  c o r m e o -

1 i  on o r i g i n a t e s  o:: c. c e l l  unci. t e r r a i n  a t  e s  on n

c e l l  : j  t h e n  ^ ( t )  r e g a r d l e s s  o f  w hat

o t h e r  c o n n e c t i o n s  nay  t e r m i n a t e  on -j ,

•"rr r e a s o n s  t h a t  w i l l  be c l e a r  i n  2 / 5 ,  we 

have  a  s p e c i a l  i n t e r e s t  i n  b i n a r y  i n h i b i t o r y  

. l u n a t i o n s  ( b . i . j ' s ) :

02 -'I;»1 11 hr! *. ,v b i n a r y  i n h i b i t o r y  j u n c t i o n
p 

Z;
r

( t . i . j . )  i s  ; c e l l  ' on w h ich  t e r m i n a t e s  e x a c t l y

one e x c i t a t o r y  one i n h i b i t o r y  c o n n e c t i o n  1 ^ :

F ( t )  ^  l 1 ( t - l ) . ~ i i ( t - l }  .

|  2 / 4 , 2  Elvers n e b s  v r i th  i n h i b i t o r y  c o n n e c t i o n s ,  a s

2 w e l l  ' a a w i t h  c o n -  m l  d i a - f u n c t i o n s ,  one can
Z
|  c o n s t r u c t  a l a r g e r  c l a s s  of r e  anon se  f u n c t i o n s .

h:. ' I b l f I G i i : L e t  . . . . ,  :> be t h e  i n c u t  c e l l s
1 '  n

/  of  a  n e t  P . .Jho c l a s s  i l n {b) o f  s t i m u l i  i s

3 e I I a ( b ) = -Sj ( t } e . (3i } ( (a)  e 3 ) .

Z ( T h i s  s t h e  c l a s s  of s t i m u l i  w h ich  b e g i n  w i t h  on©i
o r  more  p u l s e s  a t  t  r  a ,  and f o r  w h ich  f i r i n g  

c e a s e s  a f t e r  t  — b .  I t  i s  an a d m i s s i b l e  c l a s s  

( s e e  2 / 3 * 3 )  • } 2 % / v\ J } A  u.-A > H

I
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nil,!', X;; h /w .L;

h ' s l n f .  o n ly  c o n - j u n c t i o n 3 , d i g - j u n c t i o n s .  and 

b i n a r y  I n h i b i t o r y  j u n c t i o n s ,  a r ,e-.. can  be c o n s t r u c t e d  

t o  r e a l i s e  any o u t  , u . t  To. n e t I o n  . d e f i n e d  on I I a (b)  

' . :1th del; :y/Vb->.4r^ .  I f  : . n y  number-- o f  i n h i b i t o r y  

c o n n e c t i o n s  a r c  p e r m i t t e d  t o  t e r m i n a t e  an a c o n 

j u n c t i o n ,  ' t e  d e l a y  may be c u t  t p ^ b r g r ’g F o r  

t h e  o l a S3 a ) ,  t h e  .d e ley .  may be o u t  t o  3. M

2 I n  t h e  tv:o c o s e s ,
' TT"r“'U

r - x t C t : -seoHUfje any s u c h  n eb  m us t  be

t  ran a l  a t  i o n - i n v a r i a n t , i t  j ? s u f f i c i e n t  t o  p r o v e  

t h e  1 lieertr-i :>r t h e  c l a s s e s  X l ^ ( b ) ,  ' ’h e r e  a r e  two
p
fc c a s e  s i  b  -  C ,  'o >  1 .

_

|  2 / 4 . 2 .1  l a a e  Ot The p r o c e d u r e  i n  l i k e  i h a t  i n  Theorem 2 / 3 . 2 .
a

L e t  .. -  ( i / 1  -  -  t h e  n o t  of  i n d i c e s  o f  fene

|  ’o r  e ;)oL subse t  x C supply th ree  c e l l o  Kx *

' /  2X, -aid -~x l a  a c o n j u n c t i o n  w i t h  t h r e s h o l d

E i ,  •air on K.. t e r m in a t e : ' :  a c o n n e c t i o n  f r o a  e a ch
I  i£5C
/  :s« f o r  which l e x .  I l a  a a i s - j u n c t i o n  ( t h r e s h o l d  1)e -*■ a
S i :

/  on which t o m i m t a s  o c o n n e c t i o n  from e a c h  f o r

/  which i  /  x .  I 3  a. b . l . j .  on v?h3ah t e r m i n a t e s

one e x c i t a t o r y  c o n n e c t i o n  f rom  &  nnd one i n h i b i t o r y  

c o n n e c t i o n  f rom I  . T han ,  i f

) ( l e x ) ,  t h e n ,

s ^ x ^ D * ^  M 1. ! /  2  Z l e x  =  31 ( r j 7  s  3* .

fewn*

or
F„(2) ' x '
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how, ; . : r  each- ' ^ ( t ) e i  ( j y )  c o n s b r u c t  a

' ■ t  chain of dir, June' ion:? Le-'i iui lnr with.  m ending?

-  w i t h  ;.■ . . : : n ' : ! ! e c b io r ;  r.rx. •' : i n i v r  - j

■ I  i r h e r a e - i i  ..Le c e l l s  . ,{, r . ( n  r- l s , . s t - 3 ) .  'Thin i s

. ' .osuihlu i t  t  ^ 3  1' :*,* - - i l l  hold i f  . ( i) h a s

V-. -  .1. l •

-  ' ' 9

l_ { t ) r . ■• { y 7  ■> •

:x *  ^ C - ;  =» x l (3) r > ? x 2 (4)

h> • ♦ • x t ~ 3  ( t - 1 )  i1js ( b ) .

H ence

( *x ) d  >' • v ->x) * (1 )

On t h e  o b h e r  h a n d ,  ’̂ ( t )  &  means t h a t

ijjiu} l a  f i r e d  by a  p u l s e  f  rom y (<0,  s i n c e  p u l s e s  

c a n  y e t  t o  t h e  s o n l y  t h r o u g h  ci e i n t e r m e d i a t e

c h a i n s  w h ich  o r i g i n a t e  on th e  . x ’ a ,  and -:’x (a)  ^  3X. 

h u t  tioou .tj^(t) c -  {  Jx ) , by c o n s t r u c t i o n  of t h e  

c h a i n s .

Honca

l \ ( t )  K - h ( , :. j 7  ^ z \ ( t )  E f - ( jxi7»

HN(3X) C :  ? ( 3 X) .  (2)
’:;

KOfhi I f  f r e e  u s e  o f  i n h i b i t o r y  c o n n e c t i o n s  

a r e  p e r m i t t e d ,  we can  r e p l a c e  Sx » I y # an<̂  

h by a  c o n - J u n c t i o n  G x  w i t h  t h r e s h o l d  i  on

w h ic h  t e r m i n a t e s  an e x c i t a t o r y  c o n n e c t i o n  

f ro m  e a c h  3^ f o r  ‘which  l e x  and an i n h i b i t o r y  

c o n n e c t i o n  f rom  e a c h  13̂  f o r  vrhlch 1 ^  x .

M
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. - s  /  J* r \<;/ 4  , c , d

.'lien >;(1)  rt 3 K ,  The r e m a i n d e r  o f  the  n e t  

i '  c.Pnat m o t e !  no a b o ^ e , b u t  due t o  t h e

rem o v a l  o'* one earnout a t  io n  l e v e l , t h e  f u n c 

t i o n s  ‘ -M-r ■■■-■ !  d e l a y  ^ 2 .

To; -i o roc l u b e  ' d a  p r o o f  f o r  c n a e  C.

51 > 1 .

: ' r b 5̂ -1 m  c o n s t r u c t  ? n e t  in  two p a r t a j  

T o f i r b  c a r t  c o n v e r t s  the  a o Q u e n t ia l  s t i m u l u s

i  • 11 0 h:o e u u l v i l a o t s i m u l t a n e o u s  v o l l e y ,  much

a s  i n } t f .u ^ y^ p1-of  of th e o r e m  une s e c o n d

y&rt o f  he n o t  1 a copy o f  t h e  n e t  o f  c a s e

!."h5 oh c ocv e r t S • ■ *is s i m u l t a n e o u s  v o l l e y  ( a t

t  1:16 b+1} J.nt o a r D i t r & r y  o u t p u t s .  The

S-35'Ufi n t - i a l  ne i  i n  c o n s t r u e  ted an f o l l o w s ;

lid hi.;
: \

i  -  1 ’b rt ‘ * 1 f

" i j
i  ~  1
J = o

* n j J * * • * ) “

T i.1
i r l
«x

, ■ . .  ,n
9  * * • S  ‘

nOTi, x b o ~  V

rk k rr C y  ^  u} "• j .  «

.. 1 y ■ •-J •- t J •TOIT CO. f ; / r r TON 3;

I 7 > > __. k -/ o

vb - l -all  i

'70 > a a *
j- j

a l l  i , j .

?i r * ^ 3U a l l  i , J .

a l l  1 ,  a l l  J > 1 .

1?
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j u ;

c * i j I .  i . a i

Motto u• •.«t  1 ' i o i . y  ! ju.tfc i ; -»J1 ,  c r y  .. .>u

OK:  i I i k . li'-j -..lOO'ti 02i u  Jl t- v ..

. J ^  *■ '> f  ̂■ v: - >J 'J o : J. i •

:: v.:. •>: k :-. . > !>:

(1} 1 3 ^  ( t ) =̂> Vc. (w - I )

 ̂ & ”  *

/ ' u  -  1
/  j  2 Cha.i ..oa 3̂  jT .3 a rc  c o n -  

j im ct- ionnt t h e  o t h e r  a a re  i l l s - j u n c t i o n s  or  b . I . j ' a .  

Lemiaa; I :  I e II , .  ( b ) ,

l i ii j

.» ££ ■>j> j ( o + l) t  ..at-i j \ t   ̂ r: t  ~ b+X •

v r o o f :  the  c o n n e c t i o n  scheme rev'cola  - h a t

• »=5> t ”°)

—̂ ( 3  k) { -ijj. ( t  - b - i )

=3 0 ^ a

14D+1

( 2 ) :  i e l l c (b) ( 3 i } ( ; 1 (G)) =-> (1 )=r> . .  VQ(b)

r V ,  . ( h +l )  0 4  j < b•** J
( 3 a ) :  3 ^ ( 1 , } ^  T ^ C t - l ) ^  + g ( f c - s - l )  ( 0 « s < b - j )

(3b) s I l b  = . ^ ( J + t - l - b )

(hence G ^ J + t - l - b ^ b ) .

Mow, l e t  x ~  t - b - 2 .  -Suppose t h a t  xJ^C,
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Then,  3 j j ( t )  ~> (by 3b)

j 4  .1+x =r ( j + t - b - 2 K t  or 0 4 x < b - i  (4)

Hence by 3a ,

fc -t+b+2-1)  =- T1:. (b + 1)  (5)

However, by ( 2 ) ,  and ( 4 ) ,

^ T l x (b +1 ) .  (6)

(5 )  and (6) are  a c o n t r a d i c t i o n ,  i m p ly in g  t h a t  

i t  5 s n o t  th e  c a s e  t h a t  x ^ C .  Hence x  < 0 ,  i . e . ,

t - b - 2  < C.

Hut by ( 1 ) ,  t > b + 1 .

Hence t  ~  b+1

and by (3)

i 1JiL k L tz b ± L -b . . . J iL l ) . -  (7)

■"•Iso,

■ \ ( y j  => ? i  ^ ( . i + i )  b „2 ( . i - i + i )  ^  . . . ^

r ^ r n ( b ) .  (A)

and

: ? d l c (b)=* ( 3 1 )  ( ‘̂ ( O ) ^  irb - lO -  ) ^  Vb , 2 ( 2 ) ^ . . . ^ 0 ( b ) . ( B )  

I f  b ( ,1 )  e 3 e II .  . ( b ) , th en  ( a) , (B) and thei  1 j
f a c t  t h a t  $ 3 •̂, -  2 its p ly  t h a t

%(,«) . ^ ( b + l ) .  (8)

Hen c e  th e  e l e n e n t a  3 ^ ( i )  o f  a s t i m u l u s  e l l 0 (b) 

a re  d i s p l a y e d ,  a t  t im e t  =  b+1,  a s  p u l3 e s  

^ ( b + l ) . (By (7)  and ( 8 ) .

How l e t  a = ( i»  J) I =  l , . . . , n  J =  0 , . * . » b .
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2 / 4 . 2 .

'"hen each  s u b s e t  x  nf  f o r  ” h.3ch t h e r e  I s  

an ( i , 0 )  in  m, c o r r e s p o n d s  ( n a t u r a l l y  and

u n i o i i e l v '  t o  o.n e l e m e n t  1 o f  TI. f h ' . -Dr

en ch  nuob "unuly t h r e e  c e l l s ,  T-Jv , I y , and 

’1, '.'1th. M o  f o l  lo ' -dnr  c o n n e c t i o n s ;  :;1or

c o n n e c t i o n  Iron  b « t o  bv .
i j  A

o n c h ( i  , j ) r : 

o eo h  ( i , l )  /  x .-! c o n n e c t i o n  from 3̂  j t o  I x .

l o r

11 so -mn on i n h i b i t o r y  c o n n e c t i o n  from I to.A

■\ T t ; an e x c i t e t o ' y  c o n n e c t io n  from 3„ t o  F„.
„s * w

Lot :... be a d i s j u n c t i o n  and I o c o n - j u n c t i o n ,-» * vv

and bo a b . I . j .  by on argument n a r a l l e l ̂ ■*

t o  I  :1', -  once »“'•, :;b(b+;;) r- '3 . One may then

c o n s t r u c t  c h o i n s  o f  a r e  cor  l e n r t h n  from th e

7V ‘ s t o  the  out  out c e l l s  a , ,  as  in  cage  © ju\. A

and as  i n  c a s e  C. show t h a t  th e  n e t  r e a l i s e a

th e  r i v e n  f u n c t i o n  ~ must have d e l a y  > b + 4 - < ,

s i n c e  no 1, can f i r e  b e f o r e  t h i s  time.- I f  f r e ei'w

u se  o f  I n h i b i t o r y  c o n n e c t i o n s  i s  p erm it ted  ( o r  

i f  one * l l o w s  on a r b i t r a r y  number o f  i n h i b i t o r  

c o n n e c t i o n s  t o  t e r m in a t e  or* what would, o t h e r w i s e  

be the  c o n - j u n c t i o n  i:’r ) th e n  th e  d e l 9.7 can be 

cu t  t o  b 4- 3 1 a s  in  e s s e  0 .

However, I f  we nerrait the  u se  of  i n h i b i t o r

c o n n e c t i o n s  a s  nbove ,  th e  f u n c t i o n s  o f  d e l a y b+2 ~~u_ 

(on I I „  ( b ) ) ,  can a l s o  be r e a l  i c e d ,  by the
rli
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f o l l o w i n g  n e t .  I n  t h i n  c o n s t r u c t i o n  one 

l e v e l  i s  e l i m i n a t e d j  t h a t  o f  t h e  " d i g o l a y "  

c e l l s  Ijj j j .  ( b e c a u s e  t ’d s  l e v e l  I s  n o t  o r e  s e n t
-*• J

i n  t h e  0 c -m e ,  t h e r e  i n  no  o o o o r fe u n i ty  f o r  a

f u r t h e r  cu t , i “j d e l n v  t t • e r e . ) 1 on s t r u c t  t h e

n e t  os  f o i l o u o :

■'3!5T..L3: %  t 1 ~X 1 9  . « » j n

* - 1 , . . .  , n  (I ~  ■ j . 11 j 0

NOT; i b  * s

Vi„: k - b ^ l   ̂  ̂2  b

1 / .  x r a n g e s  o v e r  a l l  s t i m u l i

■f !0 r  ’ ;h 1 0 h > x c l l r  ( b ) .

GONNISG'CIGH:3 S

(2X0I T . ) P., f o r1 J X ■all i ,  l , x  such t h a t  ( i , j ) e x .

( P d f I B . ) T l J ^ ? x
n  i i  i t  t ;  i t  i t  11 i ;  ^  a

\ -  •  ; T i T ^ Ti ,  j - i ( # . . .  5b)

(JCX117?.) ^ V-, ->,' k lc+ 1 (k—b j - l , . . . ,  2  b - 1 )

T£ r > v b , i ( a l l  i )

( r m i B . ) 7 , ----------OF
iS.

( a l l  x ,  a l l  k -b -> . l , . . .  , 2 b - 1 )

THrcS^tOLD a  v l l  t h r e s h o l d s  a r e  1  e x c e p t  f o r

 < 0
x ~ x ‘

( i , .1) e x
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O p e r a t io n  o f  th e  n e t  i s  d e s c r ib e d  by

T i j ( t )  =r 7 1 < 5 4 l . ( t - l ) S . . . = :  ? l t > ( U , }- b )  =  S ^ W J - b )  ( 1 )

o r  ^ ( 1 )  =  T1 <5 ( b ) .  

?x (t) z~ ( i ,;]) E x ^  T i j ( t - l )

. ( i , . 1 ) f. x  )

.~ V k ( t - U  k -  b+1 , . . . , 2 b* (2 )

(1 ) f o l l o w s  from th e  c o n n e c t io n  schem e.

(2 ) f o l l o w s  from th e  c o n n e c t io n  scheme and th e  

d e f i n i t i o n  of / ? x .

Now x £ IT (b )  means th a t  f o r  some i , ( i , G )  i s  

in  x .  Hence by ( 2 ) ,  rK( t )  i m p l i e s  t h a t  f o r  gome 

i ,  T ^ t - l ) ,  w h ich  in  tu r n ,  by (1 )  ̂ i m p l i e s  t h a t  

3 ^ ( t - b - l ) .  H ence Hx ( t )  b + 1 t  2 b + l . (A)

A lso ,  / S t e l l c.0> i7  =* ( » )  ( 3 i h ) ) • (■>*'?• J>f I I 0 (b ) )

-> T i 0 (b) <by ( D )

^ V ab<2b).

H en ce ,

b + 1  < t  ^ 2 b + l ,

i f  x  e I I f. ( b ) .

(A) and ( 8 ) t o g e t h e r  show t h a t  i f  x  e I lQ ( b ) ,

fy  ( t ) r~> t  ~  b 1 . (3)

(1 ) ,  ( 2 ) ,  and ( 3 ) combine t o  form

,'lx ( t )  nn ( t  r: b •+• 1  ) • { ijr) .
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U sin g  t h i s  f a c t ,  and c o n s tr u c t in g  th e  chain©  

froia th e  5‘x  to  th e  one can show, e x a c t ly

n e t  r e a l i s e s  th e  g iv e n  fu n c t io n  P . And, w h ile  

th e  Fk  c e l l s  w em  a t  th e  t  & b +  3 and

w b-t-2  tim e l e v e l s  in  th e  p r e v io u s  n e t s ,

th e y  a re  on th e  b-t-1 tim e l e v e l  f o r  th e  

p r e s e n t  n e t ,  heaea  we can r e a l i s e  any fu n c t io n  

d e f in e d  on  H ^ b )  whose d e la y  i s  b -v g  or  g r ea ter *  

T h is  co m p letes  th e  p r o o f o f  theorem  2 / 4 .2 .

I a s  in  th e  two p r e v io u s  n e t s ,  th a t  th e  com p lete

I B o te  th a t  a t  tim e t,'< \ N \

p r o p e r t i e s

S

I

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 - 4 1

2 / 5  Non-m onotone e l e m e n t s .

D e f i n i t i o n :  , “f i n i t e  netw ork e le m e n t 11 J i s  an o b j e c t

w ith  a s e t  e .  o f  in p u t  t e r m i n a l s ,  a s e t  f , o f  ou tp u t
X* *j

te r m in a l  s ,  and a r e s p o n se  f u n c t io n  J ( x )  w ith  th e
'h

p r o p e r t l e a :

1 .  J ( r )  -  r .

2 .  J(:-C) o p e r a te o  w i t h in  th e  f ix e d  s y n a p t i c  d e la y

sch em e.

3 .  J has  a “ f i n i t e  r e c o v e r y  t im e ’' L. 'This means

t h a t  f o r  any s t im u lu s  X, i f  th e  l a s t  f i r i n g  o f

any o c c u r s  a t  t i n e  t  , ".hen th e  a c t i v i t y  o f

th e  f ,  c e a s e s  b e f o r e  t  , + L, and J h as  i t s  X
o r i g i n a l  r e sp o n se  p r o p e r t i e s  ( t r a n s l a t e d )  a t  

t i n e s  t  T. o r  l a t e r *

D e f i n i t i o n :  A n etw ork  e le m e n t  i s  n o n -m o n o to n ia  i f

f o r  some s a l r  X, X 1 o f  s t i m u l i ,  X C X 1 ‘"nd J ( K ) $ t j ( X * ) .

2 / 5 . 1

e le m e n t ,  a n e t .,J enn ho c o n s t r u c t e d ,  u a i & o n ly

J* c o n - . lu n c t io n a .  and d i a - . l u n c t i o n s t  which has two

in p u t  c a l l s  L
j

and .1 , and one out out c e l l ru '.which1
( f o r  some d r (J) and

" t  .............. " 1

a l l  t V ia s  th e  p r o p e r ty :
...... .....

/ 31 (s)v 12 (s) r> (s<st-dr )v (s t ) v ( a ^ t+ d 0| 7  

( t+ d 0 ) s  3x ( t )  , ^ 5 2 ( t 3 7 .

P '1 0 0 F : L et  X and Y* be such t h a t  X C Y* and

J ( X ) /  J ( Y ' ) .

*  l -w ,  .^u.hM i> -U •«•«**  %*><Ar«4 ,' A +U<
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l o n n o c t  ~ ’ ” • t  ** o->,**b In  'Vi', i  w - i  rinl C }? J .
1 ‘ i

Te t /^ :J -  1 .  ^ o r  e * ch e ' t ) •• X const' ruot ■-

c h a in  " r s ”* X. ho X. h v v - -  t  - l " to m a 'i 1.• >t.e= c e l l  3.
I  i

Then

( , i} :, = t ' : ( t . . V  . (1)
~x >}. ;• -«* 1 

T') O t*. V; O f y'r- 4 ^

f 2)  1 ( t l  ™ rr% (^*1  ̂ , (p>

o t e -1 ^-> *_^t ^ ( t ) • V- * t '  rr v* ( t  •-! } . {"']}

^ " v i r  r. 1 x " *  ̂ ~r N v»p 'h£,  ^  ^

 ̂»t Oj * v J;( *=>,? *■,(_
v b ? ^  -trIS A  f M  \  ("■>) ("5)* T.->t I

"1* *C *-»• 4\>
'"V> ** }n ‘r"*-—* "\Tf (>~* '{Vir *‘ 1 -J,  ̂ "I ** ,T # T *' "  b *' '■*' 1_ '■") '*" *  I*!

^ & i» lr *3 -v-*** »*'} «!• »•»V' ̂  ,S* y*  ̂ 'h " i'*' ^  ̂T" f  n
•Jm :

-j -. -t A ^  -! 1 * 1 1 1 -* h * •? V - 1 }

A -* « U* -t / f  * -*1 f  *• S *' l~ 0  -  f  1 1 V>rt

-  v-r • ;-, 7 * t I; ,  ̂ - V  ' ? t r +: 0  *- -, f  r*; --■■•'■ J- 4 . , . ,  T 1%

''in ° •u •'*•■>■'! “v-f y ‘ 1, t,- -', ”'■ "'T.t/b lr i-r,r~ l ^"' to  1 1 •'? t eiV
ce l . l rs ,  ■ ■•: ■' • 1 ;o -’Vi  ̂ •>’ ^ro”! '-, t o  ' " i t hJ.
■’  , T - T  1 -I t  • .•~> i  r\ - ‘c , ^  1 ••: -  .'. 1 - r t f .  /  '■' -  e .•‘ '  '  —  i. j n» w* .  < .  ■.......... • —  ••• y  * . , ~ >y *

\  ( f )  f., ( t  s-o-.T ) .  ;} ( t - d .  } (4)

,. ■, ‘M (■ •« r.-*

>ĵ  ( -̂ ) -> ( o ^ t - : ! . ) v t' 0 -- t ) v ( S t̂-'.d,-. )

In o l i o  e t ’ - t

”, ( " ‘ t )  — ,J, ( t  j • T̂-/ J , ,  ( t  }
x

?ho r e v e r s e  i ’ap l i c a t i o n  f o l lo v /a  f r o n  th e  c o n a t r u c t io n ,  

th e  forward d i r e c t i o n  f o l l o w s  from th e  c o n d i t io n
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on t ,  alnoe 31 (H) and 3 g ( t )  and ^ ( tJ ^ g C fc )  a re  

th e  only s t im u li  th a t  could have caused to  f i r e .  

(O therw ise th e  n e t would be In  the  r e s t in g  s ta t e  of 

tim e t ,  by d t f l n l t l o n  o f 4 Q) .  (4) and (5) imply 

th e  con c lu sio n  o f th e  lemma. 3a l l  the whole n e t $***

ac-i — >>

0------ -t>

rr: — { .L - f - w u ^

2 / 5 .2  DEFINITIONt A n e u r a l n e t  o p e r a te s  in  th e  expanded
Ivm^a/vi (PAfyri

tim e so a le  T i f  a l l  p u ls e s  occu r a t t im es  a t .  

DEFINITION} A s t im u lu s  3 i s  in  I I ? (b )  I f ,  andfit
only  I f

3 j,(t) e 3 & ( 3 k ) ( t  = ka)*(aAte^b) and a ls o

( i r r 3 ^ t r ~ r ^ - w ^ t e i X ^ ^ 5j

T h is c l a s s  i s  I I a ( b ) ,  "expanded**.

Theorem 2 /5 > 2 . Using- on ly  oon--luno11 orm. d l a -

J u p o tlo n s , and o o o la o  o f  any jrlyo.fl nap-m onotone 

netw ork e lem en t J„  a n e t  oan be o o n sti'Vptad t o  

r e a l i s e  any ou tp u t fu n c t io n  P d e f in e d  on .X I?(b). w ith
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clel'cr Cb-fA>  h r  [p^ '1) 3 V

noe rati.n ~ 1p. •"-* v: -I vl

:~e TT*':.)) -.nd

1

r t  1

( T) .

7 2C0 F: s e e l n c a  o ' o b  c e l l  1 - :1a

■•"n̂  o^rt. 2 , m - - . r.

s tn r *  I n -  v* th  r- : 'vr'i-:'- ■:-! In'1' .... •■'■ '

n o i l 3 , e r e e e b  -'--I;. 0 ' 'n‘- b . l . j .  r jhoulb be

b y  0  "■-* *•.*-'/■> r v - p  ( - ) f  1 .-.y.-^'-v- 2 / r~ . ‘M  ? - / ’ l y  v -O

p s hr,l n o* ~ —r* - 1  ̂ts*o A '  ̂ '•>. "‘v'l ■•',

 ̂ G ■*' r' '• ■SV .-• • • --A'-r ; * *; , J* r -* ^ M-*0

b^ "1o see l©  1? . I © m ^  S V ^ . l  jho'vi tb->t.- ".,T - o t s-J
l i k e  " b . i , ,1 . irj Tb,. ,  "-nb " i t v  t- be e y t  r e  c h n i n ,

n b .  1 , ^ .  T* . *nr. v,f p f)\ t n t p --,-p M .pp^ip-; 2 / 4 . 2
j

£| rjr*  n  T) ^  t*: 2  V -> •* vw* o  11 pt o  n  l-1|A t  ‘ * 0  *v ̂
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2 /5 * 3  D e f i n i t i o n s An e le m e n t  J I s  ’’l l - p o t e n t 1' ( f o r  an

a d m is s i b l e  G la s s  I I  o f  s t i m u l i )  i f  c o p i e s  o f  J ,  

c o n - J u n e t io n e  9 and e l l s - j u n c t i o n s  are  s u f f i c i e n t  t o  

c o n s t r u c t  a. n e t  t o  r e a l i s e  any g iv e n  f u n c t i o n  on I I  

w h ich  h a s  d e la y  e q u a l  t o  o r  greater- th an  some t im e  

T( 1 1 , J ) ,

N o tes  In  th e  f o l l o w i n g  s e c t i o n s ,  no e f f o r t  w i l l  

be made to  d e te r m in e  th e  minimum d e l a y  t im e s  r e a l i z 

a b le  f o r  s o e c l a l  n e t s .  For any p a r t i c u l a r  J t h i s  

m ig h t  be w orth  w h i l e .

Dei i n i t i o n ; A I I - c l o c k  i s  a n e t  C ( I I )  w i t h  th e  

f o l l o w i n g  p r o p e r ty ?  C(X I) has in p u t  c e l l s  and

an o u tp u t  c e l l  • For any s t im u lu s  S i n  I I ,  K 

f i r e s  e x a c t l y  o n c e ,  and a t  a t im e  w h ich  i s  i n 

d ep en d en t  o f  th e  s t im u lu s  8 , p r o v id e d  th a t  S £ I I *

2 / 5 * k  Theorem s Any non-m onotone e l e me n t  J i s  I I - p o t e n t

i f  and o n ly  i f  a. I I - e l o c k  can  be c o n s t r u c t e d  u s i n g  

o n ly  co n - .iu n c  t io n s  . d i s - . j u n c t i o n s . and c o n i e s  o f  J • 

1» The fo rw a rd  d i r e c t i o n  o f  t h e  th e o r e m  i s  

t r i v i a l ?  I f  J i s  I I - p o t e n t  th en  a n e t  can  be c o n -  

c o n s t r u c t e d  u s i n g  J ,  c o n ,  and d i a - j u n c t i o n s  to  

r e a l i z e  th e  f u n c t i o n  P (S )  «  R^{? ( I I , J ) ) * T his  n e t  

i s  a U - c l o c k  w i t h  T® «  T( I I ,  J ) ,

2* The r e v e r s e  d i r e c t i o n  r e q u i r e s  a c o n 

s t r u c t i o n  w h ich  i s  & o f  th o se  i n  Theorems

2 / 3  .It and 2 / l |.*2 .

e
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The f i r s t  step  in  the c on s tru c t  ion  is- to describe

a "display" net 9 D, with vfoich the s t im u li  may

he converted in to  simultaneous v o l le y s ,  (The net

o f  2 /?4-*2 , 2  i s  a sp e c ia l  case o f  th is  net*)
XTLet T be the time o f  the  l a t e s t  pulse in  

any S o f  II® Let z = max (T̂ % T ^ )*  Construct 

the n et  D as fo llow s:

CELLSg S„ ( i  = 1 , ,  , , ,n) (input c e l l s ) ,

I^  ̂ ( i  “  1 j « « • »n)

Note? C e lls  S. and c e l l s  I ,  
are identical®
C e lls  S, are a lso  the 
input c e l l s  o f  G(II)«

j  ( i  = i» *  * * jh.)

( j ** 0,® , 4 t z)

( k — 0 S» « « s Z “ I )

Hotel C e ll  Bn i s  id e n t ic a l  with  
r 0R , There may be no other  

B^5 s*

f- :::

; '• /
C';-’

$.-x.
y

m

GOHHECTIOHSl

is I i j  ——* Ji j - 1 ( a l l  i j  J “ l #*z® ®,n)
«

!f. ■'
L i  " Si j ( a l l  i , a l l  j •)

\  — * Bk+1 (k * 0,® • • Sz--T^-1)®

•' V t°  — £ U
( a l l  i»  a l l  j . )

i Thresholds! A ll c e l l s have threshold unity

except the which a l l  have threshold  2®

M
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2 mk ?

I t  can be s se n ,  by an argument 

s im ila r  to that o f  2 /3 J | 3 fe a t  fo r  th is  

a s t ,  i f  S 6II,TK«.r*.

*  s n j  * [ s 1 ( j ) ]

To complete the p roof, a not i s  ad

joined. of the type constructed  in  2 A .2 .1  

and 2/t|,*2*2« In 2/h.*2#2^Aeaeh subset x of  

the there s« -s  adjoined a subnet o f

three c e l l s  I . and P , ( where P was a3T. X̂  X,v* X
b . i e j ») in  such a way that there was a. con

n ect io n  from S to i f  and only  i f  3 ^  © x ,  

and one from to  i f  and. only i f  x ,  

^with a con-junctionj and s d is -jrn ctio ^ *  

For the present p ro o f ,  in stead  of using a 

b . i * j ,F  , supply , fo r  each x , a copy of the 

n et  as constructed  In 2/5*1* bet be 

the output c e l l  o f  the a sso c ia ted  with x*

Let d(J) be as defined  in  2/5*1* Then I t  i s  

easy  to show that I f  x{ f j )  © s j  , 

then fo r  any S e I I ,

a {t } » » a + 2 + d(J}]
«»v

Thus fo r  any S In  I I ,  e x a c t ly  one R w i l l

f i r e ,  and at time 2 + d + 2© This R w i l l  be

the c e l l  R , 0 \ aa defined above* The la s t  x l  3 )
step  i s  to construct chains o f  the proper lengths  

from the Rx*s to the output c e l l s ,  as was don© 

in  2 /U .2 .2 .
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2 /5 * 5

m

: ■'
w.

I'U
fU

\l:
8

Theorem 2 /5 .5

Any non-monotone element J la  II( a .b ) -p o te n t  

fo r  a l l  I l ( a . b ) .

Proofs A II(  a sb)**clock i s  constructed  as fo llo w s:

C e lls ;  S . .
X "

i  ~  i  3 .  * *

j  -  a, a+1 ,  a*F2  ^ • •  « , b .

H°. ( an output c e l l )

j  =  1  0  =  2 .

Connections; —■
> ° a

a l l  i .

° a

’ “ j + i  

_ - « C

a l l  a < j < b

°b —» R°

Then RC( t )  = C ( t - l ) . C . v t - 1 ) . ( 1 )

Cfe( t - 1 ) 5  Ca( t - l - b ) . ( 2 )

( 1 ) and (2 ) imply (3)

RC( t )  » C ( t - l - b ) .  C a
( b . )

(5)

Also C ( t )  = ( 3 1 ) ( S , [ t - l ] ) w a ~  x

( 3 ) and (II) imply that

R °(t)  ~ O J D U J ) ^  t - 2~ b } ,S ^ (t-2 )

Because the stimulus i s  in  I I ( a , b ) # the event 

on the r ig h t  s id e  o f  ( 5 ) occurs i f  and only i f  

t - 2 -b » a and t - 2  * b*

Hence the c e l l  RC f i r e s  ex a c tly  once, and at 

the time t  *= b+2, and the n et Is a II( a ,b ) -c lo c k  

with as b+2 .
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2 - 4 - 9

Not©: The above not was constructed  without

using  any'non-monotone elements. £ s im ilar  con

s tr u c t io n  was employe-d in  the proof of theorem 2/3*4-* 

but in  that construction;, there 'was no i s o la t e d  

”g a t in g ” c e l l  R°, and the 8 ^ * s  with threshold / 3  

absorbed this fu n ction . This technique could also  

be used in  rhe oroof o f  theorem 2 /5 * 4 , w ith  the 

saving o f  one u n it  of delay lime.

The d e f in i t io n  of I I -o lo e k  can be weakened 

somewhat and s t i l l  be adequate for the truth of  

theorem 2/5*14-.

D e f in i t io n : a weak IX -clock W( IT.) i s  a net which

has the- fo l lo w in g  p rop erties;

W(II) has input c e l l s  ^  and an output c e l l
tar iv

R". For any input 0 in  I I ,  R f i r e s  exactly
Wo n c e ,  but th e  time o f  t h i s  p u l s e  R ' [ { 5 ) 3  i s  

n o t  n e c e s s a r i l y  in d e p e n d e n t  o f  S ,

Theorem: 2 /5 ,6  I f  with a non-monotone element J.

and a lso  con- and d is - .ju n c tio n s . a weak II -c lo c k  

W tllV  can toe cone true ted , then so can a strong  

I I - c lo c k .  and J i s  I I -p o te n t .

Proofs One can e ith er  show that J i s  I I -  

p o tsn t  d ir e c t ly ,  or that a strong I I - c lo c k ,  can be 

constru cted . The la t t e r  i s  done below:

Let TW be the time of the l a t e s t  response of
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.II$£IX ) to  any s t im u lu s  S o f  II*  Lot T** b© th e  tim a  

o f  the l a t e s t  p u ls e  o f  any s t im u lu s  o f  H i  C o n stru c t  

a n e t  e x a c t ly  a s in  the f i r s t  p a r t  o f  the p r o o f  o f

theorem  2 /5 •  U-# e x c e p t  w ith  J * 0 , . . . , T W + T*J‘,  and

w ith  k *  0 , .  • • jT1 1 »
T ^  + T^eell*

T"* t >~ ----------------------------- ------«[>^— •  > -

,1 1

1 U

>
>

I ■> • — ----   -w .
L W  I 1 t p 1" *  ~  J

Then i t  i s  e a sy  to  se e  th a t  fo r  each  stim u lu s

S o f  I I ,  the S^ j ,s  can  f i r e  o n ly  a t  some t im e r s )  

fo r  w hich

T11 < T (S) < T11 + TW + 1 .

L et the p a t te r n  w hich appears (a s  a sim u ltan eou s
i

c a l l e d  S » .
• ' )i- A XL

S ,5 *  e I I

The r e v e r s e  d ir e c t io n  o f  (1 )  i s  t r i v i a l

v o l le y )  a t  the S a t  tim e T(S) be e Then.,

( 1 ).
To prove

th e  forw ard  im p l ic a t io n ,  n o te  th a t  f o r  any S In  

I I ,  and a t  any tim e t  fo r  which

, 1 1 < t  < TI I A T,W ( 2 )

th e  d is p la y  n e t  1 ^  c o n ta in s  a p a tte r n  which i s  

a compile t e  s p a t ia l  d is p la y  o f  th e  s tim u lu s  S , 

F urtherm ore, any su ch  p a tte r n  determ ines th e  stim u lu s  

u n iq u e ly  up to  tim e t r a n s la t io n ,  fo r  3 tlr a u ll in  II*  

F urtherm ore, fo r  s t im u l i  in  I I ,  the p a t te r n s  S* on
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the a t  t im e T (S )  w i l l  be i n  o n e -o n e  c o r r e s 

p o n d en ce  w i t h  th e  p a t t e r n s  on th e  a t  t im e T ( S ) - 1  

(w h ic h  i s  i n  th e  i n t e r v a l  d e f in e d  in. [ 2 ] } ,  But  

s i n c e  S and. S® a r e  b o th  i n  I I ,  i f  th e y  a re  d i s t i n c t ,  

t h e y  ca n n o t  be t r a n s l a t e s ,  h en ce  S f- S* .

To c o m p le te  th e  p r o o f ,  th e  n e t  i s  com p le ted  

i n  a manner s i m i l a r  t o  t h a t  o f  t h e  p r o o f  o f  th eorem

2/5>«iw For e a c h  8  e I I ,  a d j o in  c e l l s  E g ,  I g  and 
3n e t s  0, s  a s  i n  t h e  p r o o f  o f  th eo rem  2 / 5  J i ,  Then ,

Q-g(t) ■ S ( 0 ) . ( t  «  T(; ) + 1  + d ( J ) )

(w here d( J) i s  th e  d e la y  o f  t h e  n e t  Q,1̂ )„ Then i f

*  [T 11 + + 1 -r 1  + d ( J )  + 1 ] ,  i t

f o l l o w s  t h a t  f o r  a g iv e n  s t im u lu s  8 , th e  o n ly  0.  ̂

t h a t  ca n  f i r e  i s  Q,Jg ,  and t h a t  Q‘Tg  w i l l  f i r e  at  

e x a c t l y  one t im e  t ( f )  and th a t  f o r  a l l  S ,

T (S )  + 1 + d( J) »  fc(S) < T ,

Let R be an a d d i t i o n a l  c e l l  ( w i t h  t h r e s h o ld  1 ) .  For

e a c h  5 ,  run  a c h a in  o f  l e n g t h  T -  t ( S )  from the o u tp u t

c e l l  o f  Q^g to  R« Then for* a l l  S e I I ,  R w i l l  f i r e

a t  fcima T and o n l y  then* Thus th e  e n t i r e  n e t  i s  a 

s t r o n g  I I - c l o c k  w i t h  in p u t  c e l l s  and ou tp u t  c e l l  

R.

Hence I I - p o t e n c y  i s  eq .u iva .len t to  the con 

s t r u e  t a b i l i t y  o f  a weak I I - c l o c k #
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2 /5 .7

2 /5 -7

2 /6

2/ 6 .1

The DURATION of a s t im u lu s ’ i s  1 plus the d i f 

f e r e n c e  "between the. times of the l a s t  and f i r s t  

p u l s e s .

LEIvSMA 2 /5 * 7 . Let h be the duration of the lon gest  

element o f  II  « -lien i f  an element J i s  I I q( L)- 

p o te n t ,  i t  i s  I I - r o t e n t .

Proofs Each element o f  I I  i s  a tran sla te  

o f  an element o f  Ilg(L )*  Hence any net which i s  

a strong I I q(L ) -clock  w i l l  be a weak II-c lock *

Then by theorein 2/5*6 a strong I I -c lo c k  can be 

constructed,, and by 2 /5  #li J i s  I I -p o te n t .

1 I t  fo llo w s  from 2/5*7 that i f  an element J

i s  II^ (b )-p o ten t  for each b , i t  i s  Il-pofcant for  

every adm issib le c la s s  I I .  (Notes I t  i s  obvious 

that i f  an elemer - i s  I I^ (b )-p o te n t ,  i t  i s  X I q { c ) -  

potent fo r  a l l  c < b. For then II^ lc )  i s  a subset  

o f  I I q( o) , )

PARTICULAR NON-MONOTONE ELEMENTS.

Refractory p er io d s .

Let us consider an, element K which has the 

fo llo w in g  properties*

1 * K( t )  K (t+ 1 ) .

2 .  Except fo r  ( i ) ,  K has the properties of  

an ordinary c e l l .  ( In  the theorem below, K w i l l  be 

used only as a junction with one endbulb and th res

hold * 1 . )
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Hi P r o p e r ty  ( 1 )  above i s  r e a d s  !!K has a r e f r a c t o r y
P-

p e r io d  o f  u n i t  dura& tion'1* In  th e  g e n e r a l  c a s e ,  K 

h as a ’’r e f r a c t o r y  p e r io d  o f  d u r a t io n  d” , and t h i s  i s  

e x p r e s s e d  f o r m a l l y  by

t ) ̂  ^K{  t_+I) ,  ^  K( t  +2 ) * * ^ 2 ( t + d ) .

Theorem 2 / 6 , 1 , 1

The e le m e n t  K i s  I Im p o te n t  f o r  a l l  a d m is s ib le  

c l a s s e s  I I ,

P r o o f ;  C o n s id e r  t h e  c l a s s  I l ^ { b ) ,  C o n s tr u c t  th e  

f o l l o w i n g  n e t .

C e l l s t E l  ( i  = 1 ,  2 , . . . h)

s j  ( 3  =  o . . .  . , b )

Mg, JSj, Mg, «6 , M? ,  Kg, K2 .

and a re  K -e le m e n ts ,  M„ has t h r e s h o ld  2 ,

A l l  o t h e r s  are  d i s - J u n c t i o n s  w i t h  t h r e s h o l d  1 ,

C o n n e c t io n s ;  H. — —*• N , ( j  > 0 )— ----- „ 0 J ■

h — >H J+i  u < b )
Hb -------  Kl

h  — —  m3
« g n o m

M g — »M 6 

%     « 8  —  * 2

‘8
S ,   -----> H0  a l l  j
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Now c o n s id e r  any S In  I I ^ ( b ) . We know t h a t  

f o r  some I ,  £ ^ ( 0 ) ,  L et be the t im e  o f  t h e  l a s t

p u l s e  ( o r  p u l s e s )  o f  f .  (Than < b ) *

Now ^ ( t )  ~> Hp( t + 1 ) ( 1 )

And, NQ( t + l )  «> N , ( t + 2 )  ( j  > 0)  ( 2 )

A l s o ,  N ,,(t+ 2) *> N. ( t+ 2 + b - j )  (3 )
xj

( 1 ) ,  ( 2 ) ,  and ( 3 )  imply th a t

8 ,  ( t )  *> Nb(t+ 2 } .H b ( t + 3 )  Nb( t + b + l ) ,  Clj.)

Then

s i ^0^*s j ( t 0 ) C V 2)# *** • » bCb+l )3 . [Hb ( t 0+ 2 ) .  . . .

•Nb ( t 0 - t b + l ) 3 .

These v&o s e q u e n c e s  m ust c o v e r  t h e  i n t e r v a l

Hb ( 2 ) ,  *Nb ( t ^ h - 1 ) ,  s i n c e  t Q < b® ( 5 )

F u rth era io re 9 th e  p u l s e s  a t  Nb due t o  any o th e r  

m ust l i e  i n  t h i s  t i n e  i n t e r v a l ,  s i n c e  S ^ ( 0 ) i s  th e  

f i r s t ,  p u l s e  and i c  th e  la s t *  (B y theorem

2 /2 * 7 ,  (£ )  g iv e s  th e  e cap I s t©  r e s p o n s e  at Nb ) .  T h u s ,

S ( 0 )  «> Nb (2 }» N b( 3 ) ,  ,  * » *Nb( t 0+b+l) and o n ly

th e s e *

Now K-j w i l l  f i r e  f i r s  t a t  tim e fc «  3» and 

a t  odd t im e s  t h e r e a f t e r *  L et  T be t h e  l a s t  tim e  

t h a t  f i r e s *  (T »  t 0 *b *2  I f  t h i s  i s  o d d , t Q+b+l  

i f  n o t . )  M|_, w i l l  f i r e  t h r e e  u n i t s  a f t e r  Kx f i r e s ,  

s o  f i r e s  f i r s t  a t  t  ■ 6 ,  and a t  even  t im e s  t h e r e 

a f t e r  up t o  and n o t  a f t e r  T+3 * ( 6 )
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On

i
•v l0-;A

i

M/ f i r e s  two u n i t s  la te r -  th an  M(i , soo l!.5 b
f i r e s  f i r s t  a t  t  -  8 ,  and a t  a l l  e v e n  t im e s  up

t o  b u t  n o t  a f t e r  T+£, ( 7 )

h  o o*,k q( t ~  t  ~ 1  )> /  ( (  t - i ) * Fr om ( 6 ) i  t

i s  s e e n  t h a t  f i r e s  a t

a . )  a l l  ev en  t im e s  b e tw een  Lj_ and T +l. (

b») a l l  odd t im e s  b etw een  7 and T+I4.. ( 8 b)
i>e4 uD^en

B ec a u se  o f  ( ^ a ) ,  f i r e s  a t  a l l  odd tim eses? and 

T-f£« (a n d  eaoh  f i r i n g  at an odd l im e  i n  t h i s  i n t e r v a l  

p r e v e n t s  a p u l s e  a t  t h e  s u c c e e d in g  e v e n  t i m e ) .  But 

t h e n ,  b o c a u se  o f  ( 8 b) f i r e s  a l s o  a t  t im e  T+9 .
I ,  ' ' ’>

t  “  1+ 0 «

T*5 i s  an e v e n  t im e ,  and i t  i s  th e  o n ly  e v e n  tim e a t  

w h ich  1U f i r e s .  ( 9 )

F i n a l l y ,  b e c a u s e  m 7  »  2 ,

M?( t )  5  M6 ( t - l ) « K 2 ( t - l ) .  ( 1 0 )

But 1/1̂  f i r e s  o n l y  a t  e v e n  t im es  ( i n c l u d i n g  T + £ ) ,  

b y  ( 7 )* A«d K2  f i r e s  o n ly  a t  odd l i m e s ,  e x c e p t  fo r

th e  even  tim e T+5>, by ( 9 )*  Hence c o n d i t i o n  (1 0 )

i s  f u l f i l l e d  when and o n ly  when t - 1  = f + 5 , or

I t  f o l l o w s  th a t  t h e  n e t  c o n s t r u c t e d  above i s  

a weak I l ^ ( b )  c l o c k ,  f o r  when p r e s e n t e d  w ith  any 

e le m e n t  S o f  I I 0 ( b ) ,  i t  r e sp o n d s  w ith  a s i n g l e  o u tp u t  

p u l s e .  Hence th e  e le m e n t  X i s  I I ^ ( b )  p o t e n t  f o r  

e a c h  b .  J ? j 2 / $ . 7 * 1  K i s  I I - p o t e n t  f o r  e v e r y  a d m is s ib le
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class II

K oto: I t  i s  p o s s ib le  to  c o n s tr u c t  a n o t w ith

s im i la r  p r o p e r tJ .e s  in  w hich  M I  o a l l s  

have a r e f r a c t o r y  p e r io d  o f  u n i t  d u r a t io n .  

‘Theorem 2 / 6 . 1 . i t

Theorem 2 / 6 . 1 , 1  h o ld s  f o r  e le m e n ts  K w i t h  

a r b i t r a r y  r e f r a c t o r y  p e r io d s  d .

P r o o f :  The p r o o f  i f  l i k e  th a t  o f  Theorem

2 / 6 . 1 . 1 , e x c e p t  t h a t  b etw een  c e l l s  and Mg one  

a m st i n s e r t  a c h a in  o f  c’. - l  I n t e r m e d ia te  c e l l s .

'The rem a in d e r  o f  t h e  p r o o f  i a  e s s e n t i a l l y  th e  sam e,  

I f  f o r  " o ld  t in e s "  we i;re " t i n e s *  lnaod(d'!" and f o r  

" even  t im es"  u s e  " t im e s  = 2  raod(d)" .

Thus a l l  e le m e n ts  w ith  r e f r a c t o r y  o e r i o d 3 

a r e  I I - p o t e n t  over- a l l  a d m is s ib l e  c l a s s e s  o f  s t i m u l i

I I .

2 / 6 . 2  I n h i b i t o r s .

Theorem 2 / 6 . 2 .  Any e le m e n t  w i t h  one or  more i n h i b i 

t o r y  c o n n e c t io n s  i s  I I ~ p o t e n t  o v e r  any a d m is s ib le  

c l a s s  I I ,

P r o o f :  L et  L be t h e  e le m e n t .  C o n s id er  th e  c l a s s

I I ^ ( h ) .  C o n s tr u c t  th e  n e t s
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I f  L h a s  t h r e a h o ld  g r e a t e r  th&r o n e ,  run

/ L  f i b r e s  from  each t o  ( i  < b )*  I t  i s

e a s y  to  son t h a t  f i r s t  f i r e s  a t  t im e  t  = b+ 2  

( s i n c e  some must f ir ®  a t  t im e  0 ) ,  H ow ever, when 

L f i r e s  a t  t im e  b+2 ,  i t  p r e v e n t s  any from  f i r i n g  

a t  t  = b+3 « Thus a t  tim e b+ 3  t h e r e  a re  no p u l s e s  

i n  th e  n e t ,  s i n c e  none can e n t e r  from th e  a f t e r  

t  «= b ,  S in c e  th e r e  i s  now no s o u r c e  o f  p u l s e s ,  

th e  net- w i l l  rem ain  o u i e t ,  Hence th e  n e t  i s  a 

( s t r o n g )  I I ^ ( b )  c lcc lc*  The theorem  f o l l o w s  now 

from  2 /5 * 7 * 1 .

NOTE: Theorovi 2 / 6 •  2 i s  r e l a t e d  to  2/1 l* 2 j i t  as c e r t s

t h a t  w i t h  i n h i b i t o r s  one oar, c o n s t r u c t  any f u n c t i o n  

on any a d m is s i b l e  c l a s s  vjhich h as  s u f f l c i e n t  d e la y .  

Theorem 2 /I4.. 2 a s s o r t s  th e  c o n s t r u e t a b i l i t y  o f  

a r b i t r a r y  f u n c t i o n s  on a smsl. l e r  s e t  o f  s t im u lu s  

c l a s s e s ,  b u t  i t  s p e c i f i e s  a minimum d e la y *

The e le m e n ts  X and L o f  2 /6 * 1  and 2 / 6 , 2  are  

th e  o n ly  non-m onotone e le m e n ts  o f  im m ed iate  i n t e r e s t .  

I t  was shown e a r l i e r  th a t  any non-m onotona e le m e n t  

J i s  I I - p o t e n t  f o r  a l l  I I  i n  an a p p r o p r i a t e l y  ex

panded t im e  s c a l e ,  bu t I  h a v e  been  u n a b le  t o  e s t a b l i s h  

th e  c o r r e s p o n d in g  r e s u l t  i n  th e  u n i t  t im e s c a le *
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N e i t h e r  h a v e  I  fo u n d  a c o u n to r e x a r a r le 9 b u t I i n c l i n e  

to w a rd  th e  b e l i e f  t h a t  t h e r e  i s  one*

2 / ?  P h y s i o l o g i c a l  n o te *

We cannot- rem ain  r e s t r i c t e d  to  m onotone n e t s  

end hope t c  o b t a in  m ach in es  o f  much i n t e r e s t .  Theorem  

2 / 2 * 8  di ows t h a t  i n  bctfe p r o b a b i l i s t i c  and n o n -  

p r o b a b i l i s t i c  c a s e s ,  a n e t  w h ic h  h a s  a non-m onotone  

o u t p u t  f u n c t i o n  m ust c o n t a in  one. o r  more non-mono to n  a 

e l e m e n t s g i n  a d d i t i o n  to  -r he ( g i v e n )  e le m e n ts  o f  

th e  t h r e s h o ld  t y r e .  In  sec. M en s f / 6 , 1  and 2 / 6 . 2  i t  

was shown t h a t  a i  there ” irh.3 b i  t o r y 1* or **r®frac t o r y rt 

e le m e n ts  a r e  a d eq u a te  for- t h e  c o n s t r u c t i o n  o f  fu n c 

t i o n s  w h ic h  a r e  a r b i t r a r y 5 e x c e p t  f o r  the r e s t r i c t i o n s  

t o  s u f f i c i e n t  d e la y  and t o  domains o f  " a d m is s ib l e  

c l a s s e s  o f  s t i m u l i .  ( I t  s h o u ld  ba n o te d  t h a t  th e  

r e s t r i c t i o n  t c  " a d m is s ib le  c l a s s e s ” i . e . , th o se  

c l a s s e s  o f  s t i m u l i  which, a r e  f i n i t e  and c o n ta in  no 

p a i r  o f  t i m © - t r a n s l a t « s ff r e f l e c t  th e  f i n i t e n e s s  o f  

. . ..the n e t s ,  and th e  manner I n  w h ich  th ey  a re  u s e d ,

r a t h e r  th a n  any c o a r s e  l i m i t a t i o n  o f  t h e i r  f u n c t i o n a l  

c a p a b i l i t i e s .  I f  p a r t  o f  the n e t  were t o  be s e t  i n t o  

o p e r a t i o n  a t  th e  o r i g i n  t  »  0  o f  t i m e ,  b e f o r e  th e  

p r e s e n t a t i o n  o f  e x t e r n a l  s t i m u l i ,  th u s  s o t t i n g  up 

a s o r t  o f  a b s o l u t e  c l o c k  w i t h  r  e f o r e n c s  to  a d e f i n i t e  

p o i n t  in  t im e ,  th e n  somo t r a n s l a t e d  s t i m u l i  c o u ld  bo
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2 - 5 9

d i s t i n g u i s h e d *  - von s o ,  t h e r e  vo u ld  s t i l l  ary© to  

bs soaio r e s t r i c t i o n  on t r a n s l a t e s ,  s i n c e  t h e  c l o c k ,  

n e ln g  f i n i t e ,  w ou ld  u l t i m a t e l y  become p e r i o d i c ,  and  

s t i m u l i  t r a n s l a t e d  by -this p e r io d  0 0 a id  be f u n c t i o n 

a l l y  i n d i b t  i n g u i s h a b l e » The same argument w ould  

h o ld  f o r  t h e  b r a i n ,  i n  s o  f a r  a« i t  were r e g a r d e d  

as a f i n i t e  n e tw o r k $ h o w e v e r ,  th e  p e r i o d  o f  t h a t  

c l o c k  n e e d  n o t  be  s h o r t e r  chan a l i f e t i m e ,  and what 

s l ig h t  be c a l l e d  th e  p rob lem  o f  nd a t in g "  e v e n t s  n eed  

n o t  a r i s e # }

The o r i g i n  o f  t h e  e v i d e n t  non-fflo.not o n i c i t y  

o f  t h e  c e n t r a l  n e r v o u s  sy s te m  l a  f a r  from d e a r  a t  

p r e s e n t ,  b u t  i c  i s  a p p r o p r i a t e ,  a t  t h i s  p o i n t ,  to  

exam ine a few  p o s s i b i l i t i e s ,  and i n c i d e n t a l l y  to  

d i s c u s s  th e  e v id e n c e  f o r  th e  e x i s t e n c e  o f  the m ono-  

t o n i c  e le m e n ts  t h a t  h a v e  p la y e d  a b a s i c  r o l e  i n  

s e c t i o n s  2 / 2  t o  2 / 5 *

C o n - ju n c t io n s  and d i a - J u n c t i o n s «

The e x i s t e n c e  o f  t h e s e  b a s i c  monotone ©lam ents  

m  r e l a t i v e l y  d i s c r e t e  e n t i t i e s  w i t h in  th e  b r a in
t

seem s to' be g e n e r a l l y  a c c e p t e d  by p h y s i o l o g i s t s #  fh© 

e v id e n c e  castas to  be o f  two k in d s#  In  e x p e r im e n ta l  

s t u d i e s  on s p i n a l  r e f l e x e s  th e  e v id e n c e  f o r  f!s p a t i a l  

sum m ation” I s  g e n e r a l l y  c o n s id e r e d  to  r e f l e c t  the 

p r e s s n o e  o f  j u n c t io n s  w hich  r ecjiiir© a minimum o f  more
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th an  021© im p u lse  f o r  t r a n s m is s io n *  S e c o n d ly ,  

e a c h  o f  t h e  m ajor t h e o r i e s  o f  i n t e r n e u r a l  t r a n s 

m is s io n  p r ed ic t -  su c h  e f t ’e e L a ,  and th e  anatomy 

o f  j u n c t io n s  ap p ears  to  oo su c h  as maka i t  

p l a u s i b l e  th a t  roach e f f e c t s  can tak e  p l a c e .  The  

e l e c t r i c a l  and c h e m ic a l  t r a n c m i s s i o n  t h e o r i e s  

e a c h  r e q u i r e  a minimum d e n s i t y  o f  s t i m u l a t i o n  a t  

th e  s u r f a c e  o f  th e  e f f e r e n t  c e l l ,  i n  th e  one  

c a s e  a minimum c u r r e n t  d e n s i t y ,  i n  th e  o t h e r  a 

minimum c o n c e n t r a t i o n  ( o r  q u a n t i t y ,  i n  R a s h sv s k y ’ s 

t h e o r y )  o f  the e x c i t a t o r y  c h e m i c a l .  I f  a s i n g l e  

ea d b u lb  can  s u p p ly  th e  minimum., we w ould  h&vs a  

d l s - j u n c t i o n ;  i f  th e  f i r i n g  o f  s e v e r a l  ondbulbs  

i s  r e q u i r e d ,  a June l i  on w i t h  t h r e s h o ld  h ig h e r  th a n  

u n i t y  r e s u l t s .  (The p o s s i b i l i t y  o f  v a r ia t io n ,  o f  

t h r e s h o l d  i s  d i s c u s s e d  l a t e r * 5 A n a to m ica l p h o to 

graphs su p p o r t  t h i s  p r i n c i p l e ,  i n  t h a t  th e y  r e v e a l  

t e r m in a t io n s  from s e v e r a l  c e l l s  i n  any sm a l l  s u r f a c e  

r e g i o n  o f  & g iv e n  e f f e r e n t  c e l l ,  ( G e n e r a l ly  s p e a k 

i n g ,  m ost o f  t h i s  ty p e  o f  e v id e n c e  i s  d e r iv e d  from  

s t u d i e s  on la r g e  m otor  c e l l s ,  where a good d e a l  o f  

s t r u c t u r e  may b e  d i s c e r n e d . )

The n a tu r e  o f  n o n -m o n o to n ic  j u n c t io n s  i s  n o t  

n e a r l y  so c l e a r ,  l e  s h a l l  d i s c u s s  a few  p o s s i b i l i 

t i e s .
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2/ 7-2 i I n l i i b i  her*-/  c o n n e c t io n s  *

The ax io m s  o f  2 / 1 * 3  adrsi r, t h e  p o s j & i b i l l t y  

o f  a c o n n e c t i o n  .. f o r  xh ioU / C ,  . -  «**•'„ Thus 

C^( t - 1 )  <=>^C ( t > „  v'hi ' n a y  bo c a i l e d -  a b a p i n t #  

I n h i b i t i o n  o f  th o  c o i l  0 „«
. . . .  —  .  , j

Xf t i l l s  I d n a l  a orax a c t i o n  w ere  a r e a l i s t i c  

m ode l  o f  a b i o l o g i c a l  e n t i t y  o r  p r o a e s c ,  i t  would  

'uoan •chat r u e  f i r i n g  o f  c e l l  h a d  on e f f e c t  on 

c e l l  C j  w h ic h  w o o ld  p r e v e n t ,  I -  fr-oto f i r i n g  i n  a  

( d e f i n i t e  ’• l a t e r  i n t e r v a l ,  vo :.u> t o r  w h a t  t h e  

s t i m u l u s  t o  c e l l  Oj* H o w a v e r ,  s i n c e  I n  a n y  f i x e d  

s i t u a t i o n ,  t h o r o  ah 11 0 0  o n l y  a  f i n i t e  nvanber o f  

t s r m i n c t i o n a  un. any c e l l ,  and t h e  a c t i v i t y  o f  e a c h  

t e r m i n a t i o n  w i l l  a.l.oa ooomdod, i h s  at..V-riilus n o  

c o l l  0  w i l l  a l w a y s  ho b o u n d e d ,  i n  rjotio b i o l o g i c a l l y  

a p p r o p r i a t e  s e n s e .  The n o h . a :  o f  a b s o l u t e  i n h i b i 

t i o n ,  I s  t h a n  n o t  e s s e n t i a l  for- any  b i o l o g i c a l  

m o d e l  o f  I n h i b i t i o n  3 fox" t h e r e  I s  no n e e d  f o r  a pro** 

c e s s  w h e r e in  t h e  c e l l  0  ̂ I s  r e n d e r e d  i n h e r e n t l y  

m a b l o  t o  f i r s  a t  t i m e  i: % :!.t i s  s u f f i c i e n t  t h a t  

t h e  a f f e c t  o f  t h e  f i r i n g  o f  C, r e n d e r  C j  uarespon®  

s i v s  t o  any  s t im u lu s  t h a t  i t  c a n  p o s s i b l y  e n c o u n t e r .  

For p r a c t i c a l  p u rp oses: ,  I t  would b e  s u f f i c i e n t  t o  

a l l o w  $ £ » j  t o  ta k e  on o n ly  f i n i t e  n e g a t i v e  v a l u e s *  ■ 

T h is  i s  e s s e n t i a l l y  t h e  a p p r o a c h  i n  th e  h& shevsky
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t h e o r y ,  where i n h i b i t i o n  i t  r' r a I n t iW %  I t  i s  

n e v e r t h e l e s s  p e r f e c t l y  p o s s i b l e  t h a t  a r e a l  a b s o lu t e  

i n h i b i t i o n  o c c u r s  in  th e  c e n t r a l  h e r v o u ;» c-tom*

,2  Chamicru f u e y r i e s  o f  l a ’ J.l i i .j

I f  i t  i t  to  bo p o s tu la te d  ;h a t  c e r t a in  oen- 

n e c t io n e  under xu/oper  a o i r h  •du\H r e le a s e  an *’i n h i b i 

to ry  substt?Jioe*? J s i-hen J  •n.is f ac i  in  one e f  ':xo 

wayo {

a , J  i n  c o  ;© n a y  :U r  .;o\ILv u en h re .V lso n  t h e  

e x c i t a t o r y  s fciBruli* b ' . g . ,  i f  e x c i t a t i o n  wore  

m e d i a t e d  b y  a n  e x c i t a t o r y  s u b s t a n c e  B, J  o o n l f  f o rm  

cc'i I n e r t  ch.om.lGai o or '.bin a  u ln a  vrtfch o r  o t h e r w i s e  

i n a c t i v a t e  i f .

B* J  I n  so mo way y r o f e o t o  th* c e l l  .r ;.v-f s e e  

f ro m  t h e  o f  f o o t s  o f  li* i n i s  of^r- .n  .:: o u . l t  r ;• ch~o» 

ivifA o r  r e l a t i v e .- i .  n  W  >v/

K &shevsky does  n o t  e x p l i c i t l y  c h o o s e  any 

one necInuvLnrij, b u t  h s  d o o p o r h v u l a t e  •:h.af b e n d  I  

b e h a v e  i n  s u c h  a n a y  a s  tc  r e s e m b l e  a q u a n t i t a t i v e  

n e u t r a l i s a t i o n *

13  x'.'l ec  t r x  c &X t no o r i .e s  *

I f  i t  i s  p o s t u l a t e d  th a t  e x c i t a t i o n  t a k e s  

p l a c e  duo t o  t h e  p a s s a g e  o f  u  s u f f i c i e n t  c u r r e n t  

d e n s i t y  In  t h e  p r o p e r  d i r e c t i o n  t h r o u g h  ( a s u f 

f i c i e n t l y  l a r g e  a r e a  o f )  th e  e f f e r e n t  c e l l  m am cran e ,
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th e n  t h e r e  are  a number o f  p o s s i b l e  i n h i b i t o r y  

m ech a n ism s.

A. I n h i b i t i o n  c o u ld  be p roduced  by an 

o p p o s in g  e l e c t r i c  f i e l d }  su ch  a f i e l d  c o u ld  occur  

by t h e  f i r i n g  o f  f i b r e s  s o  p la c e d  ( g e o m e t r i c a l l y )  

t h a t  t h e i r  f i r i n g  p o t e n t i a l s  oppose  th e  e x c i t a t i o n  

p o t e n t i a l s .  T h is  e f f e c t  c o u ld  be  l o c a l ,  c o n f in e d  

t o  th e  n e ig h b o rh o o d  o f  th e  J u n c t io n ,  or  c o u ld  be  

due t o  l a r g e r  e l e c t r i c a l  f i e l d s  c o v e r in g  r e l a t i v e l y  

l a r g e  n e u r a l  s u b n e t s .

B . An e l e c t r i c a l  t r a n s m is s io n  th e o r y  i s  n o t  

in c o m p a t ib le  w i t h  a c h e m ic a l  i n h i b i t i o n  th e o r y *  The 

i n h i b i t o r y  s u b s ta n c e  c o i i ld  a c t  to  r e n d e r  t h e  membrane 

u n a b le  to  f i r e .  ( I t  I s  c o n c e iv a b le  t h a t  th e  i n h i b i 

t o r y  s u b s ta n c e  c o u ld  a f f e c t  th e  d i e l e c t r i c  o r  r e s i s 

t i v i t y  p r o p e r t i e s  o f  t h e  j u n c t io n  to  an e x t e n t  s u f 

f i c i e n t  to  p r e v e n t  t h r e s h o ld  s t i m u l a t i o n  o f  th e  

e f f e r e n t  c e l l . )

A n a to m ica l  t h e o r i e s ?

I t  i s  c o n c e i v a b l e  t h a t  th e  axon h i l l o c k  c o u ld  

be b o  a f f e c t e d  by n e a r l y  e x c i t a t i o n  as to  p r e v e n t  

l a t e r  e x c i t a t i o n  from  r e a c h in g  the a x o n .  (T here  

i s  no e v id e n c e  f o r  t h i s . )  In  f a c t ,  any p r o c e s s  by 

w h ich  r e t r o g r a d e  c o n d u c t io n  i s  e s t a b l i s h e d  from  

th e  a x o n ,  or axon h i l l o c k ,  w ith o u t  s im u lta n e o u s
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i n i t i a t i o n  o f  fo r w a r d  c o n d u c t io n ,  w ou ld  p u t  th e  

c e l l  i n t o  a r e f r a c t o r y  p h s e ,  and th u s  a c t  as  an 

i n h i b i t o r .

2/7*3 Location of in h ib i t io n .

The l o c a t i o n  o f  the  non-m onotone p r o c e s s e s  

o f  t h e  n e r v o u s  s y s te m  i s  a l s o  a m a tte r  o f  s p e c u la 

t i o n ,  A l l  n e u r a l  e le m e n ts  h ave  a r e f r a c t o r y  p e r i o d ,  

h e n c e  e v e r y  n e t  i s  p o t e n t i a l l y  c a p a b le  o f  non-m onotone  

a c t i v i t y ,  i n c l u d i n g  b e h a v io r  which r  e s e m b le s  i n h i b i 

t o r y .  N e v e r t h e l e s s ,  t h e r e  may be more s p e c i a l i z e d  

form s o f  i n h i b i t i o n  th a n  t h i s  d i s t r i b u t e d  l o c a l  

t y p e .  We s h a l l  l a t e r  c o n s id e r  more g l o b a l  fo rm s;  

s u p p r e s s i o n  o f  a c t i v i t y  i n  the " f i n a l  common path"  

or m otor  t r a c t s ,  and p r o c e s s e s  w h ich  e x t i n g u i s h ,  or  

g r e a t l y  m o d i t j  t h e  a c t i v i t y  o f  e n t i r e  n e t s .  Some 

o f  th e  m a ch in es  t o  be d e s c r ib e d  w i l l  c o n t a in  su b n e ts  

w h ic h  e x e r c i s e  a c o m p a r a t iv e ly  l a r g e  c o n t r o l  o v er  

i n h i b i t o r y  p r o c e s s e s  in  o t h e r  s u b l e t s .

The b a s i c  p h y s i o l o g i c a l  f a c t  t h a t  a l l  n e u r a l  

e l e m e n t s  h a v e  a p p r e c i a b l e  r e f r a c t o r y  p e r i o d s ,  c o u p le d  

w i t h  th eo rem  2 / 6 . 1 . d ,  w i l l  j u s t i f y  our su b se q u e n t  

l a c k  o f  c o n c e r n  w i t h  th e  problem  o f  n o n -m o n o t o n ic i t y .  

T h ere  i s  f a r  to o  l i t t l e  r e a l  p h y s i o l o g i c a l  i n f o r 

m a t io n  a v a i l a b l e  t o  j u s t i f y  th e  a ssu m p tion  t h a t  

any o t h e r  p a r t i c u l a r  n o n -m o n o to n ic  e le m e n t  i s  p r e s e n t
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In  t h e  n e r v o u s  s y s t e m .

A n a to m ic a l  s t r u c t u r e  o f  j u n c t i o n s .

L i t t l e  i s  known about- th e  anatomy o f  I n t e r -  

n e u r a l  j u n c t i o n s  --v I t h in  th e  c e n t r a l  n ervou s  s y s t e m .  

The b e s t  in f o r m a t io n  i s  to  b© found  i n  m ic r o p h o to 

g ra p h s  o f  the s u r f a c e  o f  the g i a n t  m otor c e l l s  o f  

th e  v e n t r a l  co lum ns o f  t h e  s p i n a l  ch o rd . F ib r e s  

t e r m i n a t e ,  on or  n e a r  th e  d e n d r i t i c  or  p e r ik a r y o n  

s u r f a c e  w i t h  d i s t i n g u i s h a b l e  '*© ndbulbs" , and i t  

i s  b e l i e v e d  t h a t  t h e s e  r e p r e s e n t  th e  a n a to m ic a l  

s i t e  o f  th e  i n !; e r n e u r a l  j u n c t i o n s .

W hether th e  same s t r u c t u r e s  e x i s t  th ro u g h o u t the 

CMS I s  n o t  c l e a r ,  and th e r e  i s  no r e a s o n  to  b e l i e v e  

t h a t  th e  en d b u lb s  a r e  t h e  o n ly  p o s s i b l e  i n t e r n e u r a l  

June t l  on .

T here i s  a n o th e r  p o s s i b l e  s i t e  fo r  t r a n s 

m i s s i o n  o f  p u l s e s ,  and i n  o r d e r  t o  d e s c r ib e  i t ,  

i t  I s  n e c e s s a r y  t o  s u g g e s t  a m o d i f i c a t i o n  o f  th e  

u s u a l  v iew  o f  th e  r o l e  o f  .neurons i n  the f u n c t i o n i n g  

o f  th e  n erv o u s  s y s t e m .  I t  i s  u n n a tu r a l  t o  r e g a r d  

th e  n eu ron  a s ' t h e  b a s i c  u n i t  o f  a c t i v i t y ,  inasm uch  

as  a s i n g l e  n eu ro n  u s u a l l y  h a s  more than one  ju nc

t i o n  a s s o c i a t e d  w i t h  i t s  d e n d r i t i c  and p e r ik a r y o n  

s u r f a c e .  I f  th e  n e r v e  u s  s y s te m  i s  to  be d e s c r ib e d
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i n  term s p r o p e r  to  a n e u r a l -a n a lo g u e  n e t ,  and the

m a t ic  t h e o r y ,  th en  th e  c o n d i t i o n  f o r  f i r i n g  o f  a 

neu ron  w i l l  be a d i s j u n c t i v e  e x p r e s s i o n  where ea ch  

term  i s  th e  f i r i n g  c o n d i t i o n  f o r  one o f  ih e  ju n c 

t i o n s  on th e  n eu ro n . I t  i s  more n a t u r a l  to  r e g a r d  

e a c h  j u n c t i o n  as a b a s i c  u n i t  o f  a c t i v i t y ,  and to  

r e g a r d  th e  neu ron  as an ” i d e n t i f i c a t i o n ” o f  the  

o u tp u t  f i b r e s  o f  e a c h  o f  th e  j u n c t io n s  on th e  n eu ro n .  

T his  i d e n t i f i c a t i o n  can be ta k e n  to be a m u l t i p l e  

j u n c t io n  w i t h  t h r e s h o l d  one ( w i t h  p r o b a b i l i t y  one)  

and h a v in g  l i t t l e  or  no s y n a p t i c  d e l a y . L e t  the

T hus, su p p o se  a neuron  N h a s  t h r e e  j u n c t io n s  

on i t s  s u r f a c e  so  t h a t  i t s  f i r i n g  c o n d i t i o n  I s

n eu ro n s  a re  ta k e n  to be th e  '’c e l l s ' *  o f  th e  a x i o -

r e p r e s e n t  su c h  an e lem en tsym bol

K ( t )  —

v [sl(U-l).Sg( t- i) .s 6( t- i)  ]
N, ( f o l l o w i n g  M c C u l l o g h - P i t t s . )

— ,,, i t  I s  more n a t u r a l  to  r e g a r d

th e  j u n c t io n s  as f u n c t i o n a l

u n i t s :

Jx ( t )  *  s x ( t - 1 )
V fc) -  S2( t - I ) . s 3(t-1)
J3 ( t )  ~  S l ( t - l ) . S ^ ( t - 1 ) . S 6 ( t - 1 ) ,  and
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th e n  t o  in tr o d u c e  th e  n eu ro n  as an

M(t)  »  J2 ( t )  v  J2 ( t )  v  J3 ( t )

N o te  t h a t  th e  e le m e n t  N i n  th e  above e x p r e s 

s i o n  h a s  no s y n a p t i c  d e l a y .  Such an e le m e n t  ca n n o t  

be r e p r e s e n t e d  i n  t h e  P i t t s - M c C u l lo c h  axiom  s y s t e m .  

The r e a s o n  f o r  t h i s  i s  t h a t  th e  f i r i n g  c o n d i t i o n  f o r  

H ( t )  h a s  a c o m p u ta t io n  t im e  o f  j u s t  1 t im e  u n i t .  A 

P i t t s • M c C u l lo c h  n e t  h a v in g  one o u tp u t  f i b r e  and tim e  

d e p th  1  can  o n ly  be a s i n g l e  c e l l  w i t h  a d e f i n i t e

T h r e s h o ld , Each o f a  •  *  * can have  any number

o f  endbulbo  on s a y  S h a s  b g ,  e t c .  Then

[ b i  > T j . f B g  +b3  > T 3 . [ b k  + b? + b6  > T .3 .

In  t h i s  c a s e j  ono o f  bg o r  b^ m u st be > 1 / 2 ,  and

one o f  ( \  + b 5\  (b 5  + b e ) ^ k  + hb muBt  be  -  2 T/ 3 .

L e t ,  e . g . ,  b 2  >  T /2 ,  and Then

[bp + bĵ  + b^] > [T /2  + 2T /3J >  T 

h e n c e  th e  corn b in ation ^ b g  + bj  ̂ + e x c e e d s  the

t h r  e s h o l d .  and

Sg( t )  ,S j?( t )  . s c>( t )  *>  $F( t + 1 } .  T h is  c o n t r a d i c t s

th e  o r i g i n a l  f i r i n g  c o n d i t i o n .
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N o te s  I f  e l e m e n ts  o f  th e  form  d N a re  p e r m i t t e d ,  

th e n  minimum d e l a y  may he o u t  by 1  u n i t  i n  s e v e r a l  

th eorem s d 2 / 3  and 2/If.,

Now i f  th e  b i o l o g i c a l  n eu ron  i s  r e g a r d e d  

o n ly  as  an a s s o c i a t i o n  o f  j u n c t i o n s ,  w i th  an e lem en t  

N, n e t s  can  be c o n s t r u c t e d  w ith o u t  any b i o l o g i c a l  

n eu ro n s  a t  a l l ,  at- l e a s t  i n  th e  a x io m a t ic  fram ework,  

s im p ly  by n o t  u s i n g  any e le m e n ts  o f  th e  N - ty p e ,  In  

f a c t  a l l  p r e v i o u s l y  d e s c r ib e d  n e t s  may be r e g a r d e d  

i n  t h i s  way. 'This c o u ld  c o n c e i v a b l y  have a d i r e c t  

p h y s i o l o g i c a l  p a r a l l e l ,  as f o l l o w s .

C o n s id e r  a branch  p o i n t  o f  an ( a c t u a l )  

n e r v e  f i b r e .  The b ra n ch  can be re g a r d e d  as an

e n t i t y  from  w hich  o r i g i n a t e  

t h r e e  n e r v e  f i b r e s .  The f i r i n g  

t s o f  any o f  th e  f i b r e s  i s  some 

f u n c t i o n  o f  e a r l i e -  f i r i n g  o f  the o t h e r s .  In  the  

u s u a l  ca n e  ( a n a t o m i c a l l y ) ,  one o f  the f i b r e s  w i l l  

be l a r g e r  than  th e  o t h e r s .  For each  f i b r e  i s  

p a r t  o f  a t r e e  t e r m in a t in g  on some n e u r o n ,  i . e . ,  

o f  th e  a x o n a l  o r  d e n d r i t i c  t r e e ,  and t h a t  one  o f  

th e  t h r e e  f i b r e s  w h ic h  i s  n e a r e s t  ( t o p o l o g i c a l l y )  

to  th e  neuron  w i l l  u s u a l l y  be l a r g e r .  Now i t  

seem s p l a u s i b l e  t h a t  when an im p u lse  a r r i v e s  at
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th e  b ra n ch  p o i n t  from  th e  l a r g e r  f i b r e  th en  b o th

o f  th e  s m a l l e r  f i b r e s  w i l l  be f i r e d ,  w i t h  h ig h

p r o b a b i l i t y .  For t h e  amount o f  e l e c t r o c h e m i c a l

a c t i v i t y  a t  th e  j u n c t i o n  i s  th en  r e l a t i v e l y  l a r g e .

On th e  o t h e r  h and , when th e  in p u t  p u l s e  comes

a lo n g  one o f  th e  s m a l le r  f i b r e s ,  or e v e n  b o th ,

t h e  amount o f  a c t i v i t y  may n o t  be enough to  f i r e

t h e  l a r g e r .  C e r t a i n l y  th e  p r o b a b i l i t y  o f  f i r i n g  
tS tPdwi*^-

th e  l a r g e r  when b o th  s m a l l  f i b r e s  f i r e , t h a n  when 

j u s t  one f i r e s .  Hence th e  branch  p o i n t  has to  

some e x t e n t  th e  p r o p e r t i e s  o f  a b in a r y  j u n c t i o n .

2 / 8 . 3 . 2  In  th e  a b se n c e  o f  a w e l l - c o n f i r m e d  q u a n t i 

t a t i v e  t h e o r y  o f  n e r v e  f i b r e  c o n d u c t io n ,  t h e r e  i s

no way t o  e s t i m a t e  th e  p l a u s i b i l i t y  o f  2 / 8 . 3 . 1 .

I t  i s  p o s s i b l e  t h a t  a l l  o f  t h e s e  p r o b a b i l i t i e s  are  

s o  c l o s e  t o  1  t h a t  w hole s y n a p t i c  and d e n d r i t i c

t r e e s  f i r e  as o n e ,  b u t  t o  assume t h i s  t o  be th e

c a s e  i s  n o t  l e s s  r e c k l e s s  th an  t o  assume t h a t  

t h e  p r o b a b i l i t i e s  a re  su ch  t h a t  sum m ations con

d i t i o n s  a r e  n e c e s s a r y  f o r  f i r i n g  a b r a n c h ,  a t  

l e a s t  from  th e  s m a l le r  f i b r e s  to  th e  l a r g e  o n e s .

’There i s  one l i k e l y  so u r c e  o f  asymmetry  

b etw een  th e  s m a l l  and l a r g e  f i b r e s )  f o r  a l l  p e r i 

p h e r a l  f i b r e s ,  th e  r e f r a c t o r y  p e r io d  i s  lo n g e r  

f o r  s m a l l e r  f i b r e s ,  and the r e l a t i o n  i s  q u i t e
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m arked. T h u s , i f  we h a v e  a s m a l l  branch  and two 

l a r g e  o n e s ,  as  in  t h e  f i g u r e ,  and i s  f i r e d

t w i c e ,  w i t h  an i n t e r v a l  

1_2- b e tw een  w h ic h  i s  l e e s  than

t h e  r e f r a c t o r v  p e r io d  o f  i \ ,
(b J

th e n  J’h, w i l l  f i r e  t w i c e ,  but

F o n ly  o n c e .  T h is  would seem  v e r y  l i k e l y ,  p h y s i o -

l o g i c a l l y .  I  p o i n t  i t  o u t ,  n o t  to  u se  i t  i n  any

e s s e n t i a l  way i n  th e  t h e o r y ,  b u t  to  i n d i c a t e  t h a t

th e  b r a n c h e s  may u l t i m a t e l y  h ave  to  be r e g a r d e d

a s  f u n c t i o n a l  e l e m e n t s .

A nother  f a c t  b e a r in g  on t h i s  b ran ch  t h e o r y  

i s  t h a t  a l l  known c a s e s  f i b r e -  c o n d u c t  e q u a l l y  

w e l l  i n  c i t h e r  d i r e c t i o n .  I t  i s  g e n e r a l l y  b e l i e v e d  

t h a t  a n a to m ic a l  s y n a p s e s  ( w i t h  © n d b u lb s) can  o n ly  

c o n d u c t  i n  on© d i r e c t i o n 5 from  a x o n a l  t r e e  to  den

d r i t i c  t r e e .  I f  t h i s  i s  t r u e ,  and i f  t h e r e  nr® th e  

o n ly  i n t e r n e u r a l  p a th w a y s  and i f  t h e  neuron  must 

f ir ©  t o  i n i t i a t e  a x o n a l  a c t i v i t y ,  th e n  th e  n eu ro n s  

p l a y  an e s s e n t i a l  r o l e  in  th e  n e t ;  f o r  then  a 

n eu ro n  m ust f i r e  w henever a c t i v i t y  sp r e a d s  t o  i n 

v o l v e  t h e  f i b r e s  o f  a n o th e r  n eu ro n .

2 / 8 . 3 . 3  I f ,  h o w e v e r ,  th e r e  i s  any way i n  w hich

a c t i v i t y  may be c o n d u c te d  from one t r e e  to  a n o t h e r ,  

w it h o u t  f i r i n g  o f  a n e u r o n ,  t h e n ,  a t  l e a s t  in  th e
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axiom  s y s t e m 3 th e  n eu ro n  l o s e s  i t s  s o o c t a l  im por

t a n c e  and becom es m e r e ly  a c o n v e n ie n t  l o g i c a l  

' f f t s j u n c t lv e  c o n n e c t iv e ®  Such c o n d u c t io n  m igh t  

e x i s t  i n  the. n e r v o u s  sy stem  s im p ly  as a p r o p e r t y  

t h a t  i f  two f i b r e s  come s u f f i c i e n t l y  c l o s e ,  c r o s s  

t r a n s m i s s i o n  i s  l i k e l y *  Thus th e  c l o s e  p r o x im i t y  

o f  two o r  more f i b r e s  m ig h t  h a v e  f i r i n g  c o n d i t i o n s  

e n t i t l i n g  i t  t o  t h e  c l a s s i f i e s  d. on o f  . ju n c t io n .

I f  t h e r e  are  s u f f i c i e n t l y  many o f  such  pathw ays.,  

th e n  the n e u r a l  n o t  can  be-; r e g a r d e d  as a huge  

n etw ork  o f  f i b r e s  i n  t h r e e  d im e n s io n s ,  in  w hich  

. ju n c t io n s  o c c u r  i n  th e  form o f  b r a n c h e s ,  c o n t i g u i t i e s ,  

and c l a s s i c a l  s y n a p s e s ,  and w h ich  th e  neu ron s  have  

a r o l e  o f  c o u p l i n g  th e  f i r i n g  c o n d i t i o n s  o f  l a r g e  

numbers o f  f i b r e s .  The n eu ron s  p r o b a b ly  a l s o  h ave  

a r o l e  i n  t h a t  t h e y  s e t  uo r e l a t i v e l y  l a r g e  f i e l d s  

when th e y  f i r e ,  a f f e c t i n g  th e  t r a n s m i s s i o n  p r o b a b i l i 

t i e s  o f  a l l  n e a r b y  j u n c t i o n s .  I t  i s  c o n c e i v a b l e  

t h a t  th e  n e u r o n s  w i l l  n o t  p l a y  a fu n d a m en ta l r o l e  

i n  a n e u r o l o g i c a l  t h e o r y  ( a t  l e a s t  In th e  c o r t e x )  

and t h a t  t h e i r  p r e s e n c e  I s  l a r g e l y  a m a tte r  o f  

b i o l o g i c a l  n e c e s s i t y ,  s i n c e  th e  n eu ro n s  a re  th e  

m e t a b o l i c  c e n t e r  f o r  th e  f ib r e s ®  One c o n c lu s io n

w ould be t h a t ,  i f  th e  n eu ro n s  a re  r e g a r d e d  a s  the
10p r i m i t i v e  e l e m e n t ,  t h e r e  a r e  o n ly  a b o u t 1 0  o f
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th em , w h i l e  i f  th e  b ra n c h e s  and e t h e r  j u n c t io n s

a r e  r e g a r d e d  as a ls o '  p r i m i t i v e ,  then  t h e r e  are  a t
IP  T ^l e a s t  1 0  , and p erh a p s  e le m e n ts  i n  th e

human b r a i n .
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3 / 0  In t h i s  c h a p t e r  we a t te m p t  d e s c r i p t i o n s  o f  two

a s p e c t s  o f  th e  c e n t r a l  n e r v o u s  sy s te m :  The b e h a v io r  o f

c e n t r a l  i n t e r n e u r a l  j u n c t i o n s ,  and th e  s t r u c t u r e  o f  th e  

n e tw o r k s  o f  th e  c e n t r a l  n e r v o u s  s y s t e m .  In each, c a s e  

th e  amount o f  r e a l  e x p e r im e n ta l  and t h e o r e t i c a l  In fo r m a 

t i o n  i s  so sm a l l  t h a t  any su ch  d i s c u s s i o n  must be 

reg a rd ed  a s  h i g h l y  s p e c u l a t i v e .

One- t h in g  a p p e a r s  f a i r l y  c e r t a i n ,  how ever . In e a c h  

c a s e  th e  3y3tem i s  a lm o st  c e r t a i n l y  so  c o m p lic a te d  t h a t  

an e x a c t  d e s c r i p t i o n  l a  n o t  f e a s i b l e .  I n t e r n e u r a l  t r a n s 

m is s io n  p ro b a b ly  d ep en d s  b o th  on h ig h ly  f o r t u i t o u s  g e o 

m e t r ic  c o n t i n g e n c i e s ,  and on h ig h ly  com plex n e u r a l  e v e n t s  

o c c u r r in g  in  th e  n e ig h b o r h o o d  o f  any g iv e n  J u n c t io n .

And th e  s t r u c t u r e  o f  th e  n e t s ,  i . e . ,  l o c a t i o n s  o f  c e l l s  

and c o n n e c t i o n s ,  p r o b a b ly  d e p e n d s  on a trem endous number 

o f  b i o l o g i c a l  v a r i a b l e s .

In reg a rd  t o  th e  p o s s i b i l i t y  o f  d e t e r m in in g  e x p e r i 

m e n ta l ly  th e  q u a n t i t a t i v e  la w s  I n v o lv e d  h e r e ,  t h e r e  a r e  

s e r i o u s  d i f f i c u l t i e s  b o th  in  p r a c t i c e  and in  p r i n c i p l e .

The p r a c t i c a l  d i f f i c u l t i e s  are  d u e ,  i n  th e  c a s e  o f  th e  

b e h a v io r  o f  J u n c t io n s ,  to  th e  f r a g i l i t y  and m in u te n e s s  

o f  th e  j u n c t i o n a l  s t r u c t u r e s ,  and th e  c o n se q u e n t  o b s t a c l e s  

t o  I s o l a t i o n  and e x te n d e d  stu d y  o f  s i n g l e  or sm a ll  numbers 

of  j u n c t i o n s .  (N o te :  T h is  d o e s  n o t  a p p ly  t o  p e r ip h e r a l

f i b r e s  and J u n c t io n s ;  f o r  t h i s  r e a so n  m ost in fo r m a t io n  i s  

d e r iv e d  from s tu d y  o f  p e r ip h e r a l  (and I n v e r t e b r a t e )  n e r v e . )
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In th e  c a s e  o f  th e  s t r u c t u r e  o f  th e  n e u r a l  n e t s ,  t e c h n iq u e s  

f o r  v i s u a l  iss in g  n e u r a l  i n t e r c o n n e c t  i o n s  are  a s  y e t  in com 

p l e t e  and u n d e p e n d a b le .  Toe ~e seem s to  be no t e c h n iq u e  

a t  p r e s e n t  w hich  can p r o v id e  r e a s o n a b le  c o m p le te  in fo r m a 

t i o n  a b o u t a l l  th e  c o n n e c t io n s  in  a volum e o f  n e r v o u s  

t i s s u e .

In th e  c o s e  o f  th e  i n t e r n e u r a l  J u n c t io n ,  i t  seem s  

t h a t  ev en  i f  th e  t r a n s m is s io n  la w s  w ere c o m p le t e ly  known, 

th e y  may be so  com plex  t h a t  a p r e c i s e  c o m p u ta t io n  o f  

n e u r a l  a c t i v i t y  In a n e t  would s t i l l  be i m p r a c t i c a l ,  e . g . ,  

i f  many o f  th e  v a r i a b l e s  I n d ic a t e d  b e lo w  p la y  an im p o r ta n t  

r o l e .

Tor t h e s e  r e a s o n s  i t  would seem a p p r o p r ia te  t o  

a tte m p t  t o  r e p la c e  t h o s e  la w s  whose form i s  unknown but 

w hich  are  s u s p e c t e d  t o  be d ep en d en t  on many f o r t u i t o u s  

v a r i a b l e s ,  by s im p le  s t a t i s t i c a l  h y p o th e s e s  and p a r a 

m e t e r s ,  and a tte m p t t o  f in d  th eo rem s w hich have a minimum 

d ep en d en ce  on th e  e x a c t  form o f  t h e s e  l a w s .

T h is  ap oro a ch  seem s at l e a s t  a s  sound a s  th a t  o f  

t h o s e  m od slg  in  w hich  com plex and unknown d e p e n d e n c ie s  

are r e  c l  s e e d  by s im p le  d e t e r m i n i s t i c  f u n c t i o n s ,  and th e  

c o n c l u s i o n s  a re  e x o e c t e d  t o  have some v a l i d i t y  by " a n a lo g y " .  

I t  may seem p r o p e r ,  e . g . *  t o  assume t h a t  an unknown 

m onotone d e c r e a s in g  f u n c t io n  a s y m p t o t ic  to  z e r o  i s  

ap p rox im ated  by, say, kl e ”k2'^, but i t  i s  n o t ,  p r o p er  t o  

assume t h a t  th e  d e r i v a t i v e s  o f  th e  unknown and th e  hypo

t h e t i c a l  f u n c t i o n s  o re  th en  a l s o  a p p r o x im a t io n s .
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/n a s h e v a k y ' 3  e x t e n s i v e  u se  o f  d i f f e r e n t i a l  and i n t e g r a l  

e q u a t io n s  seem s t o  have l i t t l e  j u s t i f i c a t i o n  in  t h i s  

regard  J

The s t a t i s t i c a l  approach a l s o  a v o id s  c e r t a i n  d i f f i 

c u l t i e s  a t t e n d a n t  on th e  u se  of th e  cl1 neret©  nodoln ' o f  

th e  :’orrn o f  2 / 1 . 1  -  2 / 1 . 4 ,  In n e t s  composed o f  t h e s e  

d i s c r e t e  e l e m e n t s ,  th e  b e h a v io r  seem s o f t e n  t o  be -dominated  

by s p e c i a l  c o m b in a t o r ia l  a r t i f a c t s ,  e . g . ,  p e r i o d i c i t i e s ,  

which can n ot  be exnecfced u n c r i t i c a l l y ,  in  t h e  b i o l o g i c a l  

s y s t e m s .

3 / 1  The c o n c e p t  o f  e x c i t a t o r y  t h r e s h o l d .

3 / 1 . 1  I f  a n e r v e  f i b r e  i s  i s o l a t e d  and m a in ta in e d  u n d e r  

c o n s t a n t  l a b o r a t o r y  c o n d i t i o n s  i t  w i l l  e x h i b i t  c e r t a i n  

u n i f  o m i t  l e a  of b e h a v io r  o v e r  r e l a t i v e l y  l o r y  I n t e r v a l s .

A n o t a b le  such  u n i f o r m i t y  i s  t h a t  o f  “t h r e s h o l d “ t o  

e l e c t r i c a l  e x c i t a b i l i t y .  L et  ?* f i b r e  be s t im u la t e d  by 

p a ss a g e  o f  a m easured e l e c t r i c a l  c u rra n t  f o r  a c o n s t a n t  

t im e .  I t  i s  ob served  t h a t ,  i f  th e  e x c i t a t i o n s  a r e  sp aced  

ap art  by a s u f f i c i e n t  i n t e r v a l  p th en  the f i b r e  w i l l  f i r e ,  

(a propagated , ln p u l.se  w i l l  a r i s e )  i f ,  and o n ly  i f ,  th e  

s t i m u l a t i n g  c u r r e n t  e x c e e d s  a c e r t a i n  v a lu e  T (w h ich  

d ep en d s  o n ly  on th e  l e n g t h  o f  th e  .applied  s t i m u l u s ,  f o r  

a g iv e n  f i b r e  end e x p e r im e n t a l  s e t - u p ) .

1 nay be c a l l e d  th e  f u l l  r e c o v e r y  tim e o f  th e  f i b r e .

I f  th e  f i b r e  i s  s t i m u la t e d  a t  a t im e c l o s e r  than  l  t o  

th e  nraced  1 nr e x c i t a t i o n  th e  minimum c u r r e n t  required .
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f o r  f i r i n g  nay be g r e a t e r  or  l e s s  than T. he w i l l  d i s c u s s  

t h e s e  f l u e t u n t I o n s  In 3 . 2 f f .

The v a lu e  V so  o b ta in e d  i s  c a l l e d  th e  ( e x c i t a t o r y )  

“th r e s h o ld "  f o r  th e  f i b r e  ( and f  c th e  e x p e r i m e n t ) .

Presum ably th e  e x i s t e n c e  of such  a th r e sh o ld ,  r e f l e c t s  

some p r o p e r ty  o f  the- e x c i t a b l e  t i s s u e  w hich  I s  common 

to  a l l  n e r v o u s  t i s s u e .  (muscle- f i b r e  e x h i b i t s  th e  same 

p r o p e r ty  o s  v e i l . }

'louev r ,  ev en  i f  we were t o  a c c e p t  th e  p r o p o s i t i o n  

t h a t  e s s e n t i a l l y  th e  same p r o c e s s e s  o c c u r  a t  th e  in fc e r -  

n e u r a l  .1 u n o 1 1 o n , and t h a t  f l r l n  th e r e  tu o  d e p en d s  on 

th e  s t i m u l a t i o n  e x c e e d i n g  a d e f i n i t e  t h r e s h o l d ,  t h e r e  are  

some c o n s i d e r a t i o n s  v/hl do nvdce I t  a p p ea r  t h a t  th e  s i t u a t i o n  

may be more c o m p l i c a t e d ,  l o t h  th e  n o t i o n s  o f  " i n t e r n e u r a l  

J u n c t io n 1* and o f  **s t im u la t io n "  r e q u ir e  c l a r i f i c a t i o n .

3/1*2 The q u e s t i o n  n a y  a r i s e  a s  to  w h eth er  t h e r e  in

J u s t i f i c a t i o n  f o r  t h e  b e l i e f  th a t  t h e r e  e x i s t  d i s t i n g u i s h a b l e  

j u n c t i o n s ;  i . e . ,  t h a t  th e  n e r v o u s  system  h a s  a n  a c c e p t a b l e  

m odel in  th e  axiom  s y s te m s  o? th e  n e tw o r k s  2/ 1 . 3  or  

2 / 1 . 3 .  I f  t h e  c o n n e c t i o n s  a r e  i d e n t i f i e d  wj fcb ar<?.-

t o n ic ' > l l y  d i s c e r n  a b le  f i b r e s  (criminating- on neuron  0^ and 

terrain atlas? n e a r  o r  on neuron C». th en  th e  a x io m a t ic  model 

I s  r e a l i s t i c  I f ,  and o n ly  I f ,  t h e  f i r i n g  (o r  f o r  2 / 1 , 6 ,  th e  

p r o b a b i l i t y  o f  f i r i n g ) o f  d ep en d s  on ly  on th e  a c t i v i t y

o f  t h o s e  1^ f o r  w'-Teh t h e r e  a r e  f i b r e s

Put t h i s  i s  c e r t a i n l y  n o t tr u e  in  th e  b r a in .  The 

f i r i n g  of e mlven c e l l  w i l l  depend on a number o f  f a c t o r s
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w hich  a re  n o t  3 0  d i r e c t l y  m odeled  in  th e  a b s t r a c t  n e tw o r k .  

With any th e o r y  o f  i n t e r n e u r a l  t r a n s m i s s i o n  i n v o l v i n g  

e l e c t r i c  i n t e n s i t i e s ,  c h e m ic a l  c o n c e n t r a t i o n s ,  and l o c a l  

membrane t h r e s h o l d s ,  th e  f i r i n g  c o n d i t i o n s  a t  th e  j u n c t io n  

w i l l ,  a lm o s t  c e r t a i n l y ,  be a  c o m p l ic a t e d  f u n c t io n  i n 

v o l v i n g  th e  s p a c e - t im e  d i s t r i b u t i o n  o f  a c t i v i t y  o v e r  th e  

s u r f a c e  o f  th e  c e l l .  There i s  no e v id e n c e  t h a t  any o f  

th e  f o l l o w i n g  f e a t u r e s  can be c o m p le t e ly  ig n o r e d }

a ) .  M e t a b o l ic  p r o d u c t s  o f  n earb y  c e l l s .  The c o n c e n t r a t i o n s  

and g r a d i e n t s  o f  such  s u b s t a n c e s  w i l l  depend on th e  

a c t i v i t y  o f  a l l  nearb y  c e l l s ,  and may be e x p e c te d  t o  have

an e f f e c t  on th e  e x c i t a b i l i t y  o f  any g iv e n  c e l l .  Sub

s t a n c e s  d i r e c t l y  I n v o lv e d  i n  n e r v e  t r a n s m is s io n  may be 

e x p e c t e d  t o  have im p o r ta n t  e f f e c t s .  The d i s t r i b u t i o n  

o f  e l e c t r o l y t e s  w i l l  a f f e c t  th e  g eo m etry  o f  e l e c t r i c  

f i e l d s .

b ) . The e l e c t r i c  f i e l d s  i n c i d e n t a l  t o  nearb y  a c t i v i t y  

w i l l  i n f l u e n c e  th e  a c t i v i t y  a t  a  g iv e n  j u n c t i o n .

c ) .  a c t i v i t y  o f  nearby  c e l l s  w i l l  be r e f l e c t e d  in  th erm al  

c h a n g e s ,  w h ich  may have an a p p r e c ia b le  e f f e c t .  Thermal 

c h a n g e s  in  th e  g e n e r a l  c i r c u l a t i o n  ca n n o t  be n e g l e c t e d ,

d ) .  Even l o c a l  m e c h a n ic a l  e f f e c t s  may be c o n s i d e r a b l e .

There a re  d i s t o r t i o n s  due t o  c i r c u l a t o r y  p u l s a t i o n s ,  

v a r i a t i o n s  in  m e c h a n ic a l  s t r e n g t h  o f  s t r u c t u r e s  w ith  

any m e t a b o l i c  ch a n g e ,  o s m o t ic  f o r c e s  ch a n g in g  w ith  r e 

d i s t r i b u t i o n  o f  m e t a b o l i t e s ,  and v a r i a t i o n s  o f  th e  l o c a l
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geom etry  due t o  am eoboid a c t i v i t y  o f  s u p p o r t in g  t i s s u e  

c e l l s .  F i n a l l y ,  t h e r e  13 r e a s o n  t o  b e l i e v e  t h a t  th e  

e n d b u lb 3  t h e m s e lv e s  may u n d ergo  c h a n g e s  c o n s e q u e n t  t o  

r e o e n t  a c t i v i t y .

e ) .  Laoh c e l l  and f i b r e  i n v o lv e d  w i l l  i t s e l f  have a 

f l u c t u a t i n g  i n t e r n a l  s t a t e ,  c a u s in g  v a r i a t i o n s  in  th e  

m a g n itu d e  o f  e x c i t a t o r y  p u l s e s .

f ) .  Humoral s u b s t a n c e s  i n  th e  l o c a l  and g e n e r a l  c i r c u l a 

t i o n  w i l l  a f f e c t  f i r i n g  c o n d i t i o n s  l o c a l l y  and g e n e r a l l y ,  

(and n o t  n e c e s s a r i l y  u n i f o r m ly ,  s i n c e  t h e r e  i s  c o n s id e r a b l e  

d i f f e r e n t i a t i o n  o f  n erv e  c e l l s ) .  I t  l a  known t h a t  c e r t a i n  

n e r v o u s  c e n t e r s  a r e  e s p e c i a l l y  s e n s i t i v e  to  th e  c o n c e n 

t r a t i o n  o f  s p e c i a l  s u b s t a n c e s .

g ) .  F i n a l ! # ,  th e  s t r u c t u r e s  t h a t  a re  o b se r v e d  m ic r o 

s c o p i c a l l y  and b e l i e v e d  t o  be " i n t e r n e u r a l  f u n c t io n s "  

a re  s m a l l ,  n e a r  th e  l i m i t s  o f  o p t i c a l  r e s o l u t i o n ,  (arid 

t h e s e  may n o t  be th e  s m a l l e s t ) .  L i t t l e  i s  known about  

t h e i r  s t r u c t u r e ,  and t h e r e  i s  no r e a s o n  t o  b e l i e v e  t h a t  

th e y  a r e  th e  s m a l l e s t  e n t i t i e s  i n v o lv e d  in  i n t e r n e u r a l  

t r a n s m i s s i o n .  For s t r u c t u r e s  o f  t h i s  s i a e  o p e r a t in g  a t  

b i o l o g i c a l  t e m p e r a t u r e s ,  th erm a l a g i t a t i o n  e f f e c t s

may be a p p r e c i a b l e .  (Not know ing th e  m agn itu d e  o f  th e  

p r o c e s s e s  e s s e n t i a l  f o r  t r a n s m i s s i o n ,  I  c a n n o t  compute 

th e  Im p ortan ce  o f  th erm a l e f f e c t s . )

N o te :  In r e c e n t  y e a r s  i t  h a s  been  d i s c o v e r e d  t h a t  th e

c e n t r a l  n e r v o u s  sy stem  l a  p r o v id e d  w ith  an
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e f f e c t i v e  s h i e l d  from the l a r g o  c o n c e n t  r a t i o n  

f l u c t u a t i o n s  o f  m ost' s u b s t a n c e s  in  th e  g e n e r a l  

c i r c u l a t i o n .  I f  n t e l e o l o g i e s !  argument I s  

p e r m i t t e d ,  t h i s  may be ta k en  t o  i n d i c a t e  t h a t  

the n e r v o u a  3 y s t« n  i s  © s p e c i a l l y  s e n s i t i v e  t o  

c h e m ic a l  c h a n g e s ,  hence auch p r o t e c t i o n  i s  

n e c e s s a r y .  cut t h e r e  i s  no e v id e n c e  th a t  th e  

same p r o t e c t i o n  i s  a v a i l a b l e  f o r  l o c a l  f l u c t u a 

t i o n s  w i t h in  th e  n e r v o u s  t i s s u e .

3 / 1 . 3  \te  have n o  vryy o f  e v a l u a t i n g  the im p o rta n ce  o f

t h e s e  e f f e c t s .  P ence i t  would s e e n  t h a t  I f  any t h e o r y  

i s  t o  be c o n s t r u c t e d , the f i r i n g  c o n d i t i o n s  a t  a j u n c 

t i o n  must bo e x p r e s s e d  in  p r o b a b i l i s t i c  t e r m s ,  Via w i l l  

pro ceed  on th e  a s su m p tio n  t h a t  th e  f i r i n g  c o n d i t i o n  a t  

a j u n c t i o n  i s  a p r o b a b i l i s t i c  d i s t r i b u t i o n  which i s  

a f u n c t i o n  o f  the a c t i v i t y  o f  t h o s e  c e l l s  f o r  w hich  

th e r e  are  f i b r e s  a s  in  axiom H -3 n  { 2 / 1 . 6 ) .  P h i s

means th a t  in  a p i t e  o f  th e  p o s s i b l e  n o n -n e t  i n f l u e n c e a  

o f  3 / 1 . 2 ,  we commit o u r s e l v e s  t o  the b e l i e f  t h a t  th e  

v i s i b l e  notvrork s t r u c t u r e  o f  n e r v o u s  t i s s u e  i s  o f  

e s s e n t i a l  im p ortu n e© , and th a t  th e  o th e r  a s p e c t s  o f  

n e u r a l  a c t i v i t y  nay s a f e l y  be c o n s id e r e d  a s  c o n t r ib u t in g  

in d e te r m in a c y  to  th e  n etw ork  s t r u c t u r e .  In th e  f i n a l  

c h u o t o r s  we s h a l l  r e tu r n  to  t h i s  d i s c u s s i o n .
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3 /2 .

EjLecfcrical ' e x c i t a b i l i t y  in  n e r v e  f l o r a s .

3 / 2 . 1  a o n t a in s  a g e n e r a l  d e s c r i p t i o n  o f  c e r t a i n  

f l u c t u a t i o n s  in  tho e l e c t r i c a l  t h r e s h o l d  o f  eoaie n e r v e  

f i b r e s .  3 / 2 . 2  d i s c u s s e s  th e  q u e s t i o n  o f  w h ich  f i b r e s  

behave in  «u i s manner, uud p / a »p , th e  e x t e n t  t o  which  

i n t e r n e u r a l  J u n c t io n s  may be e x p e c t e d  to  behave  in  an 

an a l  og ou a nianne r .

1 '2s c o n s i d e r  th e  b e h a v io r  o f  a  n e r v e  f i b r e  u n d er

th e  oa:as c o n d i t i o n s  a s  in  3 / 1 . 1 .  Assume t h a t  a t  t  = D 

th e  f i e r e  x 3 in  ii>s re  sw ing s ^ a t s  , i . e . )  iw n as  n o t  

oesu  1 ir o u  or s t in m lr i te u  i  o r  a  s u r i l o i e n t l y  1 oug tim e  

( e . g . ,  'hi" o f  3 / 1 . 1 )  t h a t  i t s  p r o p e r t i e s  ax'© c o n s t a n t ,

O- . . s u r ly  s o .  ucu tue x ib r o  os Aj.r©u a t  t  u by a 

s u f f i c i e n t  s t i m u l u s ,  i . e . ,  on e l e c t r i c  c u r r e n t  o f  

•-‘.‘dpii^u-.iv^ e x c e e d in g  x ( l /  i . l )  0 a SwauUurc. a u r u v io n .

I t  i s  an e x p e r im e n ta l  f a c t  th a t  th e  e x c i t a b i l i t y  o f  

th e  f i b r e  a t  a la tex *  t im e  1  i s  s u b s t a n t i a l l y  in d e p e n d e n t  

wx vI/.e o f  *t.e cw lm ulus a t  i/,  p ru v id ou  wii&w

p u ls e  I s  g r e a t s r  than  : and n o t  so  l a r g o  aa t o  p e r 

m a n e n t l y  in j u r e  th e  t i s s u e .  3ut th e  e x c i t a b i l i t y  d o e s  

d e p e n d  on t h e  t im e  d .  I n  f a c t ,  suppose t h a t  th e  f i b r e  

i s  f i r e d  f i x ’s t  a t  t  - c by an a d eq u a te  s t i m u l u s ,  and 

n e x t  e x c i t e d  a t  t i n e  d .  fh an  t h e  t h r e s h o ld  T(d) a t  t im e  

d i s p e n d s  on d in  th e  f o l l o w i n g  manner: T(d) v a r i e s

c o n t i n u o u s l y  and  may be s a id  t o  p a ss  s u c c e s s i v e l y  ( in  

t i n e )  t h r o u g h  f i v e  ‘’p h a s e s * .
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/£ > / .  ( O ^ c K * ')  An " a b s o lu t e  r e f r a c t o r y  p e r io d "

d u r in g  w h ic h ,  I . e . ,  no s t im u lu s  

can I n i t i a t e  a  p u l s e .

/ I / .  ( lr<. d < a) A " r e l a t i v e l y  r e f r a c t o r y  p e r io d " ,

o r ,  t o  u s e  a n o t h e r  e q u i v a l e n t  

e x p r e s s i o n ,  a p e r io d  o f  " su b 

norm al e x c i t a b i l i t y " ,  d u r in g  

w h ich  a s t i m u lu s  g r e a t e r  th a n  T 

i s  r e q u ir e d  t o  i n i t i a t e  a  p u l s e .

/ 2 / ,  ( s < d < s * )  a p e r io d  o f  "supernorm al e x c i t a 

b i l i t y "  d u r in g  w hich  th e  f i b r e  

can be e x c i t e d  by s t i m u l i  s m a l l e r  

than  T.

/ 3 / «  ( s , < d < s" )  A p e r io d  o f  “ subnorm al e x c i t a 

b i l i t y "  a g a in .

/ V »  ( s '  * < d ) An i n d e f i n i t e  p e r io d  o f  r e s t i n g

o r  norm al t h r e s h o l d  T.

F ig u r e  3 / 2 . 1  i l l u s t r a t e s  a t y p i c a l  curve o f  " e x c i t a 

b i l i t y "  a s  a f u n c t i o n  o f  d .  ( " E x c i t a b i l i t y "  i s  th e  i n 

v e r s e  o f  " th r e s h o ld " ;  E ( t )  - 1 / T ( t ) . )

m
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The c u r v e  d o e s  n o t  a c c u r a t e l y  r e p r e s e n t  th e  p r o p o r 

t i o n a l  d u r a t io n  o f  th e  p h a s e s ,  ( o r  th e  a c c u r a t e  v a l u e s  

o f  E ( d ) )  f o r  any p a r t i c u l a r  e x p e r im e n t .

The r e l a t i v e  l e n g t h s  o f  th e  p h a se s  i s  o f  im p o rta n ce  

in  th e  l a t e r  c h a p t e r s .  For p e r i p h e r a l  f i b r e s ,  t h e s e  

q u a n t i t i e s  v a r y  in  d i f f e r e n t  s p e c im e n s ,  and t h i s  i 3  

n o t  th e  p l a c e  f o r  a d e t a i l e d  s tu d y  of th e  e x p e r im e n 

t a l  r e s u l t s .  Inasmuch a s  o u r  r e a l  i n t e r e s t  i s  in  

I n t e r n e u r a l  J u n c t io n s ,  d e t a i l s  o f  th e  p r o p e r t i e s  o f  

p e r i p h e r a l  f i b r e s  a re  Im p o rta n t  o n ly  i n s o f a r  a s  th e y  

su p p ly  a m odel w h ich  th e  j u n c t io n  may r e se m b le  in  some 

r e s p e c t s .  A lthough  q u a n t i t a t i v e  d a t a  i s  a v a i l a b l e  a s  

t o  t h e  r e l a t i v e  l e n g t h s  o f  t h e  p h a se s  in  f i b r e s ,  t h e s e  

d a t a  a re  n o t  d i r e c t l y  a p p l i c a b l e  t o  our m odel o f  th e  

i n t e r n e u r a l  j u n c t i o n .

3 / 2 . 2  For th e  th e o r y  o f  th e  l a t e r  c h a p t e r s ,  th e  m ost

im p o r ta n t  a s p e c t s  o f  th e  e x c i t a b i l i t y  f l u c t u a t i o n s  are  

th e  e x i s t e n c e  o f  p h a se s  / 0 /  and / 2 / «  The e x i s t e n c e  o f  

phase  / (> / ,  th e  r e f r a c t o r y  p e r i o d ,  i s  c e r t a i n  f o r  a l l  

e x c i t a b l e  t i s s u e ,  m u sc le  and n e r v e .  v?,or  n e r v e  f i b r e s ,  

th e  a b s o l u t e  r e f r a c t o r y  p e r io d  h as  d u r a t io n  .5  t o  

2 . 0  r a i l ! i s e c o n d s ,  In  g e n e r a l .  ?ha3e / ! /  may l a s t  

l o n g e r .

Phase / 2 /  p la y s  an Im p ortan t  r o l e  in  th e  t h e o r y ,  

and w ith o u t  i t  th e  c h a p t e r  on th e  " th e o r y  o f  c y c l e s "  

would be em p ty , In th e  mammalian n e r v o u s  sy stem  t h r e e
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types ,  " a",  "3" ,  and Hc" o f  n e r v e  f i b r e s  a re  d i s t i n g u i s h e d  

o f  t h e s e  th e  "a" and "C" t y p e s  e x h i b i t  a  w e l l  d e f i n e d  

/ 2 /  o r  / s u p e r n o r m a l /  phase*  ( F u lto n  9 9 f f }  In  t h e  "3 " 

f i b r e s ,  t h e r e  i s  no supernorm al p h a se ;  r e c o v e r y  i s  

th ro u g h  a c o n t in u o u s  subnormal c o u r s e .  However, "0M 

f i b r e s  a p p ea r  t o  be c o n f in e d  t o  th e  autonom ic n e r v o u s  

sy s te m , (and t h e r e  t o  p o s t g a n g l i o n i c  f i b r e s )  and i t  

i s  p l a u s i b l e  t h a t  th e  f i b r e s  o f  th e  c e n t r a l  n e r v o u s  

sy stem  g e n e r a l l y  have a sup ernorm al p e r io d .  T h is  i s  

tr u e  o f  a l l  s o m a t ic  n e r v e .

A p o s s i b l y  Im p o rta n t  f e a t u r e  o f  the supernorm al  

p h ase  i s  t h e  f a c t  t h a t  i f  a  f i b r e  I s  s t im u la t e d  r e 

p e t i t i v e l y  a t  v e r y  ab ort  i n t e r v a l s ,  th e  supernorm al  

ph ase  w i l l  s h o r te n  or v a n i s h ,  (d ee  aga in  F u lto n  p 1 0 5 . )  

Under th e  3sme c o n d i t i o n s ,  th e  subnormal p h a se s  w i l l  

l e n g t h e n .

3 / 3  J u n c t io n s .

I f  th e  r e c o v e r y  c y c l e  o f  3 / b . l  I s  assumed to  

r e f l e c t  a b a s i c  p r o c e s s  in  th e  s u r f a c e  o f  th e  f i b r e ,  

a s  i s  g e n e r a l l y  b e l i e v e d  by t h o s e  who h o ld  t o  a  "mem

brane" or e q u i v a l e n t  th e o r y  o f  c o n d u c t io n ,  th en  i t  i s  

p l a u s i b l e  t h a t  th e  same p r o c e s s  t a k e s  p la c e  a t  th e  

s u r f a c e  o f  th e  e f f e r e n t  c e l l  o f  th e  i n t e r n e u r a l  j u n c 

t i o n .  At such  a j u n c t i o n ,  i t  may o r  may n o t  be th e  

o a s e  t h a t  th e  e x c i t a t o r y  s t im u lu s  l a  an e l e c t r i c  c u r 

r e n t  ( a s  I t  was In th e  e x p e r im e n ta  on i s o l a t e d  n erv e  

f i b r e s ) .  But in  any c a s e  i t  i s  s t i l l  p l a u s i b l e  t h a t
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th e  i n t e r n e u r a l  J u n c t io n  g o e s  th ro u g h  a s i m i l a r  e x c i t a 

b i l i t y  c y c l e  f o l l o w i n g  s t i m u l a t i o n .  I f  we d e f in e  a  

t r a n s m i s s i o n  p r o b a b i l i t y  f o r  i n t e r n e u r a l  c o n d u c t io n ,  

a s  was p rop osed  in  3 /1 * 3 *  i t  i s  r e a s o n a b le  to  e x p e c t  

t h a t  th e  f l u c t u a t i o n s  o f  th e  r e c o v e r y  c y c l e  o f  th e  

e f f e r e n t  c e l l  s u r f a c e  t i s s u e  v ; i l l  be r e f l e c t e d  a s  f l u c 

t u a t i o n s  o f  th e  t r a n s m is s io n  p r o b a b i l i t y  o f  th e  j u n c t i o n .  

L et u s  c o n s i d e r  a s im p le  c a s e .

3 / 3 * 1  L e t  J  be a  J u n c t i o n  fo rm ed  by  a  n u m b e r  o f  o n d b u l b s  

f ro m  a  f i b r e  :f t e r m i n a t i n g  on t h e  s u r f a c e  o f  a  c e l l  0* 

f o r  s i m p l i c i t y  s u p p o s e  t h a t  t h e s e  a r e  t h e  o n ly  e n d i n g s

?hen a t  any t im e t ,  th e  J u n c t io n  so  formed w i l l  have a  

c e r t a i n  t r a n s m i s s i o n  p r o b a b i l i t y  X P ( t ) .  I t  i s  p l a u s i b l e ,  

by a l l  t h e  argum ents  a b o v e ,  t h a t  u n d er  c ir c u m s t a n c e s  

l i k e  t h o s e  in  3 / 2 . 1 ,  th e  j u n c t i o n  J w i l l  p a s s  th ro u g h  

c o r r e s p o n d in g  p h a se s  o f  e x c i t a b i l i t y ,  o r  w ith  th e  

p r o b a b i l i s t i c  i n t e r p r e t a t i o n ,  &3?(d) w i l l  p a s s  th r o u g h  

c o r r e s p o n d in g  p h a s e s .  Me s h a l l  t h e r e f o r e  assume t h a t  

i f  t h e  j u n c t io n  J I s  f i r e d  a t  t  =  0 ,  and t h a t  p r i o r  t o  

t h i s  J was in  a " r e s t i n g  s t a t e " ,  theta i t s  t r a n s m is s io n  

p r o b a b i l i t y  X?(d) a t  t i m e s d p o  w i l l  p a s s  th rou gh  f i v e  

p h a s e s .

on II
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f i r .  3/3«If-s

■Vlthouf’h th e  fu n o ts  on \T (d )  i s  prcatutnubly oon tlrm ou o  

in  d ,  n ■ i t ’.-.’ i c a t o d  in  "’in ..  3 / 3 . l a ,  v?o w i l l  pens T a l ly  

r e p la c e  r.Uin f u n c t i o n  by ?• s t e p  f u n c t i o n  tn  rtakc c e r t a i n  

c/i.loulnti'-'nt? f e a s i b l e ,  bon t i l  a s t e p  f u n c t io n  a p p r o x i 

m a t io n ,  th e  p h a s e s  w i l l  bo d e n o te d  by / p ^ /  whore l o ,  

Bay, a one t y p i c a l  v a l u e  o f  i f  f o r  th e  1* t h  p h a s e ,  be  

a h u l l  l e t  of., •- C, a jn c e  t h i n  i s  t h e  a b s o l u t e l y  r e f r a c t o r y  

p e r i  o f .  i i n e e  th e  a b s o l u t e l y  ru.otoyy p e r io d  i s  

presum ably  due t o  an i n t r i n s i c  I n c a p a c i t y  o f  th e  e f f e r e n t  

a u r fa c e  t o  f i r e  d u r in g  t h i s  p h a se ,  none o f  ' h e  a  on s i a o r a 

t i o n  a o f  3 / 1 . 2  would aeon t o  J u s t i f y  th e  n u sb 'n a a n t  o f  

ev en  a v e r ,; s n a i l  p o s i t i v e  >Cf t o  t h e  J u n c t io n  f o r  t h i s

ah '

. •*, ■

. -se .  ?he r e f r a c t  ogy phase w i l l  be d e n o te d  by / O / .

f a :  g u b n o r a a l  p h a s e s  - r i l l  be d e n o te d  by / p x /  tm& / P g A  

?h*> • c u p o m o m a l  phase  w i l l  or c a l l e d  / ? / ,  on" the  

i n o  p ;■* nhruie 3. a /;■»/, Thr d e f i n i t i o n ,V- . * t  *  {  W *

P i  4 : - ,  n a < P .  ■’' > " •

n o t e ; pie  e x i s t e n c e  of / p 2/  aeetns t o  to  o f  m in or  

Im p ortan ce  in  o u r  t h e o r y .  I t s  e x i s t e n c e  

w i l l  u s u a l l y  be Ig n o red  by th e  d e v i c e  o f
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s e t t i n r  p0 — p, end a* =- s '  ' .

X p  M

//? / / ? /

< / - 7>

F l y .  3 / 3 • l b

/ r ,  / / f /

T v *  I* V-

4-̂ ,U x

N o te  j '-Won '•?hcn wo c o n s i d e r  a  c o n t in u o u s  •<*?(ct) ,  

we w i l l  u s e  th e  <33.-acreto n o t a t i o n  / p - /  f o r  th e  

ph?„gco. I f  v?e have s e v e r a l  c e l l 3 ?! s, th en  / ? « /  *~~ J ~ J

**11 1. n to  /t># / —T?h'*?.*5© r>? N • *

? c h a p t e r  or c y c l e s ,  v?e s h e l l  mpfce s o r e  a a t i n  p. t e a  

th e  d u r a t io n  ved p r o b y b l l1 1  :l c n o f  th e  c h a s e s ,  u s in y  

h i ' h l y  h o u r!  o t i c  method ?• dome s u p p o r t in g  b i o l o g i c a l  

or id eas©  v.’i l l  bo In tro d u ced  t h e r e ,  a l s o .

3 / 3 . 2  I f  more than one f i b r e ,  f , has e n & ir y s  on th e

s u r f a c e  o f  n c o l l  1, th e  ju n c t io n  so  fe n c e d  i s  m u l t i p l e ,  

end I t i  yy in  n f u n c t i o n  o f  th e  s t i m u lu s ,  an w e l l  a s  

o f  th e  r e e o v e p y  r r o c e g n .  "’h ere  would r o t  bo a u f f i ? i © n t  

j u s t  I f l e c t i o n  f o r  asnvinS.nr-. or © crp lio it  form f o r  t h in  

. f u n d i o n ,  f o r  l i t t l e  i g  known sh o u t  th e  e f f e c t  on 

t h r e s h o ld  o f  n o - c a l l e d  "s u b l im in a l"  s t i m u l i .  P u l s e s  

which f  all, t o  f i r e  a j u n c t io n  may o r  rmy n o t  a f f e c t  

i t s  r e c o v e r y  p h a se ,  and l i t t l e  i s  known about t h i s .

(For f i b r e s ,  s u b l im in a l  p u l s e s  lo w e r  t h r e s h o ld  f o r
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la t e r  p u ls e s , I f  the In terv a l I s  very sh o rt, e . g . ,

0 .5  ms or l e s s . )  I t  would seem sa fe  to  assume that 

I f  p u lse s  a rr iv e  to g eth er , or very c lo s e ly ,  in  any 

sm all reg ion , th e ir  e f f e c t  would summate by v ir tu e  

of summation of the chemical or e l e c t r i c  tra n sm itter  

agen t. I t  a lso  seems f a ir ly  sa fe  to  assume th a t ( i f  

the recovery cy c le  i s  a property of the c e l l  0) when 

the Junction I s  in  phase /F /  due to  an e a r l ie r  f ir in g ,  

th a t the transm ission  p ro b a b ility  i s  ra ised  fo r  a l l  

s t im u li , or at l e a s t  fo r  the o r ig in a l stim ulus and i t 3 

su b se ts . Thus a stim ulus which o rd in a r ily  has only 

a sm all chance of f ir in g  C, may have a la rg e  chance 

i f  0 (or the part of C's surface concerned) i s  in phase 

/ F / ,  Thus, fo r  t h is  kind of junotion (a lo c a liz e d  

region of c e l l  surface with sev era l co n n ectio n s), we 

w ill  assume that the X? fo r  a l l  (sim ultaneous and 

near-sim ultaneous) st im u li vary to g e th er . An analogy 

in the Pifcts-McCulloch model would be the v a r ia tio n  

of the numerical threshold of the neurons fo llow in g  

f ir in g .

I t  would be convenient I f  the p ro p ertie s  of a 

lo c a liz e d  m u ltip le  Junction were s im ila r  to  those  

d iscu ssed  in  2 /2 .5 ,  with a r e la t iv e ly  sharp numerical 

th resh o ld , fo r  then we would have more or l e a s  id ea l 

con- and d ig  ju n ctio n s . We w il l  have occasion  to  e s t i 

mate the e f f e c t  of assuming sharp th resh o ld s in  5 /9 .
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3 /3 * 3  a y n a p t i c  d e l a y .

The t im e  b e tw een  e x c i t a t i o n  and f i r i n g  l a  c a l l e d  

th e  “ s y n a p t i c  d e l a y 1*. The t im e  q u a n t i z a t i o n  ax iom  would  

a s s e r t  t h a t  t h i s  i n t e r v a l  i s  c o n s t a n t  f o r  a l l  J u n c t io n s  

and a l l  t i m e s .  H ow ever, t h i s  i s  c e r t a i n l y  n o t  th e  ca a e  

i n  t h e  n e r v o u s  sy s te m  (T u lto n  p. 1 9 0 f f )  and i f  any 

th eorem  depended  on t h i s  a s su m p t io n ,  i t  would be s u s 

p e c t .  In  a c c o r d  w ith  th e  g e n e r a l  p o l i c y  o f  t h i s  t h e o r y ,  

i t  m ust be assum ed t h a t  f o r  any g iv e n  c o n d i t i o n s  o f  

i n t e r n a l  s t a t e  and e x c i t a t i o n ,  th e  s y n a p t i c  d e l a y  h a s  

a  p r o b a b i l i t y  d i s t r i b u t i o n  w i t h  p o s i t i v e  d i s p e r s i o n  

(an d , p r e su m a b ly ,  c o n t i n u o u s ) .  The q u a n t i z a t i o n  axiom  

may be a p p ro x im a ted  by h a v in g  a l l  su ch  d i s t r i b u t i o n s  

s h a r p ly  c o n c e n t r a t e d  around u n i t y .  H ow ever, even  

d i s r e g a r d i n g  th e  p r o b a b i l i s t i c  a s p e c t  o f  th e  s y n a p t i c  

d e la y  f o r  a s i n g l e  j u n c t i o n ,  i t  would be r e c k l e s s  t o  

assume t h a t  th e  s y n a p t i c  d e la y  i s  th e  same f o r  d i f f e r e n t  

J u n c t io n s .  I t  i s  known t o  v a r y ,  in  s i n g l e  J u n c t io n s ,  

w ith  th e  r e c o v e r y  p h a s e ,  and f o r  d i f f e r e n t  j u n c t i o n s .  

Thus any theorem  w hich  d ep en d s  on such  c o n s ta n c y  m ust  

be s u s p e c t .

I t  i s  known, a t  l e a s t  f o r  s p i n a l  m oton eu ron s  

(P u lto n  l 4 o f f )  t h a t  s y n a p t i c  d e la y  I s ,  f o r  a g iv e n  

j u n c t i o n ,  g r e a t e r  when s t i m u l a t i o n  i s  e a r l i e r  in  th e  

r e c o v e r y  c y c l e ,  a t  l e a s t  in  th e  e a r l i e r  p h a ses*  The 

f a c t  t h a t  s y n a p t i c  d e l a y  i s  a d e c r e a s i n g  f u n c t i o n  o f  

d ( t h e  t im e  b etw een  p u l s e s )  has  an im p o r ta n t
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c o n se q u e n c e  In  th e  th e o r y  o f  c y c l e s ,  in  p a r t i c u l a r  on 

t h e  q u e s t i o n  o f  s t o r a g e  o f  in f o r m a t io n  i n  c y c l e s .

There a r e  th u s  two a s p e c t s  o f  v a r i a t i o n  o f  

s y n a p t i c  d e l a y ;  t h a t  due t o  I n d i v i d u a l  c e l l u l a r  

d i f f e r e n c e s ,  and t h a t  due t o  th e  p r o b a b i l i s t i c  f l u c 

t u a t i o n s .  I t  w i l l  o f t e n  be n e c e s s a r y  t o  make th© 

q u a n t i z a t i o n  a s su m p tio n  in  o r d e r  t o  make a t y p i c a l  

c a l c u l a t i o n  p r a c t i c a b l e .  In  such  a c a s e  i t  w i l l  be 

n e c e s s a r y  t o  v e r i f y  t h a t  s m a l l  c h a n g e s  i n  t im in g  o f  

th e  e v e n t s  c o n cern ed  w i l l  n o t  make th e  c a l c u l a t i o n  

i n v a l i d .

3 / *  REMARK 3

There i s  no J u s t i f i c a t i o n  f o r  c h o o s in g  any p a r t i 

c u l a r  d i s t r i b u t i o n  to  r e p r e s e n t  any o f  th e  phenomena 

d i s c u s s e d  up t o  now . We w i l l  c o n c e n t r a t e  on th eo rem s  

w h ich  depend o n ly  on th e  form o f  th e  d i s t r i b u t i o n s  a s  

s p e c i f i e d  a l r e a d y .  In p a r t i c u l a r ,  th e  mere e x i s t e n c e  

o f  th e  e x c i t a b i l i t y  p h a s e s  /  /  and / F /  w i l l  be th e  

b a s i c  c o n d i t i o n  f o r  m ost o f  th e  r e s u l t s .  An a t te m p t  

can th en  be mads to  exam ine t h e  c o n s e q u e n c e s  o f  

assu m in g  p a r t i c u l a r  d i s t r i b u t i o n s .  When a p a r t i c u l a r  

d i s t r i b u t i o n  f o r  th e  t r a n s m is s io n  p r o b a b i l i t y  f u n c t i o n  

i s  assum ed, th en  any r e s u l t  o b ta in e d  a s  a  co n seq u e n c e  

must be reg a rd ed  o n ly  a s  a  m o d e l,  whose a p p l i c a b i l i t y  

d ep en d s  on th e  e x t e n t  t o  w hich  i t  can be s a f e l y  

g e n e r a l i z e d .
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The p r o b a b i l i s t i c  a s p e c t s  o f  th e  b e h a v io r  o f  

j u n c t i o n s  m igh t b e a t  be regard ed  a s  th o u g h  t h r e s h o l d s  

a re  d e t e r m in a t e  bu t t h a t  n o i s e  I s  p r e s e n t .  Moat o f  

th e  argu m en ts  o f  3 / 1 * 3  le n d  su p p o rt  t o  t h i s  I n t e r 

p r e t a t i o n ,

The d e s c r i p t i o n  o f  th e  j u n c t i o n ,  up t o  t h i s  

p o i n t ,  must be reg a rd ed  a s  c o v e r in g  on ly  th e  “ s h o r t  -  

term*' p r o p e r t i e s  o f  t h e  J u n c t io n ,  In  th e  l e a r n i n g  

p r o c e s s ,  i t  i s  p o s s i b l e  t h a t  th e  J u n c t io n s  a l s o  d i s p l a y  

l o n g - t e r m , ' and e v e n  perm anent c h a n g e s  in  e x c i t a b i l i t y .  

We s h a l l  ta k e  up th e  t h e o r y  o f  permanent c h a n g e s  in  

c h a p t e r  6 ,

3 /5  G lo b a l  s t r u c t u r e  o f  n e t s .

There i s  a g r e a t  d e a l  o f  a v a i l a b l e  I n fo r m a t io n  

about th e  g r o s s  s t r u c t u r e  o f  b r a in  t i s s u e ,  b u t  r a t h e r  

l i t t l e  r e a l  kn ow led ge about th e  n a t u r e  o f  th e  c o n n e c 

t i o n  s t r u c t u r e  w i t h in  any sm a ll  p o r t io n  o f  th e  b r a i n .

A m lo r o s c o p io  i n s p e c t i o n  o f  b r a in  t i s s u e  r e v e a l s ,  w i th  

c e r t a i n  im p o r ta n t  e x c e p t i o n s ,  th e  f o l l o w i n g  t y p i c a l  

p i c t u r e ,  (M ote: I t  would be e a s y  t o  expand th©

d e s c r i p t i o n  in  much g r e a t e r  d e t a i l ,  even  w ith  p r e s e n t  

in fo r m a t io n ^  th e  d e s c r i p t i o n  b e low  i s  a  s i m p l i f i c a t i o n  

f o r  r e a s o n s  o f  b r e v i t y .  I t  would be f e a s i b l e  to  make 

a much more d e t a i l e d  a n a l y s i s  o f  th e  n e t s  o f  th e  b r a in  

u s in g  o n ly  p r e s e n t  in f o r m a t io n ,  and i t  I s  hoped t h a t  

t h i s  w i l l  be done p r e s e n t l y . )
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3 /5 * 1  "N eural o u b eg" .

I f  c e r t a i n  "s p e c i a l i z e d "  r e f o r m  o f  th e  c o r t e x  

are e x c e p t e d ,  then  e x a m in a t io n ^  o f  a s m a l l  s e c t i o n  o f  

c o r t e x  g i v e s  th e  f o l l o w i n g  i m p r e s s io n .

i .  The n e u r o n s  ( i . e .  n e r v e  c e l l  b o d i e s )  are  

d i s t r i b u t e d  th ro u g h  th e  s e c t i o n  in  a manner  

show ing l o c a l  i r r e g u l a r i t i e s  o f  d i s t r i b u t i o n  

w ith  a more or l e s s  c l e a r l y  d i s c e m a b l e  o v e r  

s t r u c t u r e .  In  any eube o f  c o r t e x  t h e r e  

a re  many d i f f e r e n t  m o r p h o lo g ic a l  ty p e 3  o f  

n e u r o n s}  th e y  a r e  d i s t r i b u t e d  in  su ch  a way 

t h a t  t h e r e  i s  a  g r o s s  a p p ea ra n ce  o f  ( s i x  or  

more) l a y e r s ,  o f  h ig h  neu ron  d e n s i t y ,  s e p a 

r a t e  cl by la m in a  o f  r e l a t i v e l y  f e w e r  c e l l s .  

H ow ever, t h i s  la m in a r  s t r u c t u r e  i s  f a r  from  

w e l l  d e f i n e d ,  in  moat c a s e s ,  and i t  would  

seem t o  be moat a p p r o p r i a t e l y  d e s c r ib e d  by 

s a y in g  t h a t  e a c h  ty p e  o f  c e l l  h a s  a  d i s t i n c t  

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  l o c a t i o n ,  and

N ervou s  t i s s u e  can be so  p rep a red  t h a t  o n ly  n e u r o n a l  t i s s u e  
l a  v i s u a l i z e d .  The d e s c r i p t i o n  o m it s ,  o f  c o u r s e ,  th e  
s u p p o r t in g  and v a s c u l a r  t i s s u e  c e l l s .  (T h is  m igh t u l t i 
m a te ly  tu rn  out t o  be a s e r i o u s  m i s t a k e . )
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t h a t  th e  g.r©as la m in a r  a o p ea rn n ce  o f  th a  

cortex , i s  a con seq u e n c e  o f  t h e s e  d i s t r i b u 

t i o n s .  In my o p in io n ,  th e  la m in a  are  

s u f f i c i e n t l y  d i s t i n c t  th a t  i t  would n o t  be  

u n r e a s o n a b le  to  sup p ose  t h a t  th e y  have f u n c 

t i o n a l  s i g n i f i c a n c e .

For e x a m p le ,  th e  f a c t  t h a t  th e  m otor  

(p y r a m id a l)  c e l l s  o f  th e  c o r t e x  are  l a r g e l y  

c o n f in e d  t o  th e  c e n t r a l  l a y e r s  may be im p o r

t a n t  in  t h a t  t h i s  make9 I t  p o s s i b l e  f o r  them 

t o  r e c e i v e  im p u ls e s  from a l a r g e r  c l a s s  o f  

c e l l s  th a n  would bo th e  c a s e  i f  th ey  were  

n o t  3 0  c e n t r a l l y  l o c a t e d .

I f  i t  were n o t  f o r  t h e  la m in a r  d i s t r i b u t i o n ,  

th e  c o r t i c a l  d i s t r i b u t i o n  o f  n eu ro n s  m igh t  

vrell be c a l l e d  " ran&oip", l e r t a l n l y  w i t h in  

any one la m in a  th e  d i s t r i b u t i o n  a p p e a r s  q u i t e  

d i s o r d e r l y ,  ( v g a in ,  t h e r e  are  c e r t a i n  e x c e p 

t i o n s . )

l i .  The c o n n e c t io n s  b etw een  c o r t i c a l  c e l l s  a l s o

show a. n a r t ly  o r d e r ly ,  p a r t l y  random, p a t t e r n .  

Tor th e  m ost p a r t ,  c o n n e c t io n s  show h o r i z o n t a l  

( p a r a l l e l  t o  th e  la m in a )  p r e f e r e n c e s ,  but th e r e  

I s  a r i c h  su p p ly  o f  d ia g o n a l  and v e r t i c a l  f i b r e s  

a s  w e l l .  The v e r t i c a l  f i b r e s  have a v e r y  

s p e c i a l  ty p e  o f  d i s t r i b u t i o n *  m ost o f  them have
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t h e i r  o r i g i n  o r  b r a n ch es  in  a f e w  l a y e r a ,  and 

th en  run v e r t i c a l l y  dowivward d i r e c t l y  c a t  o f  

th e  c o r t e x .  In g e n e r a l ,  th e  h o r i z o n t a l l y  

o r ie n t e d  f i b r e a  are r a t h e r  a b o r t ,  w h i le  th e  

v e r t i c a l  f i b r e  a which run out o f  th e  c o r t e x  

i n t o  th e  u n d e r ly in g  w h ite  m a t t e r  are  l o n g e r  

by a I....rye o r d e r  o f  m a g n itu d e .

.Jhe f a c t  th a t  th e  h o r i z o n t a l  f i b r e s  tend  to  

be s h o r t ,  t o g e t h e r  w ith  th e  f a c t  o f  th e  

g e n e r o u s  sup.'dy o f v e r t i c a l  f i b r e s  e n te r in g ,  

and l e a v i n g  the c o r t e x ,  g i v e  th e  im p r e s s io n  

t h a t  t h e s e  v e r t i c a l  f i b r e s  ( t r a c t s )  a r e  th e  

prim ary in p u t - o u t p u t  c h a n n e ls  f o r  th e  sam ple  

n e u r a l  c u b e .  I t  i a  ay i m p r e s s io n ,  fro;.': ex a m in a 

t i o n  o f v a r i o u s  p r e p a r a t i o n s ,  th a t  a p u ls e  

e n t e r i n g  on an in com in g  v e r t i c a l  f i b r e  w ould ,  

t y p i c a l l y ,  p a ss  th rou gh  on ly  a v e r y  few  ( e . g . ,  

two to  f i v e )  J u n c t io n s  b e f o r e  i t  would m eet an 

o u tg o in g  v e r t i c a l  f i b r e •

The v e r t i c a l  f i b r e s  l e a v i n g  and e n t e r i n g  th e  

c o r t e x  may be d i s t i n g u i s h e d  I n t o  about fo u r  

g ro u p s  in  th e  f o l l o w i n g  way:

a .  e l a t l v e l y  s h o r t  f i b r e s  ru n n in g  from one 

s id e  o f  a c o n v o lu t io n  t o  th e  o t h e r .

b .  L on ger  f i b r e s  ru n n in g  from one c o n v o l u t i o n ,  

u n d er  th e  s e p a r a t in g  f i s s u r e ,  and r i s i n g  i n t o  

an a d ja c e n t  c o n v o l u t i o n .
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o .  J t i l l  l o n g e r  b u n d le  a o f  f i b r e s  ru n n in g  

from one p a r t  o f  th o  c o r t e x  to  rem ote c o r t i 

c a l  are  a a in  m o t h e r  part  o f  t o o  b r a i n ,  

d . I one bundle5" o f  f i b r e s  running betw een  

a r e a s  o f  tho c o r t e x  and n o i l - c o r t i c a l  p a r t s  

o f  the  n e r v o u s  ay at-on. ( b o te :  The f i b r e

t r a c t s  o f  (a )  and (b) nsay be e on s i d e  red aa 

a s l i g h t l y  l a r g e r  than  " lo c a l"  f e a t u r e  o f  

th e  b r a i n .  They --re u n l f o .m ly  p r e s e n t  in  th e  

c o r t e x .  The t r a c t s  o f  (a; have n d i f f e r e n t  

s t a t u s ,  a s  th e y  do n o t  e x i s t  betw een e v e r y  

p a i r  o f c o r t i c a l  r e g i o n s ,  but have d e f i n i t e  

" an a t  o r d e a l " 1 o o a t  1 on s . )  

v .  The c o r t e x  th en  muy be p ic tu r e d  us a c o l l e c 

t i o n  o f  11 c u b e s ' ,  e a c h  cC w hich  :1s ( e x c e p t  f o r  

t  he la m in a r  ore  f e r e  nee a) a rand om r e t ,  ” 1 th  

d e f i n i t e  in p u t  and o u tp u t  c h a n n e ls  ( th e  

v e r t i c a l  co lum ns) and vd-icti are co n n e c te d  

t o g e t h e r ,  th ro u g h  th e  in p u t  and o u tp u t  t r a c t s  

p r im a r i ly  ( th e  i n t r a c o r t i c a l  c o n d u c t io n  betw een  

cuben miry be ig-.nor e d , or c o n s id e r e d  a s  p a r t  o f  ( a ) )  

by a s e t  o f  more or  l e s s  d e f i n i t e  (n on -ran d on )  

b u n d le s .  In a d d i t i o n  to  th e  l n t e r c o r t i a f . i l  

c o n n e c t i o n s  are s e t s  o f  s u b c o r t l c a l  c o n n e c t io n s  

v.-hioh e n t e r  th e  c u b e s  from s p e c i a l i s e d  mid b r a in  

o r r a n s .  O er ta in  " s p e c i a l i s e d "  n e u r a l  c u b e s
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r e c e i v e  or- send s p e c i a l  t r a c t s  t o  and Irom  

aiotoi'1 and s e n s o r y  o rg a n a .

3/5.?- In c h a p t e r  b t h i s  p i c t u r e  o£ th e  b r a in  w i l l  be 

in v o k ed  to  show bow c e r t a i n  p r o c e s s e s  ( in  p a r t i c u l a r  

c e r t a i n  l e a r n i n g  t h e o r i e s )  m ig h t  be r e a l i s e d  by the 

b r a i n .  In  d o in g  s o ,  t h e r e  w i l l  be an attempt to  show 

which p a r t e  or t h e s e  p r o c e s s e s  m igh t be r e a l i z e d  by 

c e r t a i n  p a r t s  ox th e  b r a i n .  I t  w i l l  be n e c e s s a r y  th en  

t o  r e t u r n  u r i e x i y  to  t i i i s  d i a o u a s i o n .
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CHAPTER L|.. 1

RFINFORCEMI 'NT SYSTEM

The o b j e c t  o f  t h i s  c h a p t e r  i s  to d e s c r ib e  

a fov7 ty p e s  o f  r e a c t i v e  s y s te m s  ( S e e  C hapter  1) 

and in t r o d u c e  some c o n c e p t s  ■which w i l l  a id  i n  th e  

b e h a v io r a l  d e s c r i p t i o n s  o f  t h o s e  sy s te m s*  The 

m o d els  and d e s c r i p t i o n s  are  a i l  r e l a t e d  t o  a 

g e n e r a l  c o n c e p t  o f  " r e in f o r c e m e n t ” • T his  c o n c e p t  

i s  v e r y  c l o s e l y  r e l a t e d  t o  t h a t  u s e d  in  s e v e r a l  

c u r r e n t  b e h a v i o r i s t i c  m o d e ls  o f  l e a r n i n g  p r o c e s s e s  

o f  a n im a ls ,  I  w i l l  d e f in e  s p e c i a l  t y p e s  o f  Hr e i n f o r c e 

m en t” , i n  c o n n e c t io n  w ith  th e  d e s c r i p t i o n  o f  p a r t i c u 

l a r  r e a c t i v e  s y s t e m s .  H ow ever , I  h ave  fo u n d  th e  

term s nr e in fo r o e m G n t!’ ,  or- r e in f o r c e m e n t  o p e r a t o r 1' 

u s e f u l  i n  in fo r m a l  d i s c u s s  i o n  and f e e l  t h a t  r e s t r i c 

t i o n  t o  a p r e c i s e  d e f i n i t i o n  would r e s u l t  i n  a l o s s  

o f  c o n c e p t u a l  p ow er.

A ’’ l e a r n i n g  t h e o r y ” for* an o r g a n ism , or f o r  

& m a t e r i a l  s y s t e m ,  i s  a th eo ry  o f  th o se  ch an ges  

i n  th e  r e a c t i v e  a n d /o r  th e  i n t e r n a l  p r o p e r t i e s  o f  

th e  o b j e c t  ( o r  th e  a b s t r a c t  sy s te m )  w h ich  a r e  ’’due 

t o  the e f f e c t  o f  the , ,revxoua ‘ e x p e r i e n c e 5 o f  the  

o b j e c t ” . ( ’’E x p e r ie n c e ” h e r e  m ea n s , g en era lly  sp ea k 

i n g ,  a d e s c r i p t i o n  o f  th e  h i s  to r y  o f  th e  o b j e c t  

w it h  s p e c i a l  em p h asis  on th e  r o l e  p l a y e d  by i n t e r 

a c t i o n  w i t h  th e  e n v ir o n m e n t . )  A ’’l e a r n i n g  t h e o r y ” 

th u s  a t te m p ts  t o  e x p l a i n  a s p e c t s  o f  b e h a v io r  which
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a re  n o t  known t o  depend on in e x o r a b le  i n t e r n a l  ch an ges  

o f  s t r u c t u r e  ( e . g . ,  ’'m a tu r a t io n ” ) ,  or on ’’b u i l t - i n "  

r e a c t  i  ve  s y s te r n s .

I t  i s  p o s s ib le ;  t o  d i s t i n g u i s h ,  in  th e  b e h a v io r  

o f  many a n im a ls ,  s e v e r a l  ( a p p a r e n t ly )  d i f f e r e n t  

t y p e s  o f  " l e a r n i n g ” . Many p s y c h o l o g i c a l  terras 

s u g g e s t  su c h  d i v i s i o n s .  I t  i s  q u i t e  p o s s i b l e  t h a t  

t h e s e  d i v i s i o n s  may i n  many c a s e s  r e f l e c t  th e  

i n f l u e n c e  o f  p h y s i o l o g i c a l l y  d i s t i n c t  p r o c e s s e s ,  

and I t  i s  l i k e l y  t h a t  any s a t i s f a c t o r y  th e o r y  o f  

th e  b e h a v io r  o f  a  r e a s o n a b ly  com plex  may e n t a i l  

d e s c r i p t i o n s  o f  s e v e r a l  fu n d a m e n ta l ly  d i f f e r e n t  

p h y s i o l o g i c a l  m echanism s o f  " l e a r n i n g ” , and a t h e o r y  

o f  t h e i r  i n t e r a c t i o n .  This i s  th e  c a s e  In th e  t h e o r y  

o f  C h ap ter  6 ,  In  t h a t  c h a p t e r ,  two ty p e s  o f  " l e a r n 

in g ” a r e  e s p e c i a l l y  p ro m in en t}  " R ein forcem en t"  and 

" a s s o c i a t i o n ” ; o t h e r s  a l s o  p l a y  a r o l e .

An o b j e c t  e x h i b i t s  " a s s o c i a t i v e  le a r n in g "  

i f  i t  t e n d s  t o  a c q u ir e  " r e la te d "  b e h a v io r a l  r o l e s  

f o r  s e t s  o f  s t i m u l i  ( o r  " e x p e r i e n c e s " ) w hich them

s e l v e s  a r e ,  or  h a v e  b een  in  th e  p a s t ,  r e l a t e d  i n  

" e x p e r ie n c e "  ( e . g . ,  by tem p o ra l  p r o x i m i t y ,  o r  by  

v i r t u e  o f  common, or ( " p r e v i o u s l y  a s s o c i a t e d ” su b -  

s t i m u l i ) ,  ( I t  would be f u t i l e  t o  a t tem p t  to  u se  

" a s s o c i a t i o n "  i n  any p r e c i s e  way} t h i s  would o n ly  

i n v i t e  mi su n d er  s t a n d in g  and c o n f u s io n  w ith  th e  many
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f u n d a m e n ta l ly  d i f f e r e n t  p s y c h o l o g i c a l  c o n c e p t s  t h a t  

p a ra d e  u n d er  t h a t  t i t l e . )  

i | / l  "R e I n f o r e  erne n t " i s  a form o f  l e a r n i n g  in

w h ich  "an e l e m e n t .  X, o f  th e  b e h a v io r ” o f  an o b j e c t .

I s  c a u s e d  t o  become more ( o r  l e s s l ) " p ro m in en t" 

i n  t h e  f u t u r e  b e h a v io r  o f  M a s  a  r e s u l t  o f  the  

" a o t l v a t i o n "  o f  a s p e c i a l  e n t i t y  o r  p r o c e s s .  Z ,  

c a l l e d  th e  " r e in fo r c e m e n t  o p e r a t o r 11') w i t h i n  a ( r e l a 

t i v e l y )  s h o r t  t im e  a f t e r  an o c c u r r e n c e  o f  X•

The e n t i t y  2, i s  n o t  t o  be r e g a r d e d  as h a v in g  

any s p e c i a l  r e l a t i o n  t o  th e  p a r t i c u l a r  " b e h a v io r  

elem ent5 X. The o b j e c t  ( o r  o rg a n ism ) i s  t o  be r e 

ga rd ed  a s  a c t u a l l y  c o n t a i n i n g  an o b j e c t  Z or  a t  

l e a s t  a d i s t i n g u i s h e d  '’ch a n n e l"  Z th ro u g h  w h ich  r e 

in fo r c e m e n t  i s  e f f e c t e d ,  and i t  i s  a l s o  t o  be im p l i e d  

t h a t  Z can " r e in f o r c e "  { " I n c r e a s e ,  o r  d e c r e a s e ,  th e  

*prom inence* o f " )  a n y , or  a t  l e a s t  a s i z e a b l e  c l a s s  

o f ,  " b e h a v io r a l  e l e m e n t s ’.’ *

Two a s p e c t s  o f  ra if t fo r c e r a e n t  a r e  c r u c i a l .

1 ,  There m ust be a v a i l a b l e  an i n t e r p r e t a 

t i o n  o f  "prom inence o f  X. in  th e  b e h a v io r  o f  M’1.

2 .  In  o r d e r  f o r  a " b e h a v io r  elem ent", X,

t o  be " r e i n f o r c e d " , ( I . e . ,  " le a r n e d  by r e i n f o r c e m e n t " ) ,  

i t  m ust f i r s t  o c c u r .

^ A s s o c i a t i o n  i s  d e f in e d  h e r e  o n l y  in  o r d e r  t o  em p h asize  
t h a t  " r e in fo r c e m e n t"  I s  j u s t  one typ e  o f  " le a r n in g  th e o r y  
and t o  p r e v e n t  th e  m is c o n c e p t io n  t h a t  the p r e s e n t  erapha-
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In  o r d e r  t o  make th e  d i s c u s s i o n  r e a s o n a b ly  

' m e a n in g f u l ,  we in t r o d u c e  a s im p le  m o d e ls and some 

o f  i t s  r e a l i s a t i o n s .

\ / 1*1 A p r i m i t i v e  r e in f o r c e m e n t  s y s t e m .

C o n s id e r  th e  f o l l o w i n g  s t o c h a s t i c - n e u r a l - a n a l o g  

n e t  K.

K h a s  f  our c e l l s : i:;-,  H, Z ©, Z 9 .

S s Z and Z 9 are in p u t  c e l l s ;  3 i s  an

o u tp u t  c e l l .  [The f o l l o w i n g  d ep en d en cy  law  i s  n o t  

in t e n d e d  t o  r e s e m b le  any p r o p e r ty  o f  b i o l o g i c a l  

c e l l s :

01s R ( t )  => S ( t - l ) .  (O n ly  th e  

f i r i n g  o f  can  p rod u ce  a 

r e s p o n s e }

D2; S ( t - l )  => prob[H(-1) ] = f ( t )  

z ©  2  0  » f [ 2 © ( t - l ) ,

Z « ( t - 1 ) ,  K ( t - l ) ,  f ( t - l ) ]  

where f  can have any o f  a s e q u e n c e  

o f  v a l u e s :

• • * < < a0 < al  < a2 * ‘ *

f o r  w h ich  l im  *  1 and l i in  a " 0 ,
J 3 -H - .W  -  n - s ™ - '- ''

and f o r  w hich

f [ 0 ,  0 ,  x ,  an ) *  an = f ( l ,  1 ,  x ,  a^)

s i s  on r e in f o r c e m e n t  w i l l  lo u d  to  a t h e o r y  o f  beh avior , 
b a s e d  s o l e l y  on r e in f o r c e m e n t .  C e r t a i n l y  a r e i n f o r c e 
ment t h e o r y  ca n n o t  e x p l a i n  a l l  th e  b e h a v io r  o f  any  
c o m p l ic a t e d  o rg a n ism .

n
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f ( X s 0 ,  0 ,  an ) *  an -1  «  f  { 0 ,  1 ,  1 ,  ± n )

an ) = a n+3 = ? ( 0 a 1 ,  C, a..)'

Suppose th a t  the n e t  in  p l a c e d  i n  an en v iro n m e n t  f o r

w h ich  ( t)S ( t )  • Then th e r e  ar© o n l y  two " e le m e n ts

o f  b eh a v io r ''  p o s s i b l e ;  [ S ( t » D ,  H ( t ) j  and [ S ( f c - l )  

^ H ( f c )  3 .  C a l l  t h e s e  R ( i g h t )  and L ( e f t )  r e s p e c t i v e l y .  

(T he sy s te m  ca n  b e  r e g a r d e d  a s  an " id e a l"  or  " S t a t " -  

r a t ,  p l a c e d ,  a t  e a c h  t , a t  th e  e h o i c e - p o i n t  o f  a 

T -m ese . The r a t  makes th e  d e c i s i o n  to  turn  r i g h t  

w it h  p r o b a b i l i t y  f ( t )  or l e f t  w i t h  p r o b a b i l i t y  l - f ( t ) .  

The e v e n t  2© ( fc+1) i s  an i d e a l  "reward" f o r  th e  

d e c i s i o n  made i n  r e s p o n s e  to  t ( t ) ;  i t  r a ' s e s  th e  

f u t u r e  p r o b a b i l i t y  o f  t h a t  d e c i s i o n .  The e v e n t  26  

( t + 1 ) i  s an i d e a l  "punishm ent" f o r  th e  r e s p o n s e  to  

S (fc )j  r e s u l t s  in  a lo w e r  f u t u r e  a b i l i t y  f o r  t h a t  

r e s p o n s e . )  -The j o i n t  e v e n t  |z© ( t ) .  29 ( t / ^ I s  c o n 

s i d e r e d  to  b e ’w i t h o u t  e f f e c t .

Of c o u r s e  wo know t h a t  in  r e a l  l i f e ,  ana i n  

e x p e r im e n ta l  p s y c h o lo g y ,  "reward" and "punishment"  

h ave no such, d u a l i t y ,  be s h a l l  u se  th e  term s " p o s i 

t i v e  r e in fo r c e m e n t"  and " n e g a t iv e  r e in fo r c e m e n t"  

f o r  m o d e ls  in  w hich  th e r e  i s  su c h  a d u a l i t y .  I t  i s  

p e r h a p s  worth n o t in g  th a t  the n o t i o n  o f  "reward"  

i s  n o t  to o  in a p p r o p r ia t e ;  th e  e f f e c t s  o f  c o n v e n t io n a l  

" rew ard s" , or '* r e  i n f  or  c o r  s" f o r  a n im a ls  a lm o s t  a lw ays
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cause,? a fu n u r e  i n c r e a s e  i n  th e  p r o b a b i l i t y  o f  

one c o r r e s p o n d in g  c h o ic e *  The e f f e c t s  o f  p u n ish 

m ent ' on naifficils, however-P Is o f t e n  so  b i z a r r e  

t h a t  i t  i s  p r e p o s t e r o u s  i,o ? uf^tes t  a d u a l i t y .  The 

y r l th o ld ln g o f  on " e x p e c t e d " o r  u s u a l  , rew ard h a s  

a more regul-.-r  e f f e c t  rhaf i!p u n lc n n e n t” , und i t  i s  

i n  the d i r e c t i o n  o f  th e  abeve ’'n e g a t iv e  r e i n f o r c e -  

rnent% «1 t h o ld in g  o f  a rew ard  i s ,  or r e s u l t s  i n ,  

" e x t i n c t i o n ' 1: p r h u l ' i v e  m odel o f  b i o l o g i c a l

" e x t i n c t i o n ' 1 can  be o b t a in e d  by p r o v id in g  t h a t  i f  

f ( 0) »  a A, b e f o r e  any t r a i n i n g  has o c c u r r e d ,  then

f (  0 .  0 .  1 ,  a ) i s  b etw een  aA and a . There e x i s t  n 0 n
s e v e r e !  ouch s t o c h a s t i c  m o d e ls  o f  s im p le  le a r n in g ; ,  

h o w e v e r ,  and wo do n ot in t e n d  to  a d jo in  one h e r e .

The m odel i s  in te n d e d  s o l e l y  t o  e x e m p l i f y  de.f , ip/1 ,0 -  

In  t h i s  m o d e l ,  the c o n d i t i o n s  ( 1 )  and ( 2 )  o f  

ii/r.O a r e  f u l f i l l e d  by tbh s n e t s  S in c e  the  p r o b a b i 

l i t y  o f  L or  R i s  n e v e r  z e r o ,  e i t h e r  can o c c u r  ( i f  

r e  i  n f o r c  sraert t  i s  w ith e  Id  S.ovig e n o u g h ) , and ”f (  t )  '* 

s u p p l i e s  th e  ■]n t o r p r e t a  •• io n  o f  " the prom inence  o f

in  th e  b e h a v io r  o f  a . i t  i t  p o s s i b l e  to
■( w K ~T r a in  K t o  us to  'p r e f e r  e i t h e r  X or hz x l  one

a p p l i e s  S-f- w henever K doe a the d e s i r e d  t h i n g , or  £ -  

when i t  does  the u n d o s ir e d  t h in g ,  o r  b o t h ,  then  

c o n d i t i o n  ( f ^ )  i m p l i e s  t h a t  th e  b e h a v io r  o f  -  w i l l
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li/1 .2

o.^^'foao.Vi th e  d e s i r e d  b e h a v i o r ,  ? i t h  a r b i t r a r i l y  h i g h  

a c c u r a c y ,  as t im e  g o e s  on*

I f  t iie  p r o b a b i l i t y  o f  a b e h a v io r  c le m e n t  

w ere z e r o ,  th e n  i t  c o u ld  never- bo r e in f o r c e d *  Al

th ough  a p r o b a f c i l i a t i c  r e a c t iv e  s y s t e m  c .n  m ost  

e a s i l y  s a t i s f y  -h© r e q u ir e m e n ts  (1 )  and ( 2 )  f o r  a  

r e in f o r c e m e n t  t h e o r y ,  i t  i s  p e r f e c t l y  p o s s i b l e  t o  

c o n s t r u c t  d e t e r m in a t e  / r e c e s s e s  w hich h ave r e i n 

forcem ent®  In  a l ^ t e r  s e c t i o n ,  i t  w i l l  be seen  

th a t th e  bliARG {fr/s) can  be s o  regarded* i’ifch t h i s  

ex cep tio n , d iscu ss io n  o f  r e in f o r c e m e n t  th e o r y  w i l l  

be c o n f in e d  to p r o b a b i l i s t i c  s y s t e m s .

The d e f in i t io n  o f  ! t / l .O  o f  H r e  i n f  o r  c ©.me rtt ” i s  

..ncoraple fee i n  one reg a rd *  ’th e r e  i s  no s p e d  f ie .  a t  I on 

as t o  th e  e f f e c t  o f  2. o n  th e  p rom in en ce  o f  b e h a v i o r a l  

e.lam ents w hich  did. n o t  happen t o  o c c u r  s h o r t l y  p r i o r  

t o  th e  a p p l i c a t i o n  o f  Z .  O b v io u s ly  t h e r e  m ust be  

some su c h  e f f e c t ,  rince th e  p rom in en ce  ( o r  p r o b a b il i ty )  

o f  an e lem ont  ca n  be a l t e r e d  o n ly  a t  the expense o f  

o t h e r s *  ( I n  th e  m odel o f  L-/X01 t h i s  e f f e c t  i s ,  o f  

c o u r s e , s p s c i f i e d . )

R a th e r  than s p e c i a l i z e  the general c o n c e p t  

o f  r e in f o r c e m e n t  t o  some s p e c i f i c  d e s c r i p t i o n  o f  a 

b e h a v i o r a l  sch em e , i t  w ould  seem p r e f e r a b l e  to  d e f in e  

d i f f e r e n t  type/-, o f  r e in f o r c e m e n t  o p e r a t o r s ,  d ls t in -
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g u ia h in g  them by t h e i r  manner o f  t  r e s t i n g  b e h a v io r  

e le m e n ts  w h ich  h ave  n o t  occu rred  s h o r t l y  p r i o r  to  

th e  a p p l i c a t i o n  o f  th e  o p e r a t o r .  Wo s y s t e m a t i c  

c l a s s i f i c a t i o n  i s  co n to m n ia ro d  h e r e .

Ll/ 2 A r e in f o r c e m e n t  sy s te m  w ith  an " e v a l u a t o r ”

The f o l l o w i n g  sy s te m  I s  c o n s t r u c t e d  in  o rd er  

t o  p r e s e n t  a d d i t i o n a l  c o n c e p t s  w h ich  a r e  a s s o c i a t e d  

n a t u r a l l y  w i t h  t h a t  o f  r e in fo r c e m e n t  * I t  w i l l  be 

s e e n  t h a t  th e  r e in f o r c e m e n t  o p e r a t o r  o f  t h i s  p a r t i 

c u l a r  sy stem  h a s  a q u a l i t y  o f  d ie  j o i n  tries  r, t h a t  

c e r t a i n l y  ca n n o t  be e x p e c t e d  In  a b i o l o g i c a l  o r g a n 

ism* ( N e v e r t h e l e s s  i t  may be an I n s t r u c t i v e  o v e r 

s i m p l i f i c a t i o n . )  The d i s c r e t e n e s s  can be r e g a r d e d  

as a c o n s e q u e n c e  o f  t h e  e x t e r m in a t io n  o f  a l l  t r a c e s  

o f  a s s o c i a t i o n  th eo ry ,.  In  s p i t e  o f  t h i s  a r t i f i c i 

a l i t y ,  th e  r e l  - t e d  c o n c e p t s  are  d i r e c t l y  a p p l i c a b l e  

t o  o c h e r  s y s te m s  t o  be a n a ly s e d .  

l i / 2 . 1  i *  The c o n s t r u c t i o n  i s  s t a r t e d  w i t h  th e  i n t r o 

d u c t io n  o f  a r e a c t i v e  sy ste m  M. & h a s  one in p u t  

c e l l  B and one o u tp u t  c e l l  P . *  h a s  m in p u t  s t a t e s  

®X»V«» > ®m5 ? -aas n o u tp u t  s t a t e s  The

s y s te m  o p e r a t e s  in  t im e q u a n t i s a t i o n ,  and a t  any 

t i m e t  t h e  d ep en d en cy  law  i s  an a  x n m a tr ix  M (t)»

( Cm. . ( t )  3) j where  
1 J

e ^ ( t - l )  »> [ p r o b ( f  j (  t ) ) ~ n i j j ( t ) ]
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M (t) may be r e g a r d e d  as  th e  i n t e r n a l  s t a t e  o f  

M a t  t im e ! ,

i i ,  'Hie i n t e r n a l  s t a t s  M( t )  o f  M i s  u n d er  t h e

c o n t r o l  o f  a n o th e r  e n t i t y  Z, Z h a s  t h r e e  in p u t

c e l l s  E * , Pis- and r ,  11* h as ni s t a c e s  e^v-f P* h as

n  s t a t e s ,  f  .* and v  h as  th r o e  s t a t e s ,  c a l l e d  - 1 ,

0 ,  + 1 . For ea ch  in p u t  c o n d i t i o n  [ e ^ * ( t } ,  f

v ( t ) 3 * 2 a p p l i e s  t o  M ( t - l )  an o p e r a t o r  to  form

a new i n t e r n a l  s t a t e  M( f.) *  M ( t - l )  • The Zy
o p e r a t o r s  are r e q u ir e d  to  h a r e  th e  form?

Z°s z y  r t f a  i s  a m onotone (T  o r  ^ o r  c o n s t a n t )  

f u n c t i o n  o f

zi. (D'k)
*7.i j22 s i g n  [Z VJ j = s i g n  ( v)

J
Z3 s s i g n  [Z v 6' miL  -  Mi L 3 “  - s i g n  (v ;  ( j  4  L) 

I t  i s  c o n v e n ie n t  a l s o  t o  assume t h a t

Zj+as l im  [ ( Z ^ ) Hm, A  I f  v  = 1
H-«K> Y

Zi|.b: l im  [ ( Z ^ ) V  , ]  «  0 i f  v  *  - 1 .
HI-*** r

and that- f o r  a l l  i ,  j # t ,

Z£: 0 < t ) .

Zl ,  Z 2, and Z3  im p ly  t h a t  a p p l i c a t i o n  o f

Z ^  i n c r e a s e s  th e  p r o b a b i l i t y  t h a t  w i l l  be f o l l o w e d

by  f . p  and d e c r e a s e s  th e  p r o b a b i l i t y  t h a t  w i l l
11be f o l l o w e d  by any o th e r  f ^ .  A p p l i c a t i o n  o f  has

thcs r e v e r s e  e f f e c t . .  Z ^  i s  th e  i d e n t i t y .
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Zj; i m p l i e s  t h a t  w ith  a s u f f i c i e n t l y  1 irg e  number 

o f  a p p l i c a t i o n s  o f  th e  o p e r a t o r s , " r e a c t i o n s ' 1 

[ e ^ s  ^ j ( i )   ̂ o sn  " t r a in e d  w ith  a r b i t r a r i l y  h i g h  

a c c u r a c y .  The s c  reaction *?  are in d e p e n d e n t  i n  th e  

s e n s e  th a t  ;a e a c h  e .  ,  an? f  4 can  be a t t a c h e d .  Z*>•S- ' J
i a  n e c e s s a r y  to  p r o v id e  f l e x i b i l i t y  i n  th e  fa l lo s r ir .  

a p p l i c a t i o n s ,

i l l  Z ,  as  above d e f i n e d ,  i s  n o t  & r e in f o r c e m e n t  

a g e n t  s i n c e  i t  i s  n o t  c o n n e c te d  i n  su c h  a. way t h a t  

i t s  e f f e c t  depends on the r e c e n t  a c t i v i t y  o f  ■£•

T h is  c a n  be re m e d ie d  b y  c o n n s c t i n g  ( o r  i d e n t i f y i n g )  

E w i t h  £«• and F w ith  F * , in

■f (*■»),
f

6U ty>  < t v ( « , )  ^

s u c h  a ivay t h a t  e ^ ( t - l )  »  ^ i ^ ^  —

S e e  F i g .  I f / 2 . 1 .  (T he o p e r a t i o n  may seem  s im p le r  

i f  a u n i t  d e la y  i a  i n s e r t e d  as  shown i n  F i g .  I f / 2 .1  

and Z ^  r e g a r d e d  e s  a f u n c t i o n  o f  [ e ^ H  t )  t ) »

v ( t ) 3  rathe;" than  o f  t ) , v ( t ) ] »  )

Then becom es a f u n c t io n  o f  the im m e d ia te ly  p r e 

c e d in g  r e a c t i o n  [ e , ( t - l ) $  f  . ( t ) 3 ,  as  w e l l  as o f  th e  
mrn‘ -i- «J

v a lu e  o f  v ( t ) .  I f  v ( t )  *  + 1 ,  th en  Z a c t s  in  such
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a way as to  Increase the future p r o b a b il i ty  of the 

preceding react, ton, and to depress other responses 

to the s tumulus I f  v ( t )  « ~ i  then 1 operates
J.

in  such a way as to depress the future p r o b a b il ity  

of that r e a c t io n .  I f  v = 0 , fntoro p r o b a b i l i t ie s  

are ■unaffected. In each c a s e ,  Z (t)  a f fo o ts  only 

the d is t r ib u t io n  o f  response? to the p a rt icu la r  

stimulus e.. which was presen t at the precedingi  , o

moment t - 1 .  Hence i t  docs not., in  any way, in flu en ce  

the e f f e c t s  o f  previous "tr a in in g ” o f  responses to 

s t im u li other than th a t  e^* For th is  reason Z may 

be c a l le d  " d is j o in t” „

The e n t i t v  h 3 when sr. c o n n e c t e d „ ~.c a r e in -  

forcemont operator. I t  i s  sa id  to bo "contro lled  

through the channel (or by the c e l l )  v". tfhen v 

i s  l j  the reinforcem ent i s  "positive"  and when v 

i s  - I  the reinforcem ent i s  "negative."

(Notes Without further  e laboration  we sh a l l  

regard i t  as meaningful to  speak of "reinforcement 

channels" through which one can contro l the "magni

tude" as w ell as the "sign" of reinforcem ent, i f  

n ecessary  by the co n tro l o f  continuous parameters 

o f  the reinforcem ent op era to rs .]

I t  i s  easy to  describe scheme.? by which s e t s  

o f rea ct io n s  can be tra in ed . Suppose that I t  i s

with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.



r - ~ 1 2

d e s i r e d  t o  t r a i n  th e  i n a c t i o n s  £a^{ b - i ;  j f ^  ) ( b) 3 « 

Then th e  f u n c t i o n  k ( i )  d e s c r i b e s  th e  s e t  o f  de

s i r e d  r e a c t i o n s . P r e s e n t  suoce;-. l i v e l y  to <••• a l l  

s t i m u l i ,  e i t h e r  i n  an o r d e r l y  s e q u e n c e ,  or i n  a 

t im e  s e r i e s  in  w h ich  e a c h  s t im u lu s  occu ro  w i t  a  

p o s i t i v e  d e n s i t y .  Any o f  ia g  f o l l o w i n g  ‘‘r e in f o r c e *  

meat, s c h e d u l e s ” w i l l  t r a i n  a l l  r e a c t i o n s :

i ,  v * 1 fo r  desired  r e a c t io n s ,

i i .  v *= 0

^ - i i i .  v  = 1

•1 * v ~ 0 fo r  unde s ir ed  r e a c t io n s ,

111 i i ,  v ~»i

i i i .  v - - 1

Each, stim ulus occurs with p o s i t iv e  d en s ity ,
4k

and by 25 each response then has p o s i t iv e  p r o b a b il i ty ,  

at any time. Z1-&3 then imply that the desired  

responses never f a l l  below th e ir  i n i t i a l  p r o b a b il i ty ,  

hence the desired  re a c t io n s  always have a t  l e a s t  

th e ir  i n i t i a l  p o s i t iv e  d e n s ity .  Then Zu&~b shows 

that schemata 1 and i i i  w i l l  r a is e  the desired  r e 

sponse a r b it r a r i ly  c lo se  to p ro b a b il ity  1 . ( 2 1 - 2 3  show 

th a t  the r i s e  i s  n on -d ecreas in g ,)

Scheme i i  works oecause no undeshred reaction  

can maintain p ro b a b il ity  > € >  0. For l e t  [e^l f u3 

(u k( i ) )  be an undesired response, l e t  a^ have 

d en sity  d > 0 in  the stimulus time s e r ie s .  I f
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m. > e f o r  a l l  t im e ,  th e n  th e  r e a c t i o n  e . - f  l u  — 9 x u
o c c u r s  w i t h  d e n s i t y  > d . e ,  and w ith  p r o b a b i l i t y  1 

o c c u r s  i n f i n i t e l y  many t i m e s .  Each tim e [e^  

o c c u r s ,  s o  d oes  Hence (by Zlpb and Z ^ m ^ ,

a p p ro a ch es  0 w h ic h  i s  a c o n t r a d i c t i o n .

The scheme o f  )4-/2.2 in t r o d u c e d  t h r e e  more 

e n t i t i e s  i n t o  th e  s y s t e m .

( 1 ) .  There was a s e l e c t i o n  o f  a c l a s s  o f  

d e s i r e d  r e a c t i o n s ,  d e f in e d  i n  th e  

above c a s e  by a f u n c t i o n  k ( l ) *

( 2 ) .  ‘There had to  be an a g e n c y  w h ic h  r e 

c o g n i z e d  w h e th e r  o r  n o t  th e  p r e c e d 

in g  r e a c t i o n  b e lo n g e d  t o  t h i s  c l a s s ,  

and th e n  a c t i v a t e d  th e  r e in f o r c e m e n t  

c o n t r o l  c h a n n e l  v a c c o r d i n g l y  ( i n  

a c c o r d  w i t h  one o f  th e  sch em a ta  o f

I4/ 2 . 2 ) •

( 3 ) .  There was a so u r c e  o f  s t i m u l i  p r e 

s e n t e d  to  E.

Now ( l )  and ( 2 )  t o g e t h e r  are  e q u i v a l e n t  to  

an a g e n c y  V w h ich  ' 'o b s e r v e s ” the r e a c t i o n s  o f  the  

o b j e c t  M, a s s i g n s  a n u m e r ic a l  "e v a l u a t i o n ” t o  e a c h  

r e a c t i o n ,  and t r a n s m i t s  t h i s  e v a l id a t io n  t o  Z through  

th e  c h a n n e l  v .  In  l |_ /2 .2 ,  v a lu e s  were l i m i t e d  t o  

- 1 ,  0 ,  and 1 (an d  to  j u s t  two v a lu e s  f o r  ea ch  o f  th e
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k/Zmk

o l ! i

thP6<3 s u g g e s t e d  s c h e m a t a ) • Of c o u r s e  w i t h  a mar© 

f l e x i b l e  r-cinforoeraenfc sy s te m  Z 9 fch© e v a l u a t o r  V 

c o u ld  a s s i g n  a more e lab orates  s i g n a l  t o  a a c h  r e -  

a c t i o n *  and th e  s y s te m  c o u id  a s s i g n  v a r io u s  d e g r e e s  

o f  r e i n f o r c e m e n t  :;o r e a c t i o n s  r a t h e r  th an  & im p ly  

c a t e g o r i s e  th o u  a© d e s ir © a b le  o r  u n d e s ir e & b le *

F i g ,  \ i / Z * j  i l l u s t r a t e s  th e  form o f  a r e a l i s a t i o n

o f  th e  sv s t  em w i  t  h  V a d j o i  n & d *

« r )  . |  ' J *0
Q f

(A g a in  i t  may be c o n v e n ie n t  t o  im a g in e  e u n i t  

d e l a y  to  b e  p r e s e n t  i n  the E » s id e  o f  2 and to  

e m p h a s iz e  t h a t  t h o s e  e n t i t i e s  r e sp o n d  t o  r e a c t i o n s  

[ E ( t - l ) |  P ( t ) J .

DISCUSSION

I t  w i l l  be n o te d  t h a t  now th e  s y s te m  h a s  a 

h i g h  d e g r e e  o f  autonoray* I t  can  be r e g a r d e d  as a 

r e i n f o r c e m e n t  m a c h in e . '$11*3 3« w i t h  an. a s s o c i a t e d  

t r a i n e r  V. I t  i s  a t  t h i s  l e v e l  o f  o r g a n i z a t i o n  

t h a t  many i n d i v i d u a l s  a s s o r t s

"How ca n  one c a l l  t h i s  a * l e a r n i n g 9 m achine  

when o b v i o u s l y  th© a c t i v i t y  t o  be l e a r n e d
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k/Z'k.l I t  Beaa3 t h a t  th e  d i f f i c u l t y  l i e s  in  th e  

n o t i o n  o f  ?b u i l t - i n *  ,  s ^ o a l .ly  d e c e p t i v e  phCwe,*

For i n  my e x p e r i e n c e ,  i t  has f r e q u e n t l y  o c c u r r e d  

t h a t  th e  q u e s t i o n e r  i a  mor-s or l e s s  w i l l i n g  to  

adm it t h a t  th e  gab s y s t e m  [K,"3> ’•« i  th. V d e l e t e d ,  

a p p ea rs  to. be  a ” l e a r n i n g  m ach in e” s o  l o n g  as th e  

c h a n n e l  r  i s  c o n t r o l l e d  by the human h a n d , bu t  

t h a t  in. sOslo s e n s e  th e  more com plex  sy s te m  [M ,S ,Y ]  

i s  a c t i n g  i n  a l e s s  s o p h i s t i c a t e d  m anner. The i n 

q u ir e r  h a s  nob p e r c e i v e d  t h a t  th e r e  I s  a d i f f e r e n c e  

b etw een  an o b j e c t  in  w h ich  the d e s i r e d  r e a c t i o n s  

th e m e e lv e s  a re  i n s t a l l e d ,  and th e  o b j e c t  [MsS ,V ] i n  

w h ich  i n f o r m a t io n  ab ou t the r e a c t i o n s  i s  s t o r e d ,  

(One m ig h t  ca y  t h a t  i n  V, o n ly  th e  ,!namesn o f  the  

d e s i r e d  r e a c t i o n s  o c c u r , )  Furt-l.ioxmiare, ths  i n f o r 

m a tio n  i n  V d o ss  n o t  ever; s u g g e s t  the manner in  

w h ich  £  i s  t o  r e a l i z e  th e  r  © a c t io n s ,  n o r  does  2 

c o n t a in  such  in fo r m a t io n ,  Wq s h a l l  s e o  exam ples  

i n  w h ich  i i  can r e a l i s e  a r e a c t i o n  i n  s e v e r a l  w ays,  

arid where V docs n o t  s e l e c t  among t h e s e .  Funda

m e n t a l l y  [M ,Z,V] e v o l v e s ;; S makes a t te m p ts  and V, 

th rou gh  2 ,  e v a l u a t e s  and s e l e c t s .
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k/2.k*2 A n oth er  v ie w p o in t  f o r  t h i s  q u e s t io n  o f  

autonomy i s  i n d i c a t e d  by the n o t io n  o f  " op en ” and 

" c l o s e d ” s t r u c t u r e ,  A " r e a c t i v e  system " i s  d i s 

t i n g u i s h e d  from o t h e r  a b s t r a c t  sy s te m s  n o t  by any  

i n t r i n s i c  q u a l i t y ,  b u t  by th e  oh arac  b er.l z  a t  io n  o f  

c e r t a i n  c e l l s  as " o b se r v a b le "  and o t h e r s  a s  " a d j u s t 

a b l e " .  A s y s te m  A w i l l  be c a l l e d  "open” to  .another  

sy stem  3 when a l a r g e  f r a c t i o n  o f  the c e l l s  o f  A 

are " o b s e r v a b le  or  a d j u s t a b l e  by S” , and " c lo se d "  

to  B when t h i s  i s  n o t  th e  c a n e .  (A c e l l  c i s  

" o b se r v a b le "  by 3 whan the s t a t e  o f  c e l l s  1b B 

depends on th e  s t a t e  o f  e ,  and s i m i l a r l y  f o r  "ad

j u s t a b l e " ,  Wq do n o t  need more f o r m a l i t y . ) A 

t y p e w r i t e r  i s  q u i t e  open t o  th e  t y p i s t ,  a d e s k  

c a lc u la to r -  i s  s u b s t a n t i a l l y  more c l o s e d .  A l a b o r a 

to r y  an im al i s  r a t h e r  t i g h t l y  c l o s e d ,

Sow i n  the sy s te m  [?fl,Z,Vj a s  d e s c r i b e d  in  

l i / 2 . 1 ,  M was more or l e s s  w id e ly  open t o 2.. For t h e  

c h a n n e l  from  Z to  M i s  s u f f i c i e n t l y  w ide t o  p e r m it  

Z to  a d j u s t  any e le m e n t  i n  the m a tr ix  ( (m ,  , ) )  i n
-*• c*

e i t h e r  o f  two d i r e c t i o n s ,  and (a ssu m in g  t h a t  M i s  

i t s e l f  n o t  v e r y  o o m p lex , i . e . ,  t h a t  Z s e t s  r e l a t i v e l y  

d i r e c t l y  on th e  c e l l s  o f  M) i t  -would be f a i r  t o  sa y  

t h a t  Z h a s  an a p p r e c ia b le  d i r e c t  c o n t r o l  o v e r  th e  

s t r u c t u r e  o f  M. Hence i f  a ( s a y )  human o p e r a t o r  

has a c c e s s  to  th e  ch a n n e l from Z to  M, i . e . ,  can
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s e l e c t  a r b i t r a r y  o p e r a t o r s  2  i j ,  th e n  i t  would be  

f a i r  t o  s a y  t h a t  th e  s y s te m  M d o es  n o t  '“r e a l l y  l e a r n ” 

b u t  t h a t  th e  hitman oper&boz' i s  more or  ie -rs  d i r e c t l y  

a d j u s t i n g  i t s  s t r u c t u r e  -to p er fo rm  th e  d s a ir o d  r o ~  

a c t i o n s ,  i . e . ,  ao i s  1!b u i i d i n g ~ i n “ t h e s e  r e a c t i o n s .

H ow ever , when 1 and l>< a re  c o n n e c t e d  a s  i n  

Fig* i±/2 * 1 ,  th e  e n t i r e  w id th  o f  one c h a n n e l  b e tw e e n  

2 an d  M i s  n o t  r e a l l y  e s s e n t i a l ,  s i n c e  th e  v a r i a b l e s
*L *i  and j  o f  2  J are  n o t  in d e p e n d e n t  o f  what i s  happen

i n g  i n s i d e  M, In  t a c t ,  the v a lu e s  o f  t h e s e  v a r i 

a b l e s  a r e  a c c e s s i b l e  f r o m  w i t h in  M* On© c c - --Id there"  

f o r e  c o n s t r u c t  a new syu tern w h ic h  i s  e x t e r n 

a l l y  e q u i v a l e n t  to  [M,Z] by c o n n e c t i n g  a l l  th e  c e l l s  

o f  2 whose s t a t e s  depend on i  and j  to  a p p r o p r ia te  

p o i n t s  w i t h in  o r  s im p ly  d e f i n e  W&Z a s  th e  e n 

c l o s e d  r e g i o n  o f  Fig* h r / 2 » 3 l  and l o t  I be a vacu ou s  

Z» w ith  ‘the c h a n n e l  v  c o n n e c t in g  i t  w i th  I&*2.

C e r t a i n l y  M#Z c a n n o t  bo s a i d  to  be w id e ly  open to  

th e  t r i v i a l  o b j e c t  1 ~ Z s .  N e i t h e r  can  i t  be s a i d

t o  be open to  V, 1‘hus one ca n n o t  a s s e r t  t h a t  t h e
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I n fo r m a t io n  in. ( o r  th e  a c t i v i t y  o f )  V a c t s  d i r e c t l y  

t o  a d j u s t  th e  s t r u c t u r e  o f  M ( o r  MttZ) t o  perform  

th e  r e a c t i o n s .

There I s  no i»eason t o  e x p e c t  t o  f i n d  a sharp  

boundary b e tw een  "le a r n in g -  by  e x p e r ie n c e " a n d  11 a l 

t e r  a t  io n  o f  i n t e r n a l  s t r u c t u r e  by an o u t s id e  a g e n c y ” . 

I t  would seem  t h a t  t h e  n o t io n  o f  1,1 d e g r e e  o f  o p en n ess  

o f  A t o  33” I s  l i k e l y  to  be more u s e f u l  than t h a t  o f  

" b u i l t - i n  v s .  l e a r n e d " ,  in  d i s c u s s i o n s  l i k e  the  

p r e s e n t  o n e .  In  p a r t i c u l a r ,  th e  g r e a t e r  th e  e x t e n t  

to  w h ich  Z-"-M i s  op en  to  V, th e  l e s s  n a t u r a l  i s  th e  

d e s c r i p t i o n  o f  th e  s y s te m  i n  th e  term s o f  r e i n f o r c e 

ment t h e o r y .  To th e  e x t e n t  to  w h ich  th e  s t r u c t u r e  

o f  th e  w hole  s y s te m  i s  open to  the e n v ir o n 

m en t,  i t s .  b e h a v io r  i s  th e  l e s s  dom inated  by the  

r e in f o r c e m e n t  s y s t e m .

Li/3 COUPLING WITH ENVIRONMENTS

In  o r d e r  t o  p r o v id e  th e  s y s t e m ^ S ,Z ,v |w i t h  a 

s o u r c e  o f  s t i m u l i  E ( t ) ,  i t  w i l l  be embedded In  an 

en v iro n m e n t  W. B eca u se  a t t e n t i o n  i s  d i r e c t e d  t o 

ward th e  r e in f o r c e jn e n t  s y s t e m ,  i t  w i l l  be assumed  

t h a t  th e  sy s te m  i s  c lo se d ,  to  V/ e x c e p t  f o r  th e  c e l l s  

E and F , and th a t  W i s  c l o s e d  t o  [M, Z, V]  w ith  th e  

same e x c e p t i o n s .  Both W a n d [^ ,Z ,  3  w i l l  be reg a rd ed  

as r e a c t i v e  s y s t e m s ,  w ith  common c e l l s  E and F,
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w

4/3*1 I f  t h e  s y s t e m  |̂  » • V 'ii o f  .4/2 i s  ta k e n  i n t a c t  and

c o u p le d  t o  i th rou gh  K and V, t h e  b e h a v io r  o f  t h e  

r e s u l t i n g ,  s y s te m  w i l l  o f  c o u r s e  depend on t h e  p r o p e r t i e s  

o f  v, and t h e  b e h a v io r  o f  t h e  w h ole  sy s te m  v ie w e d  a s  a 

t im e  s e r i e s '  may be very- co m p lex . However, t h e  b e h a v io r  

o f  t h e  s t a t e  ( ( m^j ) )  o f  $S w i l l  b e ,  a t  l e a s t  i n  t h e  

l i m i t ,  r a t h e r  s im p l e ,  inasm uch a s  t h e  sy s te m  i s  so  

r i g i d  t h a t  each  term  m- • i s  s o n o t o n i c  (o r  c o n s t a n t } ,  

i f  o c c u r s  i n f i n i t e l y  o f t e n  t h e n  each  t e n d s  t o  

e i t h e r  0 o r  1 .  I f  t h e  b e h a v io r  i s  such  t h a t  d o es  

n o t  o c c u r  i n f i n i t e l y  o f t e n ,  t h e n  a f t e r  some t im e ,

f i x e d  a t  some v a l u e  b etw een  •> and 1 .  But t h i s  v a lu e  

h a s  no I n f l u e n c e  on b e h a v io r  s i n c e  w i l l  n o t  o c c u r  

a g a in l  Thus a s  t im e  g o e s  on , V. a p p r o a c h e s  d e te r m in a c y  

i n  i t s  b e h a v i o r a l  p r o p e r t i e s .

The ab ove  argument a p p l i e s  o n ly  i f  V a p p l i e s  r e 

in fo r c e m e n t  a f t e r  each  r e a c t i o n .  I f  V n e v e r  a p p l i e s  

r e in f o r c e m e n t  a f t e r  some r e a c t i o n  j©0( - t - 1 )  ; f o (t)"J, th e n  

t h e  r e s p o n s e  t o  may rem ain p r o b a b i l i s t i c .  In  any  

c a s e ,  b e c a u s e  o f  t h e  monotone b e h a v io r  o f  a l l  term s  

Ki- . ,  t h e  s t a t e  ({m.  A t ) ) )  o f  M must approach  a l i m i t .
X J  Z J

I t  h a s  b een  assum ed th ro u g h o u t  t h a t  f o r  a g iv e n  in p u t  

e ^ ,  V a p p l i e s  p o s i t i v e  r e in fo r c e m e n t  f o r  n o t  more th an  

one r e s p o n s e  ^  ^*1® 1® no^ ^h© c a s e ,  t h e n  t h e
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4 -2 0

t h e  above argum ents  f a i l  b e c a u s e  t h e  term s  o f  ( ( ra. , } }  

do n o t  n e c e s s a r i l y  b e h a v e  i n  a monotone f a s h i o n .  In  

t h i s  c a s e ,  t h e  b e h a v io r  o f  {(m.  . ) )  deponds on t h e  

b e h a v io r  o f  and i t  can  b e  s e e n  t h a t  (by p r o v id in g  4 

w ith  a h i s t o r y - d e p e n d e n t  i n t e r n a l  s i ' t o  f u n c t i o n  ( ( f t*j^)  

c o m p l ic a t e d  s t o c h a s t i c  p r o c e s s e s  f . ( t )  can be g e n e r a t e d .

4 /3 * 2  There i s  one o u t s t a n d i n g  f e a t u r e  o f  t h e  b e h a v io r  o f

t h e  sy s te m  u nder  d i s c u s s i o n .  The o b j e c t  seems

t o  be more loosely c o u p le d  t o  4  th an  w ou ld  seem  

a p p r o p r ia te  f o r  a t h e o r y  t o  be a p p l i e d  t o  b r a in  m o d e ls .  

The f a c t  i s ,  s o  lo n g  a s  r e in f o r c e m e n t  d ep en d s o n ly  on  

p a i r s  f e { t - l )  j f  ( t ) J  } t h e  r e in fo r c e m e n t  sy s te m  o f  Jm,Z,VjI 

i s  c o n t r o l l e d  e n t i r e l y  by t h e  r e a c t i o n s  o f  M, The 

sy s te m  w i l l  s u c c e e d  i n  " le a r n in g "  t h e  r e a c t i o n s  

" p r e fe r r e d "  by V, b u t  i n  a s e n s e  i t  d o e s  n o t  " le a r n  

a n y t h in g  from t h e  e n v ir o n m e n t ."  The s t r u c t u r e  o f  ■ 

t e n d s  r a t h e r  t o  i n f l u e n c e  t h e  r a t e  a t  w hich  V t r a i n s  T, 

Even i f  V h a s  t h e  f l e x i b i l i t y  s u g g e s t e d  in  th e  p r e v io u s  

p a r a g r a p h ,  t h e  s i t u a t i o n  i s  n o t  e s s e n t i a l l y  c h a n g ed .

For i t  can  be shown t h a t  t h e  s t a t e  o f  hi a t  t im e  t ,  i s  

in d e p e n d e n t  o f  a i l  a s p e c t s  o f  th e  t im e  s e r i e s  h ( t )  

o t h e r  th a n  th e  s im p le  s t a t i s t i c s :

. ( t , J  ~ t h e  number o f  t im e s  e* h a s  o c c u r r e d  up
i  Q x

t o  t im e  t 0 .*

* T h is  depends on t h e  f a c t  t h a t  i  i s  d i s j o i n t *  I f  t h i s  were  
n o t  t h e  c a s e ,  M w ould  depend on o t h e r  a s p e c t s  o f  t h e  t im e  s e r i e s  
K ( t ) .  In  g e n e r a l ,  h o w ev er , t h i s  d ep en d en ce  w ould  have  l i t t l e  t o  
do w ith  t h e  r e l a t i o n  b e tw een  and ¥•
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Thus from th e  p o in t  o l  v iew  o f  .. a c t s  a s  a  

so u r c e  f o r  t h e s e  s im p le  f u n c t i o n s ,  end a l l  o th e r  

a s p e c t s  o f  t h e  b e h a v io r  o f  h i s  ig n o r e d .

'< v e r y  s m a l l  a l t e r a t i o n  i n  t h e  s t r u c t u r e  o f  ^  , Z t v J  

w i l l  a l t e r  t h i s  s i t u a t i o n ,  and p r o v i l c  an o p ~ o r tu n ity  

t o  in tr o d u c e  a few  more c o n c e p t s  n a t u r a l l y  r e l a t e d  t o  

r e in f o r c e m e n t .

4 / 3 . 2 . 1  I f  t h e  v a l u a t i o n  made by V i s  a f u n c t i o n  o f  e ( t - l )  

and f ( t )  a l o n e ,  we have s e e n  t h a t  b e h a v io r  o f  £h,Z , 7 J 

depends on t h a t  o f  th e  en v iron m en t h in  a r a t h e r  t r i v i a l  

manner. However, i f  V( t ) i s  made t o  depend on t h e  

v a l u e s  o f  e ano f  a t  o th e r  t i m e s ,  th e n  r e in fo r c e m e n t  

w i l l  depend more e s s e n t i a l l y  on t h e  b e h a v io r  of . 

f i g ,  4 / 3 . 1 . 1  i s  a diagram  show in g  th e  dependency  

r e l a t i o n s  b etw een  t h e  v a r i a b l e s  o f  th e  model o f  4 /2  and 

4 / 3 . 1 .  a’( t )  i s  t h e  i n t e r n a l  s t a t e  f u n c t io n  o f  W,

f i ( t )  i s  t h e  m a tr ix  The changes i n  M(t)

depend on th e  v a lu e s  o f  v ( t )  w h ich  i n  tu r n  depend on ly  

on t h e  r e a c t i o n s  ^ e ( t - l )  ; f  (t )J •
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4 - 2 2

fcow l e t  th e  c o n n e c t io n s  b j  changed so  t h a t  v(t-)  

depends on e { t - i )  and o ( t )  i n s t e a d  o f  e ( t - l )  and f { t ) :

W$) I S 5 3

N C£SH-ES1  ̂ E S-M phl
JmF W J

^  \ M (?j\

f h e  b e h a v io r  oh th e  r e in f o r c e m e n t  syste-r/. i s  now

q u i t e  d i i ‘1 o r e n t . /h e  a c t i v i t y  o f  no lo n g e r  depends

s o l e l y  on tn o  r o n c t io n s  o f  - , but a l s o  oa t h e  e f i ' e c t

o f  tn o s e  r e a c t i o n s  on ... b e t  us f i r s t  c o n s id e r  t h e

b e h a v io r  o f  t h e  syate;a f o r  a p a r t i c u l a r l y  s im p le  //.

4 / 3 •  2 . 1  Assume t h a t  t h e  s t a t e  o f  ,« i s  changed o n ly  by t h e

a c t i o n  o f  h ,  so  t h a t  i f  ( t )  i s  t h e  s t a t e  o f  . ®t t im e  t  

>{t )  ~ t {  , I t - i j , f i t )  )*  ( 1)

rtssume a l s o  t h a t  t h e  s t a t e s  o f  c o rresp o n d  in  a o n e -o n e

f a s h io n  t o  t h e  p o s s i b l e  s t i m u l i  2hen we can w r i t e

e ( t )  r • (  e ( t ~ l ) , f ( t )  ; ( 2)

The ( f i n i t e  number o f )  s t a t e s  o f  b ,  t o g e t h e r  w ith  

t h e  t r a n s i t i o n s  d e f in e d  by ^  j e l  ~ ‘ ' e i» ^ j   ̂ form

^'Kota t h a t  ( f o r  c o n v e n ie n c e ) ,  we assume t h a t  r e a c t s  t o  f  
w it h o u t  t h e  u s u a l  d e l a y .

^ T h i s  c o r r e s p o n d s  t o  a model i n  which th e  en v iron m ent i s  
" c o m p le te ly  o b s e r v a b le r? t o  th e  sy s te m  4 »2,Vj •
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4 / 3 .2 .3

an o r i e n t e d  ,r,raph, 0 . The p r o p e r t i e s  o f  - d e te r m in e  t h e  

c o n n e c t i v i t y  o f  and t h e  sy s te m  p o in t  v d .l l  r e g a i n  i n  

t h e  component in  w hich  i t  o r i g i n a t e s ,  " s  may a ssu m e,  

t h e n ,  t h a t  G i s  co n n ec ted . ,  u t e r  a f i n i t e  t i n e ,  t h e  

sy stem  p o in t  w i l l  rem ain c o n f in e d  t o  a aubaropr each  o f  

w hose p o i n t s  t o  c c c e s n i b l e  from  any o t h e r ,  ( a lo n g  a 

f i n i t e  o r i e n t e d  ch a in  o f  t r a n s i t i o n s )  and w hich  i s  

maximal f o r  t h i s  p r o p e r t y .  I t  w i l l ,  bo assum ed t h a t  G 

i s  so  c o n n e c te d .

Suppose t h a t  v ( e i , e j  h a s  t h e  s im p le  form%)
v ( e i , e i )= 1  1  ( 3 a ) .

L et D be t h e  s e t  o f  a l l  e^ f o r  w h ic h ,  f o r  some i ,  

v ( e ^ , e - ) =  1 .  Then
•J

3 (t )  £~D } J t_ 1 .

P r o o f : Let ©q be an a r b i t r a r y  p o in t  n o t  i n  D. We

show t h a t  ITni(prob q q {k ) )  can n ot  be p o s i t i v e .  Low
f - > ° o

p r o b (e Q { t+ l )  ) ~ ^ ( i , k )  prob ( e ^ ( t ) ) .  ^^^(t.) 

summed o v e r  a l l  ( i , k )  f o r  'which e g  = Then

1 m prob ( e n ( t f l ) j ^  Z ( l im  jprob(e { t ) ) . ( m  . . ( t ) ) l .
0  ( i , k )  t ^ ~ L 1 i k  J

I f  any term  ( i , k )  i s  p o s i t i v e ,  t h e n  t h e  e v e n t  e ^ C t l . f ^ C t )

must o c c u r  i n f i n i t e l y  o f t e n .  But th e n  t h e  r e in fo r c e m e n t  

o p e r a t o r  i s  a p p l i e d  t o  i n f i n i t e l y  o f t e n ,  and

s i n c e  n e v e r  o c c u r s ,  fflj,^(t) —> 0 . But

Tim
t

A
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l im (  prob e i ( t ) .m .{k. ( t )  l im (p r o b  e., ( t ) 0 l im (m ..  ( t } ) ~  0  
t - > * °  1 XK 1 t - ? « o  i k

h e n c e  l ira  prob e n ( t+ l ) = -  l im  prob e . _ ( t ) -  0 . T h is
t-> °° u t->oo 0

c o m p le te s  th e  p r o o f .

H ence , i f  V o p e r a t e s  a c c o r d in g  t o  ( 3 a ) ,  t h e  sy s te m  

l e a r n s  t o  i n f l u e n c e  t h e  en v iro n m en t i n  such  a way a s  t o  

b r in g  i t  t o  and m a in ta in  i t  i n  a s u b c l a s s  D e-f s t a t e s  

d e f in e d  by t h e  v a l u e s  o f  v .

4 / 3 . 2 . 4  The e v a l u a t i o n  f u n c t i o n  v ( e . * , f , )  n o t  o n ly  d e te r m in e s
 ̂ J

t h e  c l a s s  0  o f  p r e f e r r e d  s t a t e s  o f  W, but i t  a l s o  d e f in e s  

a c l a s s  P o f  p re fe r r e d , t r a n s i t i o n s ;  nam ely  t h o s e  

f o r  w hich v ( e ^ t e j )  = 1 .  I f  P* i s  t h e  s u b s e t  o f  P f o r  

w h ich  b o th  e^ and e^ a re  i n  D, t h e n  i t  can  be shown, 

by an argum ent s i m i l a r  t o  t h a t  i n  4 / 3 . 2 . 2 , t h a t  not o n ly  

d o e s  t h e  sy s te m  p o in t  rem ain i n  D w ith  p r o b a b i l i t y  

a p p r o a c h in g  u n i t y ,  but t h a t  t h e  t r a n s i t i o n s  w i t h in  

(and w i t h o u t )  D b e lo n g  t o  P* w ith  p r o b a b i l i t y  ap p ro a ch in g  

u n i t y .  I f  P* d i v i d e s  D i n t o  c o n n e c te d  com ponents th e n  

t h e  sy s te m  w i l l  t e n d  t o  rem ain f o r  i n c r e a s i n g l y  l o n g e r  

i n t e r v a l s  i n  any com ponent.

In  g e n e r a l ,  h ow ever , t h e  b e h a v io r  o f  t h e  sy stem  w i l l  

n o t  approach  d e te r m in a c v . f o r  i t  may o c c u r  t h a t  f o r  

some i ,  j , k  w ith  j  4  k b oth  and Tlfc a r e  i n  P*. In  

t h i s  c a s e ,  i t  may tu r n  ou t t h a t  s e v e r a l  d i s t i n c t  

r e s p o n s e s  t o  t h e  s t im u lu s  a r e  p o s i t i v e l y  r e i n f o r c e d ,
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and t h e  a s y m p t o t i c  b e h a v io r  may, i f  I  h a s  t h e  p r o p e r

form , show a n o n ~ t r i v i a l  p r o b a b i l i t y  d i s t r i b u t i o n  f o r

t h e  t r a n s i t i o n s  from e ^ .  (The b e h a v io r  h e r e  w i l l

depend c r i t i c a l l y  on t h e  e x a c t  v a lu e s  o f  t h e  a r b i t r a r y

f u n c t i o n s  i n  t h e  d e f i n i t i o n  o f  t h e  L o p e r a t o r . )

The im p o r ta n t  a s p e c t  o f  t h e  sy stem  o f  4 / 3 * 2 . 2  and

4 / 3 * 2 .3  i s  t h a t  t h e  f u n c t i o n  v  d i s t i n g u i s h e s  s e t s  o f

d e s ir e d  s t a t e s  and t r a n s i t i o n s  o f  'W, and t h e  sy stem

l e a r n s  t o  r e s e t  i n  such a way as  t o  b r in g  W i n t o  t h e s e

s t a t e s  and t r a n s i t i o n s .  The r o l e  o f  t h e  i n d i v i d u a l

r e a c t i o n s  o f  K i s  s u b o r d in a te  t o  t h e  b e h a v io r

o f  u . In  f a c t  i f  a t r a n s i t i o n  ( e . , e . )  can o c c u r  through
1 J

s e v e r a l  r e a c t i o n s  ( e i , f u ) , ( e ^ , f  ) , . . . ,  t h e  r e in fo r c e m e n t  

p r o c e s s  i s  n o t  b a s i c a l l y  i n f l u e n c e d  by w h ich  o f  t h e s e  

r e a c t i o n s  a c t u a l l y  o c c u r .  For p o s i t i v e  r e in fo r c e m e n t  

o f  any o f  t h e s e  r e a c t i o n s  r e s u l t s  in  i n c r e a s i n g  t h e  

t o t a l  p r o b a b i l i t y  o f  t h e  t r a n s i t i o n  u n l e s s  t h i s

p r o b a b i l i t y  i s  a l r e a d y  u n i t y .  P ro o f:  I f  i s  in c r e a s e d

th e n  S . i s  d e c r e a s e d  by an e q u a l  amount; and each  

n o n -s e r o  term  i s  red u ced  {by 2 3 ,  s e c  4 / 2 . 1 ) .  I f  

i s  such  t h a t  q th e n  t h e  t o t a l  p r o b a b i l i t y  o f  

t h e  t r a n s i t i o n  ( e ^ e ^ )  must t h u s  be i n c r e a s e d  by a t  

l e a s t  t h e  amount i ? 0 )  by which 1® reduced* Thus, 

p o s i t i v e  r e in fo r c e m e n t  a f t e r  a t r a n s i t i o n  a lw a y s  i n c r e a s e s  

th e  p r o b a b i l i t y  o f  t h a t  t r a n s i t i o n  ( l h p < l ) .  ( I f  th e r e  

i s  no such  th e n  ( e ^ , e j )  h as  p r o b a b i l i t y  one t o

b e g in  w i t h . )

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



I f  Js§,2,Yj} w ere  so  ndamaged” t h a t  one o f  t h e  

a l t e r n a t i v e  r e a c t i o n s  f o r  c o u ld  n o t  o c c u r ,  t h e

sy s te m  w ould rem ain c a p a b le  o f  l e a r n i n g  t o  c a u se  t h e  

t r a n s i t i o n  by u s in g  t h e  rem a in in g  a l t e r n a t i v e s *

•NOTE: I t  i s  f u r t h e r  p o s s i b l e ,  by s u i t a b l e  c h o i c e  o f  t h e

a r b i t r a r y  f u n c t i o n s  o f  2 , t o  arran ge  t h e  r e in f o r c e m e n t  

t o  so  a c t ,  t h a t  w h ic h e v e r  a l t e r n a t i v e  r e a c t i o n  f i r s t  

o c c u r s  w i l l  w ith  a r b i t r a r i l y  h ig h  p r e a s s ig n e d  p r o b a b i l i t y  

rem ain  t h e  r e a c t i o n  th ro u g h  w hich t h e  d e s i r e d  t r a n s i t i o n  

o c c u r s .  R e f e r r in g  back t o  t h e  d i s c u s s i o n  o f  4 / 2 .4 *  i t  

may be remarked t h a t  i n  t h e  p r e s e n t  c a s e ,  t h e  c o n t e n t  

o f  V d o e s  n o t  ev en  d e te r m in e  t h e  r e a c t i o n s  w hich  M 

w i l l  u s e  t o  b r in g  ab ou t t h e  d e s i r e d  s t a t e s  and t r a n s i 

t i o n s .  The b e h a v io r  i s  even  l e s s  ' b u i l t - i n ” th a n  in  

t h e  exam p les  d i s c u s s e d  i n  t h a t  s e c t i o n .

4 / 4  d i s c u s s i o n

I t  would be i n t e r e s t i n g  t o  examine t h e  t r a n s i e n t  a s  

w e l l  a s  t h e  a s y m p to t ic  b e h a v io r  o f  th e  sy s te m  4 / 3 . 2  

i n  f u r t h e r  d e t a i l ,  and © Iso t o  s tu d y  t h e  e f f e c t s  o f  

a l l o w i n g  v C e ^ e ^ }  t o  t a k e  on t h e  v a lu e  0 , b u t  t h i s  

p a r t i c u l a r  sy s te m  i s  a lr e a d y  t o o  s p e c i a l i z e d  f o r  a p p l i 

c a t i o n  in  t h e  s e q u a l*  There a r e  two im p o rta n t  d i r e c 

t i o n s  i n  w hich  t h e  m odel must be g e n e r a l i z e d .

1 .  In any r e a l  s i t u a t i o n  *v(t) w i l l  n o t  be c o m p le te ly  

d eterm in ed  by t h e  b e h a v io r  o f  iv-, and e ( t )  w i l l  n o t  

s u p p ly  c o m p le te  in fo r m a t io n  ab ou t W( t ) .
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2 .  The r e in f o r c e m e n t  p r o c e s s e s  w ith  w hich we s h a l l  

be c o n c e r n e d  w i l l  be  c o n c e r n e d  w i t h  r e a c t i o n s  and  

v a l u a t i o n s  t h a t  e x te n d  o v e r  a p e r io d  g r e a t e r  th a n  one  

o r  tw o t im e  u n i t s .

4 / 4 , 1  I f  e ( t )  d o e s  n o t  su p p ly  c o m p le te  in fo r m a t io n  about

V/ { t ) ,  i . e . ,  i f  t h e  s t a t e  o f  E a t  t im e  t  i s  a many-one  

f u n c t i o n  o f  t h e  s t a t e  o f  W a t  t im e  t  , t h e n  t h e  c l a s s  D 

( 4 / 3 . 2 . 2 ) d e t e r m in e s  a c l a s s  E ^ D  o f  s e t s  o f  s t a t e s  o f  

vv, and t h e  c l a s s  P* d e te r m in e s  a c l a s s  S~ P* o f  t r a n s i 

t i o n s  b etw een  members o f  t h e s e  s e t s .  N e i t h e r  i n  r e a c t i o n  

o r  i n  r e in f o r c e m e n t  can [ k , h , v ]  d i s t i n g u i s h  b etw een  

e le m e n ts  o f  t h e  same The r e in fo r c e m e n t  m achine

can l e a r n  t o  m a n ip u la te  ( a s  s p e c i f i e d  by t h e  v a l u e s  

o f  v )  o n ly  t h o s e  a s p e c t s  o f  t h e  b e h a v io r  o f  M w hich  i t  

can " p e r c e i v e ,"  i . e . ,  w hich  can be d e f in e d  i n  term s  

o f  t h e  v a l u e s  o f  e ( t ) .  The e v e n t s  r a t h e r  th a n  t h e  

e v e n t s  a r e  e le m e n ts  o f  t h e  " p e r c e p tu a l  w orld"  o f  M.

I f  t h e  t r a n s i t i o n s  b etw een  s t a t e s  [ e { t ) ; e ( t t l ) J  do 

n o t  depend t o  any g r e a t  e x t e n t  on t h e  most r e c e n t  

r e s p o n s e  f ( t + l ) ,  th e n  t h e  r e in fo r c e m e n t  system  o f  4 /3  

can do l i t t l e  t o  c o n t r o l  W. ducb a s i t u a t i o n  may a r i s e  

i n  s e v e r a l  ways...

i .  The b e h a v io r  o f  E , i . e . ,  t h e  v a l u e s  o f  f ( t ) ,  

m ight have l i t t l e  i n f l u e n c e  on E. Then c l e a r l y  

1/ 1, 4 , V] can n ot  e x e r t  much c o n t r o l  o v e r  & (o r  

o v e r  E ) .
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i i .  I f  e ( t )  p r o v id e s  t o o  l i t t l e  in fo r m a t io n  about  

:v ( t ) ,  o r  about t h o s e  a s p e c t s  o f  t h e  b e h a v io r  o f  

.. ( t )  w hich  a re  a f f e c t e d  by H, t h e  r e in fo r c e m e n t  

m achine cannot be  e x p e c te d  t o  be a b le  t o  l e a r n  

t o  e x e r t  much c o n t r o l  o v e r  W.

i i i .  I t  may be t h a t  th e  v a l u e s  o f  e ( t )  do not  

im m e d ia te ly  r e f l e c t  th e  ch a n g es  i n  due t o  t h e  

a c t i v i t y  o f  11 • -Then when a change in  ■ i s  

f i n a l l y  o b se r v e d  by K (th rou gh  £ } ,  and r e i n f o r c e  

ment a p p l i e d ,  t h i s  r e in fo r c e m e n t  w i l l  a f f e c t  

o n ly  more r e c e n t  r e a c t i o n s  w h ich  w i l l  n o t  have  

b een  co n c e r n e d  w ith  b r in g in g  about th e  change

o f  s t a t e  o b se r v e d  a t  K. Hence t h i s  r e i n f o r c e 

ment can n ot be e x p e c te d  t o  a l t e r  t h e  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  t h a t  s t a t e  change in  t h e  d e s ir e d  

d i r e c t i o n .

The l i m i t a t i o n s  im posed by i )  and i i )  o cc u r  when t h e  

r e l a t i o n  b etw een  M and l  i s  ’- c lo s e d ” i n  one d i r e c t i o n  

o r  t h e  o t h e r .  (S ee  4 / 2 . 4 . 2 )  dnder such c ir c u m s ta n c e s  

M c o u ld  c o n t r o l  -f o n ly  t o  t h e  e x t e n t  t h a t  14 c o n t a in s  

" b u i l t - i n ” in fo r m a t io n  about t h e  b e h a v io r  o f  * ,  s i n c e  

i f  e i t h e r  t h e  £ o r  t h e  F ch a n n e l  i s  c l o s e d ,  i t  cannot  

o b t a in  such  in fo r m a t io n  d i r e c t l y .  But M, o f  c o u r s e ,  

d o e s  n o t  c o n t a in  such I n fo r m a t io n ,  i n i t i a l l y .

The l i m i t a t i o n  o f  i i i )  i s  d e e p e r .  The system  [m ,2 ,vJ  

a s  d e s c r ib e d  i n  4 / 3  i s ,  in  two r e s p e c t s ,  in c a p a b le  o f
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d e a l in g  w ith  e v e n t s  o f e x t e n d e d  d u r a t io n .  F i r s t ,  

t h e  v a l u a t i o n  v ( t )  depends o n ly  on th e  s im p le  t r a n s i 

t i o n s  o f  t h e  t im e  s e r i e s  e { t j , so th a t  r e in fo r c e m e n t  

cannot bo a s s i g n e d  t o  e v e n t s  o f  g r e a t e r  d u r a t io n  th a n  

s im p le  t r a n s i t i o n s ,  s e c o n d ly ,  t h e  i  o p e r a t o r  a f f e c t s  

o n ly  t h e  f u t u r e  d i s t r i b u t i o n  o f  t h e  raost r e c e n t  r e a c t i o n ,  

so  t h a t  even  i f  V were a b le  t o  d i s t i n g u i s h  s p e c i a l  

s u b se q u e n c e s  o f  e ( t ) ,  r e in fo r c e m e n t  c o u ld  n o t  be a p p l i e d  

t o  i n f l u e n c e  a l l  t h e  r e a c t i o n s  in v o lv e d  i n  p r o d u c t io n  

o f  p a r t i c u l a r  s e q u e n c e s .

Thus i f  >i e x h i b i t s  ex ten d ed  r e a c t i o n s  t o  i t s  s t i m u l i ,  

o r  e x h i b i t s  s p e c i a l  r e a c t i o n s  t o  ex ten d ed  s t i m u l i ,

v d l l  n o t  be a b le  t o  i n f l u e n c e  t h e s e  a s p e c t s  o f  

w’ s b e h a v io r ,  any a c c e p t a b le  b r a in  m odel must be a b le  

t o  “cope w ith *  e n v iro n m e n ts  which r e q u ir e  s e q u e n t i a l  

a c t i v i t y  f o r  t h e i r  “c o n t r o l . ” I f  jb, hJ i s  such  t h a t  

e x te n d e d  o b s e r v a t io n  o f  e { t )  i s  r e q u ir e d  t o  g a in  in fo rm a 

t i o n  ab ou t Vif(t),  th e n  V must be a b le  t o  re sp o n d  t o  

s p e c i a l  s e q u e n c e s .  T h is  can be a cc o m p lish e d  i n  two  

w ays: {1 } hi can be a l t e r e d  d i r e c t l y  so  t h a t  a s t im u lu s  

can be a se q u e n c e  o f  s t a t e s  o f  a ,  o r  ( 2 ) L can be 

a l t e r e d  so  a s  t o  r e i n f o r c e  {as d i r e c t e d  by V) a l l  

r e a c t i o n s  t h a t  h h as  made in  some r e l a t i v e l y  lo n g  p a s t  

i n t e r v a l .  The l a t t e r  scheme ( 2 ) w i l l  n o t  be very  

f l e x i b l e  s i n c e  i t  means t h a t  “ l e a r n s  t o  rG a ct ,  t o  an 

e x te n d e d  se q u e n c e  o f  s t i m u l i ,  w ith  a seq u e n c e  o f
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4 / 5 . 0

r e s p o n s e s  each o f  which i s  en im m ediate r e s p o n s e  t o  t h e  

p r e c e d in g  s t i m u lu s .  B e h a v io r  b u i l t  up ou t  o f  im m ediate  

r e s p o n s e s  can n ot be t r a i n e d  t o  moke a r b i t r e r y  r e s t o n s e s  

t o  d i f f e r e n t  s e q u e n c e s  o f  s t i m u l i  which hove common 

e le m e n t s .

i n  t h e  m odels  o f  l a t e r  c h a p t e r s , . r e s p o n s e  t o  and 

p r o d u c t io n  o f  n o u - t r i v i a l  s e q u e n t i a l  a c t i v i t y  w i l l  

u s u a l l y  be a p r o p e r ty  o f  each n e t ,  ana t h e  r e in fo r c e m e n t  

sy s te m s  u sed  w i l l  o p e r a t e  on t h e  b e h a v io r  o f  a p p r e c ia b le  

i n t e r v a l s  o f  t h e  p a s t .

S l e m e n t a l i s t i c  . t e in fo r c e m e n t  System s  

D i s c u s s io n

S e c t i o n s  4 / 2 - 4 / 4  have been  con cern ed  w ith  c e r t a i n

p r o p e r t i e s  o f  t h e  a c t i v i t y  o f  a model r e in fo r c e m e n t

sy s te m  [ K , l , v ] .  nach o f  t h e  o b j e c t s  , and 7 were

reg a rd ed  a s  r e a c t i v e  s y s t e m s ,  i . e . ,  th e y  were d i s c u s s e d

b e h a v i o r i s t i c a l l y , e x c l u s i v e l y  in  term s o f  th e  b e h a v io r

o f  t h e i r  in p u t  and o u tp u t  c h a n n e ls  and o f  t h e i r  i n t e r n a l

s t a t e  f u n c t i o n ,  {The i n t e r n a l  s t a t e  f u n c t i o n  i s  a

beiu  
<i©£
a s  a . , d e s c r i p t i o n  o f  t h e  p h y s i c a l  i n t e r n a l  s t a t e  o f  

an a c t u a l  m a t e r i a l  s y s t e m . ) we now c o n s id e r  th e  

c o n s t r u c t i o n  o f  m a t e r i a l  sy s te m s  which a r e  r e q u ir e d  t o  

s im u l ta n e o u s ly  r e a l i s e  a r e in fo r c e m e n t  th e o r y  and a 

n e u r a l  n e tw o rk . A g a in , t h e  m odels  in  t h i s  s e c t i o n  are

l a v i o r i s t i c  c o n c e p t  i n s o f a r  a s  i t  i s  regard ed  as a
, ' n p o t - o o ^ j . o t  an d  mo+
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c o n s t r u c t e d  o n ly  f o r  p u rp o ses  o f  i l l u s t r a t i o n ;  s e r i o u s  

p r o p o s a l s  v d .l l  ( n e c e s s a r i l y )  n e t  be f o r .  u la te d  u n t i l  

e s s e n t i .n l  r e s u l t s  in  th e  t h e o r y  o f  c y c l e s  have been  

e s t a b l i s h e d  ( Chap. 5 ) •

4/5*1 HLocal" Reinforcement Operators

The term  "r e in f o r c e m e n t ” h as  been used  up t o  t h i s  

p o in t  i n  a b e h a v i o r i s t i c  s e n s e ,  a s  d e n o t in g  a p r o c e s s  

o r  o p e r a t o r  w hich a c t s  on t h e  ( o b s e r v a b le )  b e h a v io r  o f  

a r e a c t i v e  sy s te m  h; i n  t h e  manner i n d i c a t e d  i n  4 / 1 . 0 .

A more e l e m e n t a l i s t i c  c o n c e p t  w i l l  now be in tr o d u c e d ,  

t h a t  o f  " l o c a l  r e in fo r c e m e n t"  o r  " l o c a l  r e in fo r c e m e n t  

o p e r a to r "  (LRO).  I t  i s  f e l t  t h a t  t h i s  m otion  i s  

s u f f i c i e n t l y  > e ( o « £ ^ t o  t h a t  o f  " re in fo rcem en t"  

t o  j u s t i f y  t h e  s i m i l a r  t e r m in o lo g y .  / h i l e  a " r e i n f o r c e 

ment o p e r a to r "  a c t s  on t h e  b e h a v io r  o f  a r e a c t i v e  system  

I'f ra " l o c a l  r e in fo r c e m e n t  o p e r a to r "  a c t s  on t h e  e le m e n ts  

( a b s t r a c t  o r  p h y s i c a l )  o f  t h e  s t r u c t u r e  o f  L , and 

i n f l u e n c e s  b e h a v io r  i n d i r e c t l y .  s  in  th e  c a s e  o f  

' 'r e in fo r c e m e n t ,' ' ’ t o o  s p e c i a l  a d e f i n i t i o n  would r e s u l t  

i n  a l o s s  o f  u s e f u l n e s s  o f  t h e  c o n c e p t ,  and perhaps  

i n v i t e  i r r e l e v a n t  c o n t r o v e r s y .  

d e f i n i t i o n

Let K be an o b j e c t  w ith  in p u t  and ou tp u t c h a n n e ls  

b and F w hich c o n t a in s ,  in  i t s  i n t e r i o r ,  a c o l l e c t i o n  

o f  d i s t i n g u i s h e d  o b j e c t s  0 c a l l e d  " c h o ic e  c e l l s . ”
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Kach Cu i s  i t s e l f  a r e a c t i v e  sy stem  w ith  in p u t  and 

ou tpu t c h a n n e ls  I n and 0 , and an i n t e r n a l  s t a t e  

f u n c t io n  whici d e te r m in e s  i t s  r e a c t i v e  p r o p e r t i e s ,  

nuppose t h a t  th e  r e a c t i v e  p r o p e r t i e s  o f  i i  arc  d e t e r -  

ts ined , a t  any t im e ,  by th e  r e a c t i v e  p r o p e r t i e s ,  a t  

t h a t  tj_ro, Oj. t r e  '-jj* ( - 1 muy be assumed t h a t  >-i i s

a n e u r a l - a n a lo g  netw ork witr. t h e  b e in g  t h e  c e l l s ,n *

and th e  c o n n e c t io n s  c f  X and 0 f  crating th e  f i b r e s . )  

rach r e a c t i o n  o f  I-. i s  sup. osed t o  be a d i r e c t  c o n s e 

quence o f  r e a c t i o n s  o f  t h e  Cn (r e s p o n s e s  o f  t h e  CU yj

t o  s t i m u l i  from h or frcm  o t h e r  Cro) .

f i n a l l y ,  su p p ose  t h a t  w ith  each •: t h e r e  i s  a s s o c i a t e d

a  r e in fo r c e m e n t  o p e r a t o r  , n , and t h a t  a l l  c o n t r o l
vn

v a r i a b l e s  vn have a t  any t im e  t  th e  suxe  v a lu e  a ( t ) .

Let t h i s  v a lu e  be under th e  c o n t r o l  o f  an e x t e r n a l  

e n t i t y  Z

ouch a. i, w i l l  be c a l l ed a l o c a l  r e in fo r c e m e n t  o p e r a t o r .

The b a s i c  co n c e p t  i s  t h a t  o f  »n o b j e c t  r; whose 

r e a c t i o n s  o r e  c o n se q u e n c e s  o f  t h e  r e a c t i o n s  o f  some o f  

i t s  p ^ r ts  v-n . s o r in g  any r e a c t i o n  [oj_(t > , f^  ( t  h U j  o f  

f ,  some o f  th e  L "make a c h o i c e . ” a p p l i c a t i o n  o f  a 

p o s i t i v e  v a lu e  o f  z  r e s u l t s  in  th e  in c r e a s e  o f  l i k e l i h o o d  

t h a t  in  th e  f u t u r e ,  under th e  same c o n d i t i o n s  t h o s e  

Cn in v o lv e d  w i l l  have t h e  same r e a c t i v e  p r o p e r t i e s .  I t  

d o e s  not f o l l o w ,  t h a t  t h i s  must n e c e s s a r i l y  r e s u l t  in
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the* i n c r e a s e  o f  t h e  p r o b a b i l i t y  t h a t  w i l l  be f o l l o w e d

by f,-  i n  t h e  f u t u r e ,  i . e . ,  t h a t  l o c a l  r e in fo r c e m e n t
-- -  - J -   ........................... .................— - ....................................................................................................................................................  - ................   —

i m p l i e s  b e h a v io r a l  r e in f o r c e m e n t .

I t  w i l l  n e v e r t h e l e s s  be n e c e s s a r y ,  i n  l a t e r  e x a m p le s ,  

t o  assume th a t  t h e y  a r e ,  t o  a l a r g e  e x t e n t ,  e q u i v a l e n t .  

When t h i s  must be d on e, p l a u s i b i l i t y  argum ents w i l l  be 

p r o v id e d .

4 / 5 . 1 . 2  As a f i r s t  exam ple o f  a l o c a l  r e in fo r c e m e n t  sy s te m ,  

we w i l l  exam ine a sy stem  w hich  may be c o n s id e r e d  o f  

s p e c i a l  i n t e r e s t  i n  t h a t  a m a t e r i a l  r e a l i z a t i o n  has been  

c o n s t r u c t e d .*

4 / 5 . 2  The SNAFiU m a ch in e .  - n e u r a l - a n a lo g  n e t  w ith  a l o c a l  

r e in fo r c e m e n t  o p e r a t o r .

4 / > . 2 . Q  The f o l l o w i n g  i s  a d e s c r i p t i o n  o f  a r e a l i z a t i o n  o f  a 

LHC i n  a n e u r a l - a n a lo g  n e t .  The m a ch in e , b e in g  a 

p h y s i c a l  o b j e c t ,  and n o t  d i g i t a l  i n  o p e r a t io n ,  can n ot  

be d e s c r ib e d  c o m p le t e ly ;  t h e  sy stem  b e lo w  r e s e m b le s  t h e  

m achine c l o s e l y ,  bu t t h e r e  are  some e s s e n t i a l  q u a l i f i -  

c a t i o n s  t h a t  must be made. T hese remarks w i l l  be

♦T h is  m achine i s  t h e  StiiikC ( S t o c h a s t i c  N eu ra l-A n a lo g  
R ein fo rcem e n t C a lc u la t o r )  c o n s t r u c t e d  by t h e  a u th o r  w ith  th e  
v e r y  g e n e r o u s  a s s i s t a n c e  o f  Kr. D. 5 .  ndmonda, J r .  a t  t h e  .iarvard  
P s y c h o l o g i c a l  la b o r a t o r y  i n  t h e  summer o f  1 9 5 1 .  V a lu a b le  a d v ic e  
and encouragem ent was p r o v id e d  by Or. I .  A. .w i l i e r ,  xorm erly  
o f  t h e  Harvard. P s y c h o a c o u s t i c  L a b o r a to r y .

The r e s e a r c h  was done under c o n t r a c t  A.F33 (033 )14343 w ith  th e  
U n ited  S t a t e s  A ir F o r c e .
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e n c l o s e d  in  t r i p l e  p a r e n t h e s e s — ( ( ( . . . ) ) ) .  The 

b a s i c  e lem en t o f  t h e  m achine i s  an e l e c t r o n i c  u n i t  

c a l l e d  a "b n arc” ( ” ,s t o c h a s t i c  N e u ra l-A n a lo g  R e in fo rcem e n t  

C e l l 11) .  Each Inarc  p r o v id e s  a " p r o b a b i l i s t i c ” t r a n s 

m is s io n  c h a r a c t e r i s t i c  f o r  e l e c t r i c  p u l s e s ,  and p r o v id e s  

a l s o  a means f o r  a l t e r i n g  t h e  t r a n s m is s io n  p r o b a b i l i t y  

i n  a manner d ep en d en t on t h e  r e c e n t  b e h a v io r  o f  t h e  

S n a r e .  The rem a in d er  o f  t h e  m achine i s  made up o f  

equipm ent f o r  i n t e r c o n n e c t i n g  t h e  S n ares  i n t o  n e t s ,  and 

f o r  t h e  i n t r o d u c t i o n  and d i s p l a y  o f  p u l s e  p a t t e r n s  

f o r  t h e  n e t s .  The " s y n a p t ic  d e l a y ” f o r  t h e  s n a r e s  i s  

u n ifo r m , but o v e r a l l  t im e - q u a n t i a a t io n  i s  n o t  3  p r o p e r ty  

o f  t h e  m ach in e . A d d i t io n a l  a p p a r a tu s  c o u ld  e a s i l y  be  

added t o  p r o v id e  f o r  v a r i a b l e  s y n a p t ic  d e la y s  and s p e c i a l  

t y p e s  o f  j u n c t i o n s .

Each "Snare1* c o r r e sp o n d s  t o  a d i s - j u n c t i o n  (w ith  any  

number o f  in p u t  l i b r e a  p e r m i t t e d ) . To o b t a in  co n 

j u n c t i o n s ,  o r  j u n c t i o n s  w ith  a n u m e r ic a l  t h r e s h o l d ,  a. 

s im p le  r e s i s t a n c e  n e t  i s  a t ta c h e d  t o  t h e  in p u t  o f  a 

s n a r e ,  jjiach sn a r e  has  a r e f r a c t o r y  p e r io d  so  t h a t ,  in  

p r i n c i p l e ,  any r e s p o n s e  f u n c t i o n  can be o b t a in e d . ]

( ( ( I n  t h e  m achine a s  c o n s t r u c t e d ,  th e  r e f r a c t o r y  p e r io d  

i s  very  s h o r t ,  and t o  o b t a in  d ep en d a b le  non-m onotone  

o p e r a t io n  i t  i s  n e c e s s a r y  t o  add s p e c i a l  c i r c u i t s . ) } }
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4 / 5 • 2 . 1  D e s c r ip t io n  o f  th e  i n d i v i d u a l  S n are .

Each Snare may be r eg a rd ed  a s  a th r e e  t e r m in a l  

a c t i v e  netw ork e le m e n t .

In a d d i t i o n ,  t h e  sn a r e  has  two i n t e r n a l  s t a t e  f u n c t i o n s ,

X. and K.

%(t) i s  th e  t r a n s m i s s i o n  p r o b a b i l i t y  o f  th e  snare  

a t  t im e  t . I f  a p u l s e  e n t e r s  on f i b r e  e a t  t im e  t ,  

t h e n ,  w ith  p r o b a b i l i t y  L ( t ; ,  i t  em erges a t  t h e  f i b r e  f  

a t  t im e  t  + s (where s i s  th e  s tan d ard  s y n a p t ic  d e l a y ) .  

( ( { I n  th e  a c t u a l  m a ch in e ,  i t  i s  n o t  th e  o r i g i n a l  p u ls e  

w hich ap p ea rs  a t  f ;  each  Snare r e g e n e r a t e s  th e  p u l s e ,  

j u s t  a s  i n  i n t e r n e u r a l  t r a n s m i s s i o n .  Thus th e  p u l s e s  

n e v e r  l o s e  t h e i r  o r i g i n a l  form, no m a tte r  how many t im e s  

th e y  " c r o s s ’5 j u n c t i o n s . ) ) )

K( t )  i s  t h e  i n t e r n a l  r e c o r d  o f  p u ls e  h i s t o r y  which  

must be c o n ta in e d  i n  e v e r y  ’-c h o ic e  e lem ent"  o f  a. l o c a l  

r e in fo r c e m e n t  s y s t e m ,  in  th e  3narc i t  has t h e  f o l l o w i n g  

form . Let i t  I be t h e  t im e  o f  th e  l a t e s t  f i r i n g  o f  f  up 

t o  t im e  t .  ( i f  f  f i r e s  a t  t ,  J t)  -  t )  There i s  a 

f i x e d  c o n s ta n t  M ( r e p r e s e n t i n g  t h e  "memory span" o f  

t h e  Snare) and K( t )  has t h e  v a lu e s

IF ( t  -  \ t \ ) 4 '  ivi 

( t  -  } t | ) ^  M
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( ( ( Mo t e :  I t  i s  p o s s i b l e  t o  s e t  t h e  SNAKC so  t h a t  th e

i n t e r n a l  r e c o r d  i s  o f  t h e  form

K.*(t) s  1 ( t  -  } t f ) < .  M

r  G |'j^ (t  ~  j t j } ^  FI.  Furthermore, 

the value o f  hi i s  e a s i ly  ad justab le  over a wide 

range. ) } )

The r e in fo r c e m e n t  ch a n n e l  X o p e r a t e s  a s  f o l l o w s .

There a r e  two k in d s  o f  r e in fo r c e m e n t  p u l s e s ,  z-f-and z - .  

There i s  an " increm ent fu n c t io n "  I(X.) w hich i s  p o s i t i v e  

and can be a d j u s t e d  by a c o n s ta n t  m u l t i p l i e r .  { { (The  

a c t u a l  v a lu e s  o f  I (X)  a r e  d e term in ed  by a r a t h e r  com plex  

c i r c u i t ,  and are  not a s  a d j u s t a b l e  a s  m ight be d e s i r e d * ) } )  

I f  a z 4  p u l s e  e n t e r s  on t h e  x , f i b r e  a t  t im e  t ,  t h e r e  i s  

a change i n  t h e  v a lu e  o f  X( t )  which p e r s i s t s  u n t i l  th e  

n e x t  r e in f o r c e m e n t .  T h is  change h as th e  form:  

l( t - f - )  -  X ( t - )  f K (t ) • l ' U ' ( t - ) )

N ote:  I (X)  h a s  th e  p r o p e r ty  t h a t  X + 1 ( 1 )  i s  l e s s  th a n

1 and X- I ( X)  g r e a t e r  th a n  z e r o ,  so  t h a t  X i s  a lw a y s  

b etw een  0 and 1 .

On t h e  o t h e r  hand, i f  a ss- p u l s e  e n t e r s  a t  t im e  t ,

X i s  changed so  t h a t

X ( t f )  s  X ( t - )  -  K ( t ) * I ( X ( t - ) ) .

( ( ( N o t e ,  i f  th e  f u n c t i o n  K# o f  t h e  n o te  above i s

u s e d ,  th e n  t h e  r e in fo r c e m e n t  o p e r a t o r  has t h e  form

f o r  z + ( t ) :  X(t-t-) a X ( t - )  +  I ( X ( t - ) )

z - ( t ) :  a X ( t - )  -  l U ( t - ) )  i f l t - j t S U  M
s  a ( t —) i f  ( t - j t i )  > Here
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reinforcement i s  " a ll  or none” depending on whether 

or not the snare has f ir e d  within the previous M 

moments.))} .

4/ 5 . 2.2  In the machine, the 2 channels o f  a l l  the .Snares are 

(u su a lly )  connected in  p a r a l le l .  Hence the e f f e c t  o f  a 

pulse o f  e i th e r  z . f -or  2-  type i s  th a t o f  a lo c a l  re in force

ment operator (as defined in  4 / 5 . 1 ) .  The machine can 

be connected so th at z i s  operated manually, or automatic

a l l y ,  on occurrence o f  some event in  the n e t .  In e ith er  

ca se , z w i l l  be co n tro lled  by some kind o f V-system.

The remarks o f  4 /2 - 4 /4  w i l l  apply to  the machine to  

ex a c tly  the exten t to  which t h i s  lo c a l  reinforcement 

operator a c t s  l ik e  a g lobal one.

4 /5*2.3  T echnicsi Note.

( ((The "probability  i ( t )  o f  a pulse passing through 

a bnarc i s  determined by the instantaneous phase o f  a 

m ultiv ibrator  .which gates the input to  the bnarc. The 

value of l ( t )  i s  determined by the s e t t in g  o f  a p o ten tio 

meter which f ix e s  the duty cyc le  o f  t h i s  m ultiv ibrator ,  

ie v e r a l  d if f e r e n t  techniques are employed to  insure the  

incoherency of the m ultiv ibrators of the various Gnarcs, 

among th ese  are s e le c t io n  of d if fe r e n t  average frequen

c i e s  for  the d if fe r e n t  m ultiv ib ra tors , and changes in  

the mean freq u en cies  over short in te r v a ls .  In ad d ition ,  

the phase o f  each m ultiv ibrator i s  subjected to disturbances
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o f  random m agn itu d e and a t  random t im e s ;  th e  s i g n a l s  

f o r  t h i s  b e in g  o b ta in e d  from a th e r m io n ic  w h ite  n o i s e  

g e n e r a t o r ,  e l a b o r a t e  p r e c a u t io n s  a r e  ta k e n  t o  m in im ize  

c o u p l in g  b etw een  t h e  o s c i l l a t o r s .  A lthough  no r ig o r o u s  

s t a t i s t i c a l  c h e c k s  were made on t h e  in c o h e r e n c y ,  p a i r s  

o f  m u l t i v i b r a t o r s  were o b se r v e d  o v e r  l o n g  i n t e r v a l s ,  

w h i le  s e t  a t  t h e  same mean f r e q u e n c y ,  and no c o u p l in g  

c o u ld  b e  n o t e d . )>)  ( ( (The r e in fo r c e m e n t  o p e r a t o r ,  in

t h e  p h y s i c a l  m a ch in e ,  c o n s i s t s  o f  th e  r o t a t i o n  o f  a 

c o u n t e r s h a f t  t o  wnich t h e  X -p o te n t io m e te r s  are  co u p led  

th rou gh  m a g n e tic  c l u t c h e s .  The i n t e r n a l  memory u n i t  K 

d e te r m in e s  th e  t im e  th ro u g h  which th e  m a g n e tic  c lu t c h  

f o r  any p a r t i c u l a r  sn a r e  i s  en gaged . The s ta n d a rd  

in c r e m e n t  I  i s  a f u n c t i o n  (d eterm in ed  by th e  c i r c u i t  

a s s o c i a t e d  w ith  t h e  X p o t e n t io m e te r )  which depends on 

t h e  t o t a l  r o t a t i o n  o f  t h e  r e in fo r c e m e n t  c o u n t e r s h a f t  

d u r in g  any r e in f o r c e m e n t .  The d u r a t io n  o f  a p u ls e  

and i t s  r e f r a c t o r y  p e r io d  i s  o f  th e  o r d e r  o f  e few  m i l l i 

s e c o n d s ,  making t h e  n e t  o p e r a t e  a t r e a l i s t i c  ( n e u r a l)  

s p e e d s .  The r e in fo r c e m e n t  p r o c e s s ,  how ever, b e in g  p a r t ly  

m e c h a n ic a l  ( i n  t h e  p h y s i c a l  s e n s e ! ) ,  o p e r a t e s  o v e r  

i n t e r v a l s  o f  th e  o r d e r  o f  .5  t o  iO s e c o n d s ,  and th e  

i n t e r n a l  memory span F o f  th e  sn a r e s  i s  i t s e l f  o f  t h i s  

o r d e r .  T h is  i s  a l s o ,  p r o b a b ly ,  not an u n r e a l i s t i c  

f i g u r e  f o r  s im p le  o r g a n i s m s . ) ) )
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4 / 5 . 2 . 4 The 3N;'riC m achine wr*s' t e s t e d  in  - s e r i e s  o f  m aze-  

ru n n in g  problem s i n  t h e  f o l l o w i n g  way, F i r s t  a "random" 

n e t  o f  s n a r e s  was a ssem b led  on an in p u t - o u tp u t  p lu g  

b o a rd . V e r t i c e s  o f  th e  maze wero r e p r e s e n te d  by d i s t i n c t  

s t i m u l i  ( s im u lta n e o u s  in p u t  v o l l e y s ) .  ;:,ach o f  s e v e r a l  

p o s s i b l e  r e s p o n s e s  were i n t e r p r e t e d  as a d e c i s i o n  i n  

f a v o r  o f  some t r a n s i t i o n  t o  a n o th e r  v e r t e x  o f  th e  m aze. 

O ther r e s p o n s e s  were i n t e r p r e t e d  a s  "no d e c is io n "  (o r  

" h e s i t a t i o n " ) .  Thus o n ly  c e r t a i n  t r a n s i t i o n s  were  

p e r m it t e d .  Che c o m p le x ity  o f  t h e  mazes was up t o  t e n  

v e r t i c e s ,  and up t o  fo u r  a l lo w e d  t r a n s i t i o n s  from each  

v e r t e x .  A pparatus was c o n s t r u c t e d  f o r  a u to m a tic  s e q u e n c es  

o f  th e  m aze-ru n n in g  prob lem .

Then c e r t a i n  v e r t i c e s  w ere d i s t i n g u i s h e d  a s  b e in g  

"bad" (V -  - 1 ) ,  o t h e r s  a s  "good" (V r - r - l ) ,  and th e  

rem ain der  n e u t r a l  (V -  0 ) .  The L o p e r a to r  was so  

c o n n ec ted  t h a t  when th e  "rat"  a r r iv e d  a t . a  d i s t i n g u i s h e d  

v e r t e x ,  t h e  a p p r o p r ia te  z+ ,  z -  or no z - p u l s e  was a p p l i e d .  

The " tr a in in g "  c o u ld  a l s o  be clone m an ually .

In  most c a s e s ,  t h e  L oca l ' ie in fo r e e m e n t  O perator o f  

t h i s  machine d id  in  f a c t  have  t h e  e f f e c t s  o f  a g lo b a l  

o p e r a t o r ,  and t h e  l e a r n i n g  p r o p e r t i e s  veers e v id e n t  t o  

t h e  o b s e r v e r ,  f o r  c e r t a i n  mazes  and n e t s ,  th e  system  

was u n ab le  t o  a c c o m p lish  t h e  a s s ig n e d  t a s k  b ecau se  o f  

S T .> e c ia l  c o m b in a to r ia l  o b s t a c l e s ,  in  g e n e r a l ,  how ever,  

t h e  machine d i s p la y e d  g r a t i f y i n g  a b i l i t y .  The a s s ig n e d
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g o a l  ( t h e  s e t  o f  "good" v e r t i c e s ;  in  most c a s e s  we u sed  

o n ly  one su c h )  co u ld  be changed d u r in g  th e  o p e r a t io n  

o f  th e  m achine; in  such c a s e s  t h e  system  d i s p l a y e d  an 

a p p r o p r ia te  p e r io d  o f  c o n f u s io n  b e f o r e  '’l e a r n i n g ’* t h e  

new t a s k .  Perhaps most im p r e s s iv e  was t h e  f a c t  t h a t  a t  

any t im e  d u r in g  o p e r a t i o n ,  t h e  random n e t  o f  S n ares  

co u ld  be r e a r r a n g e d ,  w ir e s  p u l l e d  o u t ,  t u b e s  rem oved,  

and even  f u s e e  b low n , and y e t ,  i f  not to o  many s n a r e s  

were i n a c t i v a t e d ,  t h e  m achine w ould , a g a in  a f t e r  a p e r io d  

o f  c o n f u s io n ,  adapt t o  t h e  new s i t u a t i o n  and f i n d  p a th s  

t o  t h e  p r e f e r r e d  v e r t . i c e s .  In most c a s e s ,  t h e  i n i t i a l  

s e t t i n g  o f  t h e  t r a n s m i s s i o n  p r o b a b i l i t y  o f  t h e  s n a r e s  

had no a p p a ren t  e f f e c t  on t h e  a s y m p to t ic  d i s t r i b u t i o n s  

( i f  t h e r e  were s u c h ) ;  t o  d e te r m in e  w h eth er  t h i s  h o ld s  

in  g e n e r a l  w i l l  be a s u b j e c t  f o r  l a t e r  i n v e s t i g a t i o n .

I t  c e r t a i n l y  i s  n o t  t r u e  f o r  more g e n e r a l  n e t s .

4 / 6  L o c a l  v s .  G lo b a l  r e in f o r c e m e n t

The q u e s t io n  o f  when a l o c a l  r e in fo r c e m e n t  o p e r a to r  

i s  e q u i v a l e n t  t o  a g l o b a l  one i s  a v ery  d i f f i c u l t  o n e .

I  have made some p r o g r e s s  i n  t h i s  d i r e c t i o n  th ro u g h  t h e  

medium o f  a t h e o r y  o f  " s e l e c t i o n ” o r  " e v o lu t io n a r y ” 

p r o c e s s e s .  I t  was o r i g i n a l l y  in te n d e d  t o  i n c lu d e  t h i s  

t h e o r y  a s  an a d d i t i o n a l  c h a p te r  betw een  t h e  p r e s e n t  

c h a p s .  4 and 5 , and t h e  d e c i s i o n  t o  om it i t  was made 

p r im a r i ly  f o r  r e a s o n s  o f  c o m p a c tn e s s .  T h is  t h e o r y  h as  

b een  worked o u t  in  c o n s id e r a b le  d e t a i l  and w i l l  be t h e
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s u b j e c t  o f  a l s t e r  p u b l i c a t i o n .  ?he th e o r y  o f  s e l e c t i o n  

p r o c e s s e s  i s  co n cern ed  w ith  th e  b e h a v io r  o f  d i s t r i b u t i o n s  

o f  p o i n t s  m oving i n  o r i e n t e d  graphs w ith  t r a n s i t i o n  

p r o b a b i l i t i e s  w hich  depend in  a c e r t a i n  s p e c i f i e d  manner 

on t h e  p a s t  t r a j e c t o r y  o f  t h e  p o i n t s .  I . e . ,  th e  th e o r y  

i s  c o n c e r n e d  w ith  a c e r t a i n  c l a s s  o f  s t o c h a s t i c  

p r o c e s s e s .  The t h e o r y  seem s a p p l i c a b l e  t o  t h e  r e i n f o r c e 

ment problem  b e c a u se  b oth  l o c a l  and g l o b a l  r e i n f o r c e 

ment have s i m i l a r  r e p r e s e n t a t i o n s  in  c h i a  sy s te m . F6r  

g l o b a l  r e in f o r c e m e n t ,  t h e  p o in t s  o f  th e  b a s e  graph  

r e p r e s e n t  s t a t e s  o f  ' ( s e e  4 / 2 f f )  and th e  t r a n s i t i o n

p r o b a b i l i t i e s  a r e  t h o s e  o f  th e  r e a c t i o n s  e 4- f . .  For
1 3

l o c a l  r e in f o r c e m e n t ,  h ow ever , th e  graph i s  more l i k e  a 

p h ase  s p a c e ,  in  t h a t  t h e  v e r t i c e s  r e p r e s e n t  t h e  i n t e r n a l  

s t a t e s  o f  th e  whole n e t ,  and th e  t r a n s i t i o n s  e r e  th e  

ch a n g es  i n  t h i s  t o t a l  i n t e r n a l  s t a t e  c o n seq u e n t  t o  th e  

a p p l i c a t i o n  o f  t h e  l o c a l  r e in fo r c e m e n t  o p e r a to r  a f t e r  

d i f f e r e n t  r e a c t i o n s  o f  th e  n e t .

A lthough an a d eq u a te  th e o r y  o f  t h e  b e h a v io r  o f  l o c a l  

r e in f o r c e m e n t  sy s te m s  h a s  y e t  t o  be d e v e lo p e d ,  some more 

o r  l e s s  g e n e r a l  rem arks can be made about k in d s  o f  

b e h a v io r  t h a t  may be e x p e c te d  from such s y s t e m s .  The 

f o l l o w i n g  exam ple i l l u s t r a t e  c few f e a t u r e ,  t h a t  seem  

t o  be im p o rta n t  ( a t  l e a s t  in  c o n t r a s t  t o  what happens  

i n  t h e  s im p le r  g l o b a l  s y s t e m s } .
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4 / 6 . 1  I n t e r f e r e n c e  w ith  p r e v io u s  t r a i n i n g

The f o l l o w i n g  s im p le  n e t  w i l l  o ccu r  a g a in  end egrain 

in  any c o m p lic a te d  n e t .

iA~
Suppose t h a t  an e x tr e m e ly  s im p le  IRQ i s  a v a i l a b l e  

which when a p p l i e d  t o  a j u n c t io n  w hich  has r e c e n t l y  

f i r e d  r a i s e s  i t s  XT from a " r e s t i n g ” v a lu e  ri,— t o  a
V

h ig h e r  v a lu e  .low suppose  t h a t  i t  i s  d e s ir e d  to

t r a i n  th e  r e s p o n s e  . -e  need  o n ly  w a it  u n t i l  t h i s

r e sp o n se  o c c u r s  and th e n  a p p ly  . Then t h e  1? o f  J 

and w i l l  be r a i s e d  from t o  In th e  f u t u r e ,

i f  i s  f i r e d ,  th e  r e s p o n se  w i l l  o c c u r  w ith  

r e l i a b i l i t y  b ^ ( i - h Q ) .  (?< i s  a d i s - j u n c t i o n  w ith

XP m I .  l e e  2 / o . 2 }  The r e s p o n se  ^  ~2 w i l l  have probabi* 

l i t y  :-iQ ^(l-H ^); i f  we assume t h a t  Fq i s  sm al l  and 

i s  c l o s e  t o  u n i t y ,  t h i s  w i l l  be s m a l l .  Now i f  i t  i s  

f u r t h e r  d e s i r e d  t o  t r a i n  t h e  r e a c t io n  32 :R2 > and t b i s  

i s  done by w a it in g ,  f o r  an o c c u r r e n c e  o f  t h a t  r e a c t io n  

and th en  a p p ly in g  t-v, th en  a l l  f o u r  j u n c t i o n s  w i l l  have

Thus th e  r e l i a b i l i t y  o f  t h e  f i r s t  r e a c t io n■vr s  r ‘ 1  *

3]_: Rj. y i l l  be reduced  from H -^ (1 -!!q) t o  

which i s  much l o v e r .  The second  r e a c t i o n  h as th e  same 

low  r e l i a b i l i t y .  T h is  i s  a s im p le  exam ple o f  t h e  ty p e  

o f  i n t e r f e r e n c e  o f  new l e a r n i n g  w ith  p r e v io u s  l e a r n in g  

t h a t  w i l l  be fou nd  in  LRQ s y s t e m s .
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4/6.2 "U n learn ln ,?”

C o n s id e r  a s i t u a t i o n  in  which ?. n o t  h as  le a r n e d  (o r  

s t a r t e d  cu t w i t h ) a r e a c t i o n  : :  ,i and t h a t  i t  i s  d e s ir e d  

t o  remove t h i s  r e a c t i o n .  I f  a 4 -  o p e r a t o r  i s  a v a i l a b l e ,  

i t  i s  s im p le  enough t o  a w a it  t h e  o c c u r r e n c e  o f  t h e  

r e a c t i o n  and th e n  a p p ly  h - j  t h i s  w i l l  red u ce  t h e  X? 

o f  t h e  j u n c t i o n s  co n cern ed  i n  t h e  o c c u r r e n c e  o f  th e  

r e a c t i o n  and, in  g e n e r a l ,  w i l l  red u ce  i t s  p r o b a b i l i t y .

( ID'  thG' unde.aircd r e s p o n s e  i s  \\<y' r e  sp o u se  ri/a^r;1,
/  /  /  /  y  ̂t / d s  me t  hoc  w i l l  n o t  -wo He, o f  / c o u r o e .  )

However, i f  th e  sy s te m  i s  c o t  eq u ip p ed  w ith  a 4 -  

o p e r n to r  (and th e  im p o r ta n t  s y s te m s  o f  c h a p te r  6 ,  w hich  

a r e  p rop osed  a s  a b r a in  model a re  n o t  so e q u ip p e d ) ,  

th e n  t h e  above r o u t in e  ca n n o t  be u s e d .  The o n ly  . 

a l t e r n a t i v e ,  t h e n ,  i s  t o  w a i t  u . - t i l  an a p p l i c a t i o n  o f  

d d o es  n o t  c a u se  t h e  o c c u r r e n c e  o f  f , and th e n  a p p ly  4 + .  

(In  c h a p te r  6 a t h i r d  c o u r s e ,  r e l a t e d  t o  " e x t i n c t i o n , ” 

i s  i n d i c a t e d  i n  t h e  d i s c u s s i o n  o f 0 / 4  (D3) and 6 ^ / 5 « 3 * ) 

Such s  p roced u re  may o r  may n o t  be s u c c e s s f u l ;  i f  t h e  

f a i l u r e  o f  H t o  o c c u r  i s  due m ere ly  t o  a f a i l u r e  o f  

one o f  t h e  l i n k s  i n  t h e  e s t a b l i s h m e n t  o f  th e  r e s p o n s e ,  

t h e n  a p p l i c a t i o n  o f  Z-+-, i s  u n l i k e l y  t o  d e p r e s s  th e  

f u t u r e  p r o b a b i l i t y  o f  t h e  r e a c t i o n .  ( In  f a c t ,  i t  w i l l  

t e n d  t o  i n c r e a s e  i t ,  by r a i s i n . ” t h e  I f  o f  t h o s e  j u n c t i o n s  

t h a t  do f i r e . )  However, i f  t h e  f a i l u r e  o f  5:R t o  o c c u r  

i s  due t o  t h e  i n c l u s i o n  o f  an i n h i b i t i o n  or s i m i l a r  ty p e
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Im agine t h a t  t h e  u n d e s ir e d  r e a c t i o n  i n v o l v e s  t h e  ch a in  

t l ie  n o n -o c c u r r e n c e  o f  t h e  r e a c t i o n  

m ight be due t o  th e  f i r i n g  o f  a j u n c t i o n  ( i n h i b i t o r ,  or  

one w hich  a l t e r s  t h e  t im in g  o f  some p a r t  o f  t h e  mechanism  

f o r  t h e  r e a c t i o n )  l i k e  J * .  Then r e in f o r c e m e n t  o f  t h e  s y s 

tem w i l l  r e i n f o r c e  J ,  and t h e  s u p p r e s s io n  c o u ld  become 

r e l i a b l e .  T h is  mechanism i s  p a r t i c u l a r l y  a p p l i c a b l e  i n  

t h e  t h e o r y  o f  chaps 5 and 6 w here th e  t im in g  o f  p u l s e s  i s  

im p o rta n t  and in  w hich  e x tr a  p u l s e s  and p a th s  have a h igh  

c a p a c i t y  t o  s u p p r e s s  o t h e r  o r g a n iz e d  a c t i v i t y .

I t  i s  im p o r ta n t  t o  n o te  t h a t  t h e r e  i s  a g r e a t  d i f f e r e n c e  

b etw een  t h i s  p r o c e s s  ( o f  r e i n f o r c i n g  n o n -o c c u r r e n c e s  o f  

u n d e s ir e d  r e s p o n s e s )  and t h a t  o f  a p p ly in g  a Z- o p e r a to r  

( t o  o c c u r r e n c e s  o f  an u n d e s ir e d  r e s p o n s e ) .  In t h e  p o s i 

t i v e  c a s e ,  a lo n g  w ith  r e in fo r c e m e n t  o f  t h e  " in h ib i t o r "  

l i n k  g o e s  p o s i t i v e  r e in fo r c e m e n t  o f  t h e s e  p a r t s  o f  th e  

r e a c t i o n  w hich  s t i l l . o c c u r .  The p r o c e s s  t h u s  ought t o  be 

c a l l e d ,  i n  c o n t r a s t  t o  " s u p p r e s s io n ,"  " R e p r e s s io n .” For  

i f ,  a t  a l a t e r  t im e ,  t h e  i n h i b i t o r  path  f a i l s  f o r  any rea 

s o n ,  t h e  u n d e s ir e d  r e a c t i o n  w i l l  emerge and w ith  p o s s i b l y  

g r e a t e r  r e l i a b i l i t y  th a n  i t  had b e f o r e  t h e  " r e p r e s s io n ” 

was a p p l i e d .
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F u r th e r  remarks on th e  l c c a l - r l o b a l  problem w i l l  

o c c u r  th ro u g h o u t  c h a p t e r  6 ,  but no s y s t e m a t i c  th e o r y  

i s  a t t e m p t e d .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Rl
1

mt
I
I
if'

CHAPTER 5 CYCLES IN RANDOM NETS

5 /0  I n t r o d u c t i o n  

5 / 0 . 1  I s o l a t e d  c y c l e s

5 / l  S im p le  r e f r a c t o r y  .-junctions

5 / 1 . 1
5 / 1 . 2
5 / 1 . 3

S im p le  c h a in s  
R ep eated  e x c i t a t i o n  
S im p le  c y c l e s

5 /2  Supernorm al r e c o v e r y  phase  

5 /3  N o n -a b s o lu te  F a c i l i t a t i o n

5 / 3 . 1
5 / 3 . 2
5 / 3 . 3
5 / 3 . 4
5 / 3 . 5

F - f a i i u r e  and g a p s .
E r g o d ic  n a tu r e  o f  i n i t i a l  segm ent s t a t e s  
The t r a n s i t i o n  m a tr ix  
F i r s t  p a s s a g e  t im e s  t o  En .
A p p l i c a t i o n  t o  c y c l e s

5 / 4  F - s t a b i l i t y  and p u l s e  p a t t e r n s  i n  c y c l e s

5 / 4 . 1  
5 / 4 . 2  
5 / 4 . 2 . 1  
5 / 4 . 2 . 2  
5 / 4 . 2 . 3
5 / 4 . 2 . 4

5 /5  E x c i t a t i o n  o f  F - s t a b l e  p a t t e r n s

F - s t a b l e  p a t t e r n s  in  c y c l e s  o f  l e n g th  N 
The r o l e  o f  t i m e - q u a n t i z a t i o n  
Phase s h i f t  and random walk  
D elay  c o m p en sa t io n  f u n c t i o n s
Theorem on a s y m p to t ic  e q u i l ib r iu m  d i s t r i b u t i o n s  
F - s t a b i l i t y  o f  t h e  l i m i t i n g  d i s t r i b u t i o n

5 / 5 . 1  E x c i t a t i o n  o f  p a r t i c u l a r  d i s t r i b u t i o n s
5 / 5 . 2  E x c i t a t i o n  th rou gh  a c h a in
5 / 5 . 3  E s t im a t io n  o f  t h e  phase p ara m eters
5 / 5 . 3 . 1  C o n d it io n s  on F - s t a b i l i t y

E x t i n c t i o n  o f  F - s t a b l e  p a t t e r n s5 /6

5 / 6 . 1  Theorem on t h e  e x t i n c t i o n  p o t e n t i a l  o f  p u l s e s
in  s im p le  c y c l e s  

5 / 6 . 2  E x t i n c t i o n  p o t e n t i a l s  in  t h e  g e n e r a l  c a s e
5 / 6 . 2 . 1  V u l n e r a b i l i t y  i n d i c e s  o f  a p o in t
5 / 6 . 2 , 2  E x t i n c t i o n  p o t e n t i a l  o f  a random p u ls e
5 / 6 . 2 . 3  R ecovery  o f  F - s t a b i l i t y
5 / 6 . 2 , 4  Change o f  p a t t e r n
5 / 6 . 2 , 5  I n t e r v a l  spectrum  o f  a c y c l e

5 / 7  F - s t a b i l i t v  i n  random n e t s

5 / 7 . 0
5 / 7 . 1

Net p a ra m eters  
A lg e b r a ic  a p p ro a ch es

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5 / 7 . 2  ’’R e c r u i t  ing"
5 / 7 * 2 .1  D e f i n i t i o n  o f  FK( t )
5 / 7 . 2 . 2  I n t e r v a l  s p e c tr a  and F-dom ains
5 / 7 . 2 . 3  Growth and e x t i n c t i o n  o f  F M t )
5 / 7 . 2 . 4  P o t e n t i a l l y  F - s t a b l e  su b n e ts
5 / 7 . 2 . 5  P a r a l l e l  p a th s
5 / 7 . 2 . 6  T r a n s i t i o n s  a c r o s s  spectrum  domains

5 / 8  M u l t i s t a b l e  p a t t e r n s

5 / 8 . 1  C y c le s  w ith  common c h a in s
5 / 8 . 2  More th a n  two lo o p s
5 / 8 . 3  E x t i n c t i o n  o f  m u l t i s t a b l e  p a t t e r n s
5 / 8 . 3 . 1  ’’J u n c t io n a l  f a t i g u e "  p o s t u l a t e s
5 / 8 . 3 . 2  E x te r n a l  n o i s e  and "shock"
5 / 8 . 3 . 3  M e th o d o lo g ic a l  n o t e .  " F u n c t io n a l  p a th o lo g y "
5 / 8 . 3 . 4  O th er  e x t i n c t i o n  mechanisms

5 / 9  Mu l t i p l e  . ju n c t io n s  and r e c o v e r y  s e q u e n c e s

5 /1 0  Summary

A
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5/ 0 .0

5 / 0 . 1

CHAPTER 5 .  1

CYCLES IN RANDOM NETS

The m o d e l  r e in fo r c e m e n t  sy s te m s  o f  c h a p te r  4 each  

in v o l v e  o p e r a t o r s  on th e  t r a n s m i s s i o n  p r o p e r t i e s  o f  

n e t s .  None o f  t h e s e  o p e r a t o r s  have  a form  w hich  can  

be r e a l i s e d ,  i n  a n a t u r a l  way, by a b i o l o g i c a l l y  

p l a u s i b l e  n e u r a l - a n a lo g  netw ork . The p r e s e n t  c h a p te r  

c o n t a in s  t h e  f o u n d a t io n  f o r  a more n a t u r a l  r e i n f o r c e 

ment t h e o r y  f o r  n erv e  n e t s .  In  t h i s  t h e o r y ,  th e  

" f u n c t i o n a l  e lem en ts"  o f  t h e  n e t  w i l l  be " c i r c u i t s " ;  

i . e . ,  s u b n e t s  w hich c o n t a in  a c l o s e d  " c y c le "  o f  

j u n c t i o n s ,  and th u s  a re  ca p a b le  o f  m a in ta in in g  

s u s t a i n e d  a c t i v i t y  a f t e r  c e s s a t i o n  o f  o u t s i d e  s t im u la 

t i o n .  In  t h e  p r e s e n t  c h a p t e r ,  a t t e n t i o n  w i l l  be 

c o n c e n t r a te d  on t h e  s t a b i l i t y  and t h e  i n t e r a c t i o n  o f  

such c i r c u i t s  i n  random n e t s .  The r e in f o r c e m e n t  

th e o r y  i t s e l f  w i l l  be p r e s e n t e d  i n  c h a p te r  6 .

In  t h e  f i r s t  s i x  s e c t i o n s  o f  t h i s  c h a p t e r ,  i s o l a t e d  

c y c l e s  w i l l  be exam ined under v a r i o u s  s y n a p t ic  

p o s t u l a t e  s y s t e m s .  F o l lo w in g  t h i s ,  we w i l l  tu r n  t o  

t h e  e x a m in a t io n  o f  c y c l e s  erabedded i n  n e t s .

Each s y n a p t i c  p o s t u l a t e  w i l l  be a s p e c i a l i z a t i o n  o f  

t h e  g e n e r a l  r e c o v e r y  seq u e n c e  ( 3 / 2 . 3 ) .  For each

s y n a p t ic  p o s t u l a t e  we w i l l  exam ine t h e  r e s p o n s e  o f
/>

s im p le  c h a in s  and c y c l e s  o f  l e n g th  t o  a s i n g l e  

s t im u lu s  p u l s e ,  and t o  s t i m u la t i o n  by s e q u e n c e s  o f
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p u l s e s .  D i s c u s s io n  o f  t h e  r o l e  o f  m u l t i p l e  j u n c t i o n s

i s  d e f e r r e d  u n t i l  s e c t i o n  5 / 9 f f .

5 / 1 . 0  7/e f i r s t  c o n s id e r  j u n c t i o n s  f o r  which

XP( d ) =  0 ( d ^ r )
=  P ( d> r)

r  i s  t h e  l e n g t h  o f  t h e  " r e f r a c t o r y  p e r io d ” ; 

t h e  XP o f  any j u n c t i o n  i s  p e x c e p t  when t h e  

j u n c t io n  i s  i n  t h e  r e f r a c t o r y  p h a se .

5 / 1 . 1  S im p le  c h a in s  C e l l s : % ,  i  -  1 , 2 , . . .  . C o n n e c t io n s :

7“ 1 .

o—  — •

W, ^

Let a s i n g l e  p u l s e ,  f ( 0 ) ,  e n t e r  on t h e  in p u t  f i b r e  f .  

Then, p r o b ( N ^ ( l }) ^ p: 

and, prob(Nt ( t ) ) -  

The p r o b a b i l i t y  t h a t  i s  t h e  l a s t  c e l l  t o  f i r e ,  i . e . ,
If

t h a t  t h e  p u l s e  d i e s  ou t a t  c e l l  i s  p q . Then t h e

mean d i s t a n c e  t h e  p u l s e  w i l l  t r a v e l ,  o r  t h e  e x p e c te d  

number o f  j u n c t i o n s  t h a t  w i l l  f i r e ,  i s

0 * 0

f t -  ET K p ici)  a ' .p/q = p A - p .
1 -1

In  t h e  c a s e  t h a t  t h e  c h a in  i s  n o t  i n f i n i t e ,  but has  j u s t  

n j u n c t i o n s ,  t h e  e x p e c te d  number t h a t  w i l l  f i r e  i s

n -i
Wn = i p i q -f— npn -  P (1  -  pn ) .

, *
5 . 1 . 2  R epeated  e x c i t a t i o n  o f  a s im p le  c h a in .

L et t h e  in p u t  f i b r e  f  be f i r e d ,  w i th  p r o b a b i l i t y  a ,
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a t  each  moment t .  Each f i r i n g  o f  must be

f o l l o w e d  by a q u i e t  p e r i o d  o f  d u r a t io n  a t  l e a s t  r .

A f t e r  r  moments o f  n o n - f i r i n g ,  w i l l  f i r e  w i th

p r o b a b i l i t y  p when s t i m u l a t e d  ( t h e  l a t t e r  e v e n t  h a v in g

p r o b a b i l i t y  a c t  each moment) .  Hence t h e  mean t im e  T

betv/een d i s c h a r g e s  o f  i\:̂  i s

(r f - l )ap  4- ( r f S j a y & t - .  . . t  ( r t i j a ^ ”1 . . . = T

where -  (1 -  n p ) ,  and/3 i s  t h e  p r o b a b i l i t y  t h a t
*

d oes  n o t  f i r e  i n  t h e  o r e c e d i n r  £ - 1  moments.C?0 c<1 w

Then T =  rap 2 ^  1 +- ap ^  ^ L“1

-  T ^ S  +- = r +  5p-  This  i s  Ju s t

r ,  p l u s  t h e  mean s p a c in g  t h a t  would  o c c u r  i f  t h e r e  were  

no r e f r a c t o r y  p e r i o d .  A f t e r  t h e  p u l s e s  a r e  c e r t a i n  

t o  have a minimum s p a c i n g  g r e a t e r  than  r ,  so  t h a t  

t h e  r e f r a c t o r y  p e r i o d  h as  no f u r t h e r  e f f e c t .  The 

mean s p a c i n g  o f  p u l s e s  a t  i s ,  t h e r e f o r e  f \ j

p-k + 1 ( r  f l / a p ) .  ^

Cach p u l s e  t r a v e l s  a mean o f

( 1 ) fapq -t 2ap^q ■+ . . . f j a p ^ q - t  • • *7 -  - f P _______  .
rap ^ 1  L ql rap +  1)

j u n c t i o n s .  I f  r  = 0 ,  t h i s  i s  a p / q ,  a s  would be e x p e c te d  

from 5 / l » l j  s i n c e  t h e n  p u l s e s  t r a v e l  i n d e p e n d e n t l y .  I f  

a =■ l , i . e . ,  i f  s t i m u l a t i o n  i s  r e g u l a r ,  t h e n  t h e  

f r e q u e n c y  o f  f i r i n g  a t  ^  i s  p ^ / d l - r p ) .  r  i s  0 ,  

t h i s  i s  j u s t  pk .

i n  g e n e r a l  n e t s ,  o f  c o u r s e ,  i t  i s  n o t  t r u e  t h a t  t h e
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r e f r a c t o r y  p e r i o d  p l a y s  no p a r t  a f t e r  t h e  in p u t  c e l l s ,  

s i n c e  p u l s e s  may a r r i v e  by d i f f e r e n t  r o u t e s  t o  an 

i n n e r  c e l l ,  a t  i n t e r v a l s  s m a l l e r  t h a n  r-*-l. ( See J j / 7 i 2 . 5)

5 / 1 . 3  C y c le s  o f  c i r c u m fe r e n c e  n .

K " .

I f  r ^ n ,  t h e n  no p u l s e  can t r a v e l  f u r t h e r  than  n 

j u n c t i o n s ,  and c o n t in u e  t o  c i r c u l a t e  around t h e  c y c l e .

Then t h e  a n a l y s i s  i s  t h e  same a s  f o r  t h e  c h a in  o f  l e n g t h  n.

I f  r <  n ,  th e n  f o r  a s i n g l e  p u l s e  t h e  s i t u a t i o n  i s  

t h e  same a s  f o r  an i n f i n i t e  c h a in ,  and t h e  p u l s e  w i l l  

p e r s i s t  a mean o f  p /q  moments, o r  I .  £  ’’c y c l e s . '"  The

[
n  n ^.. I  c i r c u l a t i n g  p u l s e s ;

each t im e  a new p u l s e  i s  e n t e r e d ,  any p u l s e  t h a t

f o l l o w s  w i t h i n  v- u n i t s  w i l l  be e l i m i n a t e d  when i t

r e a c h e s  t h e  j u n c t i o n  a t  which t h e  new p u l s e  e n t e r e d ,
He*i

s i n c e  t h a t  j u n c t i o n  w i l l  be r e f r a c t o r y .

5 / 2 . 0  Now c o n s i d e r  j u n c t i o n s  w ith  a su p e r n o r m a l ly  e x c i t a b l e

phase  i n  t h e  r e c o v e r y  c y c l e .  The s i m p l e s t  ca s e  i s

M * ( < 0 p o ( c l  -  1) j*r mor* J i?Q)-  o ( j , 4 d

- F ( r { f> ̂ I ( c l ^

' V ’ a W M  e -f  a c *  | , '+a1  .'on 
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1 .  For a s i n g l e  p u l s e  i n  a s im p le  c h a i n ,  t h e  b e h a v i o r  

i s  e x a c t l y  t h a t  i n  5 / 1 , s i n c e  each j u n c t i o n  has  XP = p 

when t h e  p u l s e  r e a c h e s  i t .

2 .  I f  t h e  f i b r e  f  ( 5 / 1 . 1 )  i s  f i r e d  a t  each  moment t  

t h e  s i t u a t i o n  i s  s u i t e  d i f f e r e n t .  w i l l  have  XP -■ 

u n t i l  i t  i s  f i r e d ;  t h u s  i t  w i l l  f i r s t  f i r e  a t  mean t im e  

l / p .  Let t ^  be t h e  t im e  o f  t h e  ^ i ^ f i r i n g  o f  N^. N 

w i l l  f i r e  f i r s t  a t  t^ ;  i t  t h e n  must f i r e  a t  a l l  t im e s  

t j  +- 2 i  ( i  = 1 , 2 , . . . .  ) .  For XP -= 1 a t  each o f  t h e s e

t i m e s .

I t  f o l l o w s  t h a t  N9 w i l l  be s t i m u l a t e d  a t  a l l  t i m e s  

t-j+2 1 -hL, and a f t e r  i t  f i r s t  f i r e s  ( a t  t ~ )  i t  must 

c o n t i n u e  t o  f i r e  a t  a l t e r n a t e  t im e s  t h e r e a f t e r .  S in c e

* s  s t i m u l a t e d  a t  a l l  odd i n t e r v a l s  a f t e r  t h e  f i r s t  

f i r i n g  o f  lvj_, t h e  mean t im e  ■—"■£■■■; i s
'  1  i .  1  i j / p  ^  |

= p 1—3 pq +  5 p « ’• • — ( 2 -p  ) / p  =- ( 2 -/pj -f-M, which

d o es  not  depend on i .

I t  f o l l o w s  t h a t  so l o n g  a s  s t i m u l a t i o n  o f  c o n t i n u e s ,  

t h e  a c t i v i t y  a d v a n c e s  down t h e  c h a in  a t  a (mean) r a t e  

o f  p / ( 2 - p ) j u n c t i o n s  p er  u n i t  t i m e .  The a c t i v i t y  may 

be v i s u a l i z e d  a s  f o l l o w s :  la c n  p u l s e  o f  t r a v e l s

down t h e  c h a i n  a l o n g  j u n c t i o n s  which have  been  l e f t  i n  

t h e  f a c i l i t a t e d  phase  b\ t h e  p r e c e d i n g  p u l s e .  T h is  

c o n t i n u e s  u n t i l  t h e  p u l s e  r e a c h e s  th e  j u n c t i o n  a t  which  

t h e  p r e c e d i n g  p u l s e  was l o s t .  From t h i s  p o i n t  on,  

t h e  g i v e n  p u l s e  m eets  ( " f r e s h " )  j u n c t i o n s  w i t h  t h e
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normal KP ^  p .  I t  t r a v e r s e s  an a v e r a g e  o f  p /q  o f  t h e s e  

j u n c t i o n s  b e f o r e  d i s a p p e a r i n g .

Cxcept f o r  t h e  t r a n s i e n t  p e r i o d  ( o f  d u r a t io n  a v e r a g i n g  

l / p )  b e f o r e  f i r s t  f i r e s ,  a new p u l s e  e n t e r s  t h e  c h a in  

at  e v e r y  o t h e r  moment. hence  i f  r e g u l a r  s t i m u l a t i o n  

c o n t i n u e s  f o r  ;• p e r i o d  T, t h e n  a mean o f  s l i g h t l y  l e s s  

than  T /2  ( a lm o s t  e x a c t l y  j l  (T - l / p )J )  p u l s e s  e n t e r  

t h e  c h a i n ,  and s i n c e  each  p u l s e  u l t i m a t e l y  ad van ces  

t h e  a c t i v i t y  p / c  j u n c t i o n s  a lo n g  t h e  c h a i n ,  th e

a c t i v i t y  t r a v e l s  a moan o f  about  !-*•£• j u n c t i o n s  b e f o r e2 q
i t  c e a s e s .  The a c t i v i t y  does  n o t  c e a s e  a s  soon as  

s t i m u l a t i o n  c e a s e s ;  i f  a t  th e  t im e  o f  t h e  l a s t  in p u t  

p u l s e  t h e  c h a in  c o n t a i n s  K p u l s e s ,  t h e s e  p u l s e s  w i l l  

be l o s t  a t  t h e  r a t e  o f  l i -  1 -  p / ( 2 - p j  p e r  moment, and 

a c t i v i t y  w i l l  p e r s i s t  f o r  a mean o f  K/R moments.

3 .  I f  a c j^cle ,  o f  c i r c u m f e r e n c e  n ,  i s  composed o f  

such j u n c t i o n s ,  t h e r e  are  two k in d s  o f  b e h a v i o r  t h a t  

can o c c u r ,  d ep en d in g  on -whether n i s  odd or  e v e n .  (This  

i s  s c o m b i n a t o r i a l  a c c i d e n t ,  and s h o u ld  n o t  be  

regarded  a s  h o l d i n g  in  more g e n e r a l  s i t u a t i o n s . )

I f  t h e  number n o f  c e l l s  i s  odd,  and N i s  

s t i m u l a t e d  a t  each  moment, t h e n  any p u l s e  o r i g i n a t i n g  

from N-j_, w i l l ,  i f  i t  get® a s  f a r  a s  Afo* e x c i t e  

when Ny i s  r e f r a c t o r y .  Thus no p u l s e  can c o n t in u e  

t o  c i r c u l a t e  around t h e  c y c l e ,  w h i l e  r e g u l a r  e x c i t a t i o n  

c o n t i n u e s .
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On t h e  o t h e r  hand,  (w i th  n s t i l l  odd) when e x c i t a 

t i o n  i s  removed, a c t i v i t y  w i l l  e v e n t u a l l y  d i e  o u t .  For

i .  The number o f  p u l s e s  cannot  i n c r e a s e  a f t e r  

s t i m u l a t i o n  c e a s e s ,

i i .  I f  a t  any t i m e  t 0 t h e r e  a r e  more than  (n**^)/2 

p u l s e s ,  t h e n  a t  t D+ l  t h e r e  w i l l  be more th an  

(n -I ) /2  r e f r a c t o r y  c e l l s ,  and hence  l e s s  th a n  

( n - l ) / 2  p u l s e s .  By i ,  th e n  t h e r e  w i l l  remain  

l e s s  th a n  ( n - l ) / 2  p u l s e s ,

i i i .  Hence,  t h e r e  cannot  a t  any t 7 t  be more th a n

( n - l } / 2  c e l l s  f i r i n g ,  o r  t h e  same number i n  t h e  

f a c i l i t a t e d  s t a t e .  Hence t h e r e  must a lw a y s  be 

a t  l e a s t  one c e l l  i n  t h e / e s t a t e ,  much a c e l l  

w i l l  remain i n  t h a t  s t a t e  u n t i l  i t  i s  f i r e d ,  

h e n c e  i f  t h e r e  a r e  any p u l s e s  l e f t  i n  t h e  c y c l e ,  

a t  l e a s t  one o f  them must meet a j u n c t i o n  i n  

t h e  p -ph a so  i n  each  n moments. So p u l s e s  w i l l  

be l o s t  from t h e  c y c l e  a t  a mean o f  a t  l e a s t  

q /n  p u l s e s  p e r  u n i t  t im e  and a l l  p u l s e s  w i l l  

e v e n t u a l l y  v a n i s h .

I f  n i s  e v e n ,  t h e n  once a l t e r n a t e  p o s i t i o n s  are  

f i l l e d ,  each  p u l s e  w i l l  a lw a y s  meet j u n c t i o n s  f o r  which  

XP » 1 ,  and a c t i v i t y  w i l l  n e v e r  c e a s e .  However, i f  

any p u l s e  i s  removed,  t h e  r e s t  w i l l  drop out a t  a 

f i n i t e  r a t e ,  b e c a u s e  p u l s e s  w i l l  t h e n  meet non-  

f a c i l i t a t e d  j u n c t i o n s .
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5 /3 * 0  f .o re  i n t e r e s t i n g  i s  t h e  c a s e  o f  n o n - a b s o l u t e

i a c x l i t .  t io r i j  where th e  o f  t h e  f a c i l i t a t e d  

j u n c t i o n s  i s  r a i s e d ,  but n o t  up t o  u n i t y .  I t  w i l l  

s i m p l i f y  c a l c u l a t i o n s ,  r i t h o u t  , , r e a t l y  a l t e r i n g  t h e  

p i c t u r e ,  t o  assume no r e f r a c t o r y  p e r i o d .  (p r e s e n c e  

o f  r r e f r a c t o r y  p e r i o d  would o n l y  add a c o n d i t i o n  on 

minimum s p a c i n g  o f  p u l s e s . ) Assume t h e n ,  t h a t

.1' ( d ) -  b d <; s

i f

p d > s

For f u r t h e r  s i m p l i c i t y ,  l e t  s = 1 .  Then a j u n c t i o n  J 

i s  f a c i l i t a t e d  a t  t im e  t  and o n ly  i f  i t  f i r e d  a t  t im e  

t - 1 .

be w i l l  assum e,  o f  c o u r s e ,  t h a t  F>p. and t h a t  F i s  

l e s s  th a n  u n i t y .  Let  q a 1 - p .  n l s o  l e t  G ■» 1 - F .

5 / 3 . 1  D e f i n i t i o n :

fhe  i n i t i a l  segment L ( t ) ,  a t  t im e  t , o f  t h e  c h a in  i s  

t h e  segment  o f  t h e  c h a in  from f  ( t he  f i b r e  a t  t h e  l e f t )  

and up t o  but a c t  i n c l u d i n g  t h e  f i r s t  j u n c t i o n  which  

docs  n o t  f i r e  a t  t im e  t .  ( he assume t i n t  f  f i r e s  a t  

each moment.)

I f  a t  t im e  t  , t h e  i n i t i a l  segment has  l e n g t h  

nQ, we w i l l  w r i t e  b ( t  } = nQ. -e w i l l  a l s o  say t h a t  

t h e  c h a i n  i s  i n  s t a t e  f n 0 a t  t im e t 0 .

I f  _ n t 0 ) -  n0 , t h e n  a t  t im e  t Q+ l  t h e r e  a re  s e v e r a l  

p o s s i b i l i t i e s .  f f re  ( p r o b a b i l i t y  p i ,  a l s o

W y \
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cne or  more o f  t h e  ih ( i ^ n 0 ) nay fa  11 t c  f i r e .  In  

t h e  l a t t e r  event^ i f i  C n0 , t h e  i n i t i a l  segment i s  s a i d  

t c  be '’b r o k e n /*  by an ,!F - f s i l u r e ( F o r  i f  an. e a r l i e r  

j u n c t i o n  f o i l e d  tr. f :*r e , i t  must h-~ve f a i l e d  t o  f i r e  

when s t i m u l a t e d  in  t h e  / ? /  p h a s e .  I f  F i s  v e r y  c l o s e  

t o  u n i t y ,  t h i s  w i l l  be an e v e n t  s p e c i e  enough t o  d e s e r v e  

a name. )  The f o l l o w i n g  diagram i l l u s t r a t e s  what  

happens  when t h e  i n i t i a l  segment i s  broken by an F-  

f a i l u r e .  (The diagram was o b t a i n e d  w i th  t h e  u s e  o f  a 

c o i n  and. a t a b l e  o f  random numbers,  and i s  based  on 

t h e  v a l u e s  p -  0 . 5 ,  F r  0 . 9 5 . )

J
A/'- 1 2  3 ^ / 7 ^  lGn 1213H 15l6 17l8 192021222324

t  1 X X X X X X X X X X X X X X X X X X j's. X X X X 1
£. X X X X X X X X x k ; >x X X X X V X X X X X X X X X
3 X X X X X X X X $

3

X V X X X X X o X X X X X X
k X X X X X X X X X X X X x. X X X X X X X X
5 X X X X X X X X X X x j1 X X X X X X y X X X
6 X X X X X X X X X X X £ X X X X X X X X X
7 X X s o X X X X X X X X X •r X X X X X
6 X X X *1 X X X X X X X X X X X X X X
9 X X X ■v xj X X X X X X X X X X X

10 X X X X X X X X X X X X .
11 X X X ŷ X 3 X X X X X X X

12 X X X X X X *1 X X X x O X
13 X X X X X X X 3 X x O X •-

14 X A X X X X X X f§ X X
15 X X X X X X X X X x]
16 X X X X X X X X X 5 )

< )

3

d e n o t e s  an F - f s i l u r e

d e n o t e s  t h e  end o f  t h e  i n i t i a l
segment
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5 / 3 . 2

5 / 3 . 3

I t  i s  c l e a r  t h a t  t h e  i n i t i a l  segment t e n d s  t o  grow 

a t  t h e  r a t e  p when t h e r e  a r e  no g a p s .  Once a gap 

d e v e l o p s ,  t h e  segment fo l lo w in g ;  t h e  g a r  i s  d e s t r o y e d  

a t  a  r a t e  o f  a t  l e a s t  ( l - o )  -  q.  jhtrrc^Tfre appli'catTcrrr 

vrirtlr'b'e t-© -the e x c i t a t i o n  o f  c y c l e s ,  and a e y e l e  © x c i t e d  

with--m-gnp v;i 1.1 d i e  ou t  a t  a re  t a t i  v o i y  r a p i d  T a t e , ~oniy-  

th-e- i n i t i a l  -segment w i l l  be im o o r ta h t v j

The s t a t e s  E , which a ra  t h e  l e n g t h s  o f  t h e  i n i t i a l

segm ent ,  form t h e  s t a t e s  o f  n Markov c h a i n .  'The system

i s  i r r e d u c i b l e  s i n c e  t h e r e  i s  a p o s i t i v e  p r o b a b i l i t y

o f  g o i n g  from any t o  -̂ n-M .  ( t h i s  p r o b a b i l i t y  i s

j u s t  Fnp) h en ce  a l l  s t a t e s  a r e  i n  t h e  same component.

I t  i s  a p e r i o d i c  s i n c e ,  e . g . ,  t h e r e  are  p a s s a g e s  from

any s t a t e  Em t o  any o t h e r  s t a t e  h h a v in g  both odd and “* n
even  numbers o f  s t e p s .  T h is  i s  t r u e  b e c a u se  t h e r e  i s  a 

p o s i t i v e  p r o b a b i l i t y  o f  rem a in in g  i n  a g i v e n  s t a t e  

e i t h e r  an odd or  an even  number o f  t i m e s .  F i n a l l y  a l l  

s t a t e s  are  n o n - n u l l  r e c u r r e n t  ( f e l l e r ,  p .  3 2 2 ) ,  f o r

s t a t e  i s  r e c u r r e n t ,  and in  f a c t  o c c u r s  e v e r y  t im e0
f a i l s  t o  f i r e ,  an e v e n t  o f  p r o b a b i l i t y  not  l e s s  thpn  

mi n ( q , G ) .  S i n c e  t h e  s t a t s  i s  n o n - n u l l  r e c u r r e n t ,  

and t h e  s y s t e m  i s  an i r r e d u c i b l e  Markov c h a i n ,  a l l  

s t a t e s  have t h i s  p r o p e r t y .  Hence t h e  system  i s  e r g o d i c , .

The t r a n s i t i o n  m a t r ix .

Let Pffia be t h e  p r o b a b i l i t y  o f  t r a n s i t i o n  from Em t o  

En . Then I f  n>m +  1 ,  ^  O.PfflK= Fmq .  I f  r<ra, t h en  ^
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‘• I s o ,

i s vY?■i. O a

m , mt\ ‘

These r e l a t i o n s  h o ld  f o r  m , n . r  

— f mp .  To summarize

O < 1  f 4

jU ,

1 m> i + i  s C i f i>
VJ“ m» p-4-1 S Finp• r.
l m,m ” O

m> r  — F r 0 i f

The m a tr ix  o f t r

ri j
n.\J 1 2

0 / q f G
/ G f q

2
f  °

FG F^q
3 FG i'^G

--  —' —

m-1 n•,? FG P2G

m si i-G F2 g

rn-fi V G FG 1 2g

f3 g

I

-i
!

I

(

rn—1. r(\ rr +1 m f£
0 0 0 C \
0 0 G G \
C'.V.' 0 0 0 '
vj 0 0

■ " ■ — — — —
Fm-1

q pm-lp 0 0
Fm-% Fmq 1 P 0
jrf'iU*1* irn pray i,mitt1 q F mHp

The sy s t e m  has  an a s y m p t o t i c  d i s t r i b u t i o n ;  l e t  my, -  

prob o f  b e i n g  i n  h-{<. The s a t i s f y  t h e  l i n e a r  sys tem

■ v»  J  ®jPjk f  V ° -  ^  mk -  ! • ]
These may be w r i t t e n  a s

“ o.

mk

GO
-]̂ r‘j

or m

C O

j =  k + i

if

- £

® Q » i • • •These can be s o l v e d  s u c c e s s i v e l y  f o r  p..

but t h i s  i s  v e r y  t e d i o u s .  mn ^ G / ( p t G , ) ,  m, - m . P( ^
1 1 -f- F (G-q)
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5 / 3 * 4  For our p u r p o s e s ,  i t  i s  im p o r ta n t  t o  know, a t

l e a s t  a p p r o x i m a t e l y ,  t h e  d i s t r i b u t i o n  o f  t h e  t im e  o f  

t h e  f i r s t  p a s s a g e  from KQ t o  fin . As w i l l  be e x p l a i n e d

i n  d e t a i l  i n  s e c t i o n  5 / 6  and f f ,  i t  may be assumed,  i n  

t h e  a p p l i c a t i o n s  t o  be made o f  t h e  c a l c u l a t i o n ,  t h a t  F 

i s  . t o  u n i t y .  I f  t h i s  a s su m p t io n  i s  made,

t h e  m a t r i x  becomes s im p ly

q p 0 0 0 0 0 • * *

0 q p 0 0 0 0 . - -

0 0 q p 0 0 I%%O

0 0 o q p 0 0
 

* • 1
0 0 0 0 q p 0  » * »

\

The p r o b a b i l i t y  t h a t  t h e  sy s tem  f i r s t  r e a c h e s  s t a t e  

a t  t h e  t im e  o f  t h e  m'th  p u l s e ,  i s  t h e  p r o b a b i l i t y  t h a t  

i n  S e r n o u i l l i  t r i a l s  w i t h  p r o b a b i l i t y  p o f  s u c c e s s ,  

m-\- f a i l u r e s  w i l l  be r e c o r d e d  b e f o r e  n s u c c e s s e s .  For  

l e t  each  u n i t  advance  a l o n g  t h e  c h a in  r e p r e s e n t s  a 

s u c c e s s .  Each f a i l u r e  means t h a t  new ad van ces  must  

a w a i t  a new p u l s e ,  h en ce  m p u l s e s  w i l l  be r e q u i r e d  

i n  a l l ,  i f  t h e r e  a r e  m-j- f a i l u r e s .

The p r o b a b i l i t y  o f  0 f a i l u r e s  b e f o r e  n s u c c e s s e s  i s ; 

o f  c o u r s e ,  pn . The p r o b a b i l i t y  o f  m~i f a i l u r e s  i s

p n - l q t n - l ( n - 1 4 ^ - l j  #p  ̂ (For  t h e  l a s t  t r i a l  must 

be a s u c c e s s  (by d e f i n i t i o n ) ,  and t h e  e a r l i e r  n̂ Ji
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s u c c e s s e s  and m“ T f a i l u r e s  may o c c u r  i n  any o r d e r . )

T h i s  i s  t h e  P a s c a l  d i s t r i b u t i o n ;  i t  has  mean no .
P

which i s  t h u s  t h e  mean t im e  o f  th e  f i r s t  t r a n s i t  t o  E .

The same r e s u l t  may be i n f e r r e d  from 5 / 1 . 1 ;  each  new

p u l s e  m e e ts  a c h a in  o f  j u n c t i o n s  i n  t h e  / p /  p h a s e ,  and

a d v a n c e s  a mean o f  p / q  j u n c t i o n s .  Hence i t  may be

e x p e c t e d  t h a t  i t  would t a k e  a mean o f  n q /p  p u l s e s  t o

ad van ce  n j u n c t i o n s .  ( I n  o r d e r  t h a t  t h e  a p p ro x im a t io n
2

be m e a n i n g f u l ,  i t  must be assumed t h a t  Fn o r  b e t t e r ,

' 7  { p ) n 2 q /2 p i s  c l o s e  t o  u n i t y .  T h i s  would im p ly  

t h a t  t h e  chance  o f  F - f a i l u r e ,  o r  t h e  chance  o f  t r a n s i t i o n  

t o  an  e a r l i e r  s t a t e ,  i s  n e g l i g i b l e .

5 / 3 . 5  The a p p l i c a t i o n  t o  c y c l e s  i s  as  f o l l o w s .  Let C be

a c l o s e d  c h a i n  o f  n j u n c t i o n s .  Let one o f  t h e  j u n c t i o n s  

Jq be s t i m u l a t e d  a t  each  moment. How l o n g  w i l l  i t  be 

b e f o r e  t h e  c y c l e  h a s  a l l  j u n c t i o n s  f i r i n g  i n  t h e  / i n 

s t a t e ?  T h is  i s  , . ie t im e  t h a t  i t  would ta k e
•the s e f m e n i ’

f o r r e a c h  t h e  n ’ t h  j u n c t i o n  i n  an i n f i n i t e

c h a i n ,  and t h e  d i s t r i b u t i o n  o f  t h i s  was computed i n  

5 / 3 . 4 .  The mean t im e  o f  a c t i v a t i o n  o f  t h e  c y c l e  i s ,  

t h e n g n q / p .

Once such a c y c l e  h a s  been  f i l l e d  w i th  p u l s e s ,  i t  

w i l l  c o n t i n u e  t o  f ' i r e  u n t i l  an F - f a i l u r e  o c c u r s .  The 

a v e r a g e  t i m e  u n t i l  t h e  f i r s t  F - f a i l u r e  i s  e a s i l y  s een  

t o  be ( n o t i n g  t h a t  n j u n c t i o n s  must f i r e  a t  each
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moment) Tf  t  Fn/ ( 1 - F n ) ,  Under t h e  a s su m p t io n  t h a t  
2

( a s  above)  Fn i s  c l o s e  t o  u n i t y ,  nG w i l l  be s m a l l ,  and 

e x p a n s io n  o f  Tf  i n  term s  o f  G y i e l d s  

p r o v i d i n g  an e s t i m a t e  o f  t h e  t im e  t h e  c y c l e  w i l l  

c o n t in u e  t o  o p e r a t e  a f t e r  s t i m u l a t i o n  c e a s e s .

5 / 4  P - s t a b i l i t y  and p u l s e  d i s t r i b u t i o n s  i n  c y c l e s .

For t h e  rem ain der  o f  t h i s  s t u d y ,  a t t e n t i o n  w i l l  be 

c o n c e n t r a t e d  on forms o f  a c t i v i t y  which have  a p p r e c i a b l e  

p r o b a b i l i t i e s  o f  p e r s i s t i n g  f o r  more th an  a v e r y  few  

moments. In  p a r t i c u l a r ,  we em p h asize  t h e  n o t i o n  o f  an 

" F - s t a b l e " a c t i v i t y  p a t t e r n .

D e f i n i t i o n : A p a t t e r n  P o f  a c t i v i t y  i n  a n e t  i s  s a i d

t o  be "P - s t a b l e " o r  " F - a c t i v e "  i f  i t  i s  such  

t h a t  u n t i l  t h e  o c c u r r e n c e  o f  an F - f a i l u r e  

i n  t h e  p a t t e r n ,  each  c e l l  o f  t h e  p a t t e r n  

i s  i n  t h e  / F /  phase  a t  each t im e  o f  

s t i m u l a t i o n .

(N o te :  A " p a ttern "  i s  a d i s t i n g u i s h e d  s e t  o f  p u l s e s

and c e l l s .  The p u l s e s  o f  an F - s t a b l e  p a t t e r n  may meet  

c e l l s  w h ich  a re  o u t s i d e  o f  t h e  d i s t i n g u i s h e d  s e t  o f  

c e l l s ;  t h e s e  o u t e r  c e l l s  need  n o t  be i n  any p a r t i c u l a r  

s t a t e  when s t i m u l a t e d . )

Any F - s t a b l e  p a t t e r n  h a s  a d e f i n i t e  " h a l f - l i f e "  

w hich depends o n l y  on t h e  number o f  p u l s e s  i n  t h e  

p a t t e r n ,  i n  t h e  c a s e  t h a t  t h i s  number i s  a c o n s t a n t .

I f  m i s  t h i s  number o f  p u l s e s ,  t h e n  m j u n c t i o n s  must
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f i r e  a t  each  moment, and t h e  h a l f - l i f e  i s  t h e  L f o r  which  

1 / 2 ,  i . e . ,  L -  )« In  t h e  c a s e  t h a t  t h e

number o f  p u l s e s  i s  n o t  c o n s t a n t ,  t h e r e  i s  no such  

s im p l e  e x p r e s s i o n .  I f  t i m e - q u ^ n t i z a t i o n  i s  in v o k e d ,  

h ow ever ,  t h e n  any f i n i t e  F - s t a b l e  p a t t e r n  must be 

per iod ic ;*  and t h e  h a l f - l i f e  w i l l  n o t  be d i f f i c u l t  t o  

compute f o r  any  p a r t i c u l a r  c a s e ,

.,e w i l l  f i r s t  p a r t i a l l y  c l a s s i f y  p a t t e r n s  o f  p u l s e s  

i n  s im p le  c y c l e s ,  and e s t a b l i s h  some theorem s which  a re  

im p o rta n t  i n  t h e  p r e s e n t  t h e o r y .  The r e s u l t s  w i l l  t h e n  

be a p p l i e d  i n f o r m a l l y  t o  more com plex  n e t s ,  and t o  t h e  

c l a s s i f i c a t i o n  o f  a c t i v i t y  i n  g e n e r a l  random n e t s .  I t  

w i l l  be s e e n  t h a t  w h i l e  e x a c t  c a l c u l a t i o n  i s  f e a s i b l e  

f o r  s im p l e  c y c l e s ,  r i g o r o u s  e x t e n s i o n  o f  t h e  th eorem s  

t o  more g e n e r a l  n e t s  would  be d i f f i c u l t  b e c a u s e  o f  

c o m b i n a t o r i a l  d i f f i c u l t i e s .  Q u a l i t a t i v e ,  and t o p o l o g i c a l  

argum ents  w i l l  be n e c e s s a r y .

5 / 4 . 1  P a t t e r n s  i n  c y c l e s  o f  l e n g t h  M.

Vi'e now assume t h a t  a l l  c e l l s  have t h e  same p r o p e r t i e s ,  

and t h a t  t h e y  each  f o l l o w  t h e  f u l l  r e c o v e r y  sequence  

o f  c h a p t e r  3* Thus we w i l l  have t o  c o n s i d e r  p h a se s  

/ o / ; / p i / ; / F / ; / p 2 / » / p / ‘ However,  a s  we s h a l l  c o n c e n t r a t e  

on F - s t a b l e  p a t t e r n s ,  t h e  c l a s s i f i c a t i o n  w i l l  be 

s i m p l i f i e d  and n o t  e s s e n t i a l l y  changed i f  we s e t  P2  p .  

;V0  a sk  what a r e  t h e  p o s s i b l e  p a t t e r n s  i n  a c y c l e  o f
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l e n g t h  N, and w h ich  o f  them a r e  F - s t a b l e .

a ) .  N e / o / .  In  t h i s  c a s e  t h e r e  can be no c y c l i c  

a c t i v i t y  a t  a l l ,  s i n c e  no p u l s e  can co m p le te  a c i r c u i t .

b ) .  N e l V \ f • T h i s  c y c l e  can sup p ort  a t  l e a s t  one

c i r c u l a t i n g  p u l s e ,  and p o s s i b l y  more.  But 

each p u l s e  m u st ,  w i t h i n  N moments o f  i t s  

i n i t i a t i o n ,  c o n t i n u e  t o  meet j u n c t i o n s  i n  

e i t h e r  / 0 /  o r  / p ^ /  p h a s e .  Then t h e r e  a r e  no 

F - s t a b l e  p o s s i b i l i t i e s .

c ) .  N e / F / .  In  t h i s  c y c l e ,  a s i n g l e  p u l s e  w i l l

become F - s t a b l e  a t  ' t h e  t im e  i t

c o m p le te s  i t s  f i r s t  c i r c u i t .  I f  a l s o  jj ĵ

i s  i n  / F /  t h e n  t h e r e  w i l l  be p a t t e r n s  c o n t a i n i n g  

1 , 2 ,  . . .  ,K p u l s e s , e a c h  o f  which w i l l  be  

F - s t a b l e .  And f o r  a g i v e n  number o f  p u l s e s ,  

i t  i s  p o s s i b l e  t h a t  t h e r e  be more than one 

F - s t a b l e  c o n f i g u r a t i o n ,  even  a f t e r  i d e n t i f i c a 

t i o n  o f  t i n e - t r a n s l a t e d  p a t t e r n s .

d ) .  N e / P 2 /  or  / p / *  Then no p a t t e r n  w i t h  a s i n g l e

p u l s e  can be F - s t a b l e  but t h e r e  may be s e v e r a l
%

F - s t a b l e  p a t t e r n s  w i t h  more th a n  one p u l s e .  

A c t u a l l y ,  t h e  v a r i e t y  o f  F - a c t i v e  p a t t e r n s  d ep e n d s ,  

o b v i o u s l y ,  on t h e  l o c a t i o n  and w id th  o f  t h e  / F / - p h a s e .

The c l a s s i f i c a t i o n  o f  F - a c t i v e  p a t t e r n s  can be based  

on t h e  p r o p e r t i e s  o f  t h e  i n t e r v a l  / F / .

1 .  I f  / ? /  c o n t a i n s  a s i n g l e  i n t e g e r  k ,  th e n  a c y c l e
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can be F - a c t i v e  i f  and o n l y  i f  N / k - x ,  w i t h  x  an i n t e g e r ,

and t h e r e  are  x  e q u a l l y  s p a c e d  p u l s e s  i n  t h e  c y c l e  o f

l e n g t h  13.

2 .  I f  / F /  c o n t a i n s  s e v e r a l  i n t e g e r s

k 0* k j ”  • * * ,k m ^ k01" m )
t h e r e  may be many d i s t i n c t  F - a c t i v e  p a t t e r n s .  For 

t o  e a ch  o r d e r e d  p a r t i t i o n  o f  N i n t o  a sum o f  t h e  k ^ ’ s ,  

t h e r e  i s  an F - a c t i v e  p a t t e r n .  For i f  

H * k n +  k l 2 f .  . .  + k i s ,

t h e n  t h e  p a t t e r n  o f  p u l s e s  formed by f i r i n g  t h e  j u n c t i o n s

- x t  t
k i ‘ } fc* r Ki i j ”  • i  k », *** i \ f . , . t-t , -  j / y

i
i s  F - a c t i v e  ( o r  w i l l  b e ,  once  a l l  j u n c t i o n s  a r e  f i r e d  by  

t h e  r o t a t i n g  f i g u r e ) .

For ex a m p le ,  l e t  N = 1 0 , and l e t  / F /  c o n t a i n  2 and 3« 

Then ( and ( J ^ , j £ , J J g )  a r e  d i s t i n c t  

F - a c t i v e  p a t t e r n s .  Except  f o r  r o t a t i o n ,  t h e s e  a r e  

t h e  o n l y  s u c h .

3 .  E xact  co m p u ta t io n  o f  t h e  number o f  r o t a t i o n a l l y  

d i s t i n c t  p a r t i t i o n s  o f  N i n t o  i n t e g e r s  c o n t a i n e d  i n  a 

g i v e n  i n t e r v a l  w ou ld  be l a b o r i o u s  and ( f o r  our  a p p l i c a 

t i o n s )  u n i n f o r m a t i v e .  I t  i s  im p o r t a n t ,  however ,  t o  

have  s u f f i c i e n t  c o n d i t i o n s  t h a t  a c y c l e  can m a in ta in

a t  l e a s t  one F - s t a b l e  p a t t e r n :

.f#■p/*t
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Theorem: I f  fl>/  c o n t a i n s  more th a n  one i n t e g e r ,  say

3 and s-4 i,  t h e n  Tor a l l  N ^ -s2- !  t h e r e  i s  

a t  l e a s t  one F - s t a b l e  s t a t e .

P r o o f :  I f  s 2- l  t h e n  can be w r i t t e n  i n  t h e  form  

ps ±  q(s-f- l)  w i t h  p and q i n t e g e r s .  T h i s  i s  

t r i v i a l  i f  N = s 2 -=. s s  o r  i f  IV -  s 2- l  — 

( s - D ( s - h l ) .  O t h e r w i s e ,  N can be w r i t t e n  ( i n  

t h e  s - a r y  number s y s t e m )  a s  - 

H = a 0 f  a ^ s 4  i s 2 w i t h  a 0 , a , L 3

3  a 0 +  a l S 4- S +" 3 (^-*1)

2 a g ( s - f l )  +  ( s  -  a g ) s + .  a^ s  - j - s 2 ( E - l ) ,  

which  h a s  t h e  d e s i r e d  fo rm .  Thus t h e r e  i s  a 

p a r t i t i o n  o f  t h e  t y p e  d i s c u s s e d  i n  2}  a b o v e ,  

and t h e r e f o r e  t h e r e  i s  one o r  more p o s s i b l e  

F - s t a b l e  p a t t e r n s .

5 /4 * 2  A n o t e  on t h e  r o l e  o f  t i m e - q u a n t i z a t i o n .

The above  c l a s s i f i c a t i o n s  and arguments  a r e  b a se d  

e x p l i c i t l y  on t h e  p o s t u l a t e  o f  p r e c i s e  t i m e - q u a n t i z a t i o n .  

I f  t h i s  p o s t u l a t e  does  n o t  h o l d ,  t h e n  t h e  c o n d i t i o n s  

f o r  t h e  e x i s t e n c e  o f  F - s t a b l e  p a t t e r n s  w i l l  n o t  e x h i b i t  

such a c l e a r  a r i t h m e t i c  q u a l i t y .  Now t h e  c l a s s i f i c a t i o n  

o f  F - s t a b l e  p a t t e r n s  might  seem t o  have  a l a r g e  im p o rta n ce  

f o r  t h i s  t h e o r y  f o r  more t h a n  two r e a s o n s :

1)  F - s t a b l e  p a t t e r n s  w i l l  p l a y  an im p ortan t  r o l e  

i n  n e t  a c t i v i t y .
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2)  The number o f  p o s s i b l e  d i s t i n c t  F - s t a b l e

p a t t e r n s  t h a t  can be m a in t a in e d  w i t h i n  a g i v e n  

c y c l e  G ought  t o  s u p p ly  a p r e c i s e  measure  o f  

t h e  "amount o f  i n f o r m a t i o n ” t h a t  can be s t o r e d  

by t h e  a c t i v a t i o n  o f  C i n  a p a r t i c u l a r  mode.

For a r e a l i s t i c  N e u r o l o g i c a l  m ode l ,  h o w e v e r ,  i t  cannot  

be assumed t h a t  t im e  q u a n t i z a t i o n  can h o l d  o t h e r  th a n  

a p p r o x i m a t e l y . i f  t h a t ;  t h e  s y n a p t i c  d e l a y  i t s e l f  

c a n n o t  be e x p e c t e d  t o  be p e r f e c t l y  u n i fo r m .  Kence we 

may u s e  o n l y  t h o s e  th e o r e m s  t h a t  do n o t  depend  on 

p e r f e c t  s y n a p t i c  u n i f o r m i t y .

Suppose  f i r s t  t h a t  t h e  s y n a p t i c  d e l a y  o f  a j u n c t i o n ,  

i n s t e a d  o f  h a v i n g  e x a c t  v a l u e  u n i t y ,  h a s  i n s t e a d  a 

p r o b a b i l i s t i c  d i s t r i b u t i o n  w i t h ,  s a y ,  mean u n i t y ,  and,  

s a y ,  t h e  d i s t r i b u t i o n  c l o s e l y ,  but  w i t h  p o s i t i v e  

d i s p e r s i o n ,  c o n c e n t r a t e d  around u n i t y .  T h i s  m ight  seem 

t o  y i e l d  a f i r s t  a p p r o x im a t io n  t o  t i m e - q u a n t i s a t i o n .

Now c o n s i d e r  a s im p l e  c i r c u i t ,  c o n t a i n i n g  two p u l s e s .  

Let  N - 2k w i t h  k i n  / f / ,  and l e t  and be f i r e d ,  

b o th  a t  t i m e  t  ■= 0 .  I f  t h e  s y n a p t i c  d e l a y  w ere  c o n s t a n t  

t h e n  t h e  two p u l s e s  would a lw a y s  remain  d i a m e t r i c a l l y  

o p p o s i t e  (a s su m in g  no f a i l u r e ) ,  and t h e  c i r c u i t  would  

become and remain  F - s t a b l e .  However, w i t h  a n o n - t r i v i a l  

d i s t r i b u t i o n  f o r  t h e  s y n a p t i c  d e l a y ,  t h e  two p u l s e s  

under  i n d e p e n d e n t  v a r i a t i o n s  from u n i t  v e l o c i t y ,  and  

n eed  n o t  rem ain  d i a m e t r i c a l l y  o p p o s i t e .  In  f a c t ,  w i th
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S / 4 .2 .2

p r o b a b i l i t y  1* th e  p u ls e s  w i l l  s l i p  i n  p h ase  in  

th e  manner o f  a  random walk* and soon er  or l a t e r  

one o f  th e  two c ir c u la r  d isp la c e m e n ts  w i l l  hecomo 

to o  sm a ll to  be co n ta in e d  in  /& /•  S i t h e r  c ir c u la r  

d is ta n c e  can be regard ed  a s  tft* p o s i t i o n  o f  a  p ar

t i c l e  ta k in g  a  o n e -d im e n sio n a l i s o t r o p ic  random 

w alk; i t  h a s p r o b a b i l i t y  1 o f  l e a v in g  any bounded 

r e g io n .

I f  t h i s  v a r ia t io n  o f  th e  sy n a p t ic  d e la y  i s  appre

c ia b le ,  th en  3?-s t a b i l i t y  s u f f e r s ;  an a p p a re n tly  

F - s t a b le  p a t te r n  may d r i f t  in to  a n o n -F -s ta b le  one 

w ith o u t any F - f a i lu r e  h a v in g  o ecu rred .

There i s ,  how ever, an oth er  e f f e c t  w hich may 

s e r v e  p a r t ly  to  o f f s e t  th e  random w alk e f f e c t .  I t  

i s  k n ow n ,(F u lton  p . 140 f f . )  th a t  sy n a p t ic  d e la y  

i s  a p p r e c ia b ly  g r e a te r  ( a t  l e a s t  fo r  s p in a l  moto

n eu ron s) when s t im u la t io n  i s  e a r l i e r  in  th e  r e 

co v ery  c y c l e .  L e t u s  assume t h i s  to  b© th e  c a s e ,  

a t  l e a s t  in  th o s e  r e g io n s  o f  th e  r eco v ery  c y c le  

concerned  h e r e .

¥ e  s h a l l  th e r e fo r e  in v e s t ig a t e  th e  consequ en ces  

o f  assum ing th a t  th e  sy n a p t ic  d e la y  a i s  a  de

c r e a s in g  fu n c t io n  o f  th e  r eco v ery  phase d o f  

each  c e l l .
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In  t h e  example  o f  5 / 4 . 2 . 1  i t  i s  e a s i l y  s e e n  t h a t  t h e  

n e g a t i v e  s l o p e  e f f e c t  o f  s ( d )  t e n d s  t o  o f f s e t  any 

d e v i a t i o n  t h a t  might  a r i s e  from a sup er im p osed  added  

random v a r i a t i o n  o f  s .  For t h e  c l o s e r  p u l s e  1 comes  

t o  p u l s e  2 ,  (m ea su r in g  a l o n --; th e  p r o p a g a t io n  d i r e c t i o n ) ,  

t h e  l a r g e r  a r e  t h e  s y n a p t i c  d e l a y s  t h a t  i t  m e e t s ,  and 

e q u i l i b r i u m  o c c u r s  o n ly  a t  o p p o s i t e  p o i n t s .

Of  c o u r s e ,  i f  t h e  s l o p e  o f  s { d )  were more n e g a t i v e  

t h a n  - 1 ,  t h e n  t h e  c o r r e c t i o n ,  i n  t h i s  exam ple ,  would  be  

g r e a t e r  t h a n  t h e  p r e v i o u s  e r r o r ,  and t h e  e f f e c t  might  

n o t  be s t a b i l i s a t i o n .  However, i t  i s  a b i o l o g i c a l  f a c t  

t h a t  t h e  s l o p e  i s  not  t h a t  f a r  n e g a t i v e ,  ( e x c e p t  

p o s s i b l e  f o r  e x t r e m e ly  s m a l l  d ,  i n  which c a s e  t h e  

p r o b a b i l i t y  o f  t r a n s m i s s i o n  a t  a l l  i s  3 m a l l ) ,  i . e . ,  i n  

g e n e r a l ,  l a t e r  s t i m u l a t i o n  y i e l d s  l a t e r  f i r i n g ,  a l t h o u g h  

n o t  so  much l a t e r .  ( I t  must be m en t ion ed  once  more t h a t  

t h e r e  i s  no d i r e c t  e v i d e n c e  f o r  any p a r t i c u l a r  s y n a p t i c  

p r o p e r t i e s  w i t h i n  t h e  b r a i n ; a l l  i s  i n f e r e n c e  from t h e  

p e r i p h e r y ,  o r  t h e  motor c e l l s . )

On t h e  o t h e r  band,  i t  would seem t h a t  t h e  n e g a t i v e  

s l o p e  ( o r ,  i n  f a c t  any s l o p e  a t  a l l )  o f  s ( d )  would t e n d  

t o  d e s t r o y  t h e  d i s t i n c t i o n  betw een  d i f f e r e n t  F - s t a b l e  

p a t t e r n s  w i t h  any g iv e n  number o f  p u l s e s ,  s i n c e  i t  

would s een  t h a t  t h e r e  would be a t e n d e n c y  toward  

e q u i d i s t a n t  s p a c i n g .

Hence any i n f o r m a t i o n  s t o r e d  i n  t h e  form o f  t h e
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s p a c i n g  o f  k p u l s e s  would  s e e n  t o  undergo  d e g r a d a t i o n ,  

and o n l y  t h e  number k would be  a v a i l a b l e  f o r  l o n g - t e r m  

s t o r a g e  o f  i n f o r m a t i o n .

To p r o v e  t h i s  t e n d e n c y  tow ard  r e g u l a r i z a t i o n  f o r  

g e n e r a l  s ( d )  f u n c t i o n s  seems d i f f i c u l t ;  how ever  i t  can  

be shown f o r  a l i n e a r  a p p r o x im a t io n  t o  s ( d ) .

Let u s  s u p p o s e ,  t h e n ,  t h a t  we have s i m p l e  c y c l e  o f  

n c e l l s ,  i n  which s p u l s e s  a r e  c i r c u l a t i n g .  Let  t h e  

p u l s e s  be c a l l e d  ! » •  • w i th  pa+j_

r e p r e s e n t i n g  t h e  p u l s e  ahead o f  pa . Let  t h e  c e l l s  o f  

t h e  c h a i n  be c a l l e d  ( i  -  l , . . . , n )  but  a l l o w  i  t o  

t a k e  on a r b i t r a r y  i n t e g e r  v a l u e s  w i t h  t h e  u n d e r s t a n d in g  

t h a t  N. -  ft. i f  i  ~ jm o d ( n ) .  S i m i l a r l y ,  l e t  ^  t a k e
X J

on a r b i t r a r y  i n t e g r a l  v a l u e s  w i t h  t h e  u n d e r s t a n d i n g  t h a t  

pa ;  p b i f  a f  b m o d l s ; .

F i n a l l y ,  l e t  t... t »  . be t h e  t im e  a t  w hich  p u l s e  p„

f i r s t  f i r e s ,  c e i l  N . ( i f  j $ n  and n ^ s ) .  A l s o ,  f o r

a ^ s , a n d  j - s n ,  l e f t  • be t h e  t im e  a t  which  pa ,  j'K.n a
f i r e s  N. f o r  t h e  ( J ^ l ) - t h  t i m e .  F i n a l l y ,  f o r  a l l  a and 

j ,  l e t

^ a + s , j + n  a ^

(N o te :  t h i s  n o t a t i o n  r e p r e s e n t s  a c o r r e s p o n d in g

p r o c e s s  o c c u r r i n g  i n  a h e l i c a l  c o v e r i n g  s p a c e ,  but  may

be r eg a r d e d  a s  pure f o r m a l i s m . )

Now we can e x p r e s s  t h e  e f f e c t  o f  a l i n e a r  s ( d )  f u n c t i o n :

, Jh-1 , j  y K “ p ( t a , j  * t a4-ls^ l ) * (2 )  

w i t h  0 < p < 1 .
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5/4.2.3 Theorem If 0 < p <1 , tr.en toe onloos oi■' +•' c c v c i e

approach a c o n s t a n t  v e l o c i t y  and .-in e q u a l  s p a c i n g .

T h is  l i m i t i n g  f i g u r e  i s  in d e p e n d e n t  o f  t h e  i n i t i a l  

c o n d i t io n -3 ,  e x c e p t  f o r  p h a s e .  The d e v i a t i o n s  from t h i s  

e q u i l i b r i u m  a r c ,  i n  an a p p r o p r i a t e  m e t r i c ,  e x p o n e n t i a l l y  

damped.

i-'roof o f  theorem l / f . 3 :

The s y n a p t i c  d e l a y  lav?, (1 )  can be w r i t t e n ,  w i th o u t  

l o s s  o f  g e n e r a l i t y ,  a s

^ a j j + l  “ t a , j  - •’ +  P j^a+-i ,j+1 “ ^a,.]  4 u ( l -  n / s j j  (3 )

where ^

= i T p r n ^ r

Oefi da.1  ̂ V i  *
an
s ->] (4 )

(Note:  i t  w i l l  be s e e n  t h a t  D i s  t h e  a s y m p t o t i c  s y n a p t i c  

d e l a y ,  and t h a t  da j  r e p r e s e n t s  t h e  d e v i a t i o n  o f  p u l s e  

pa a t  t im e  t a j from i t s  p o s i t i o n  in  t h e  l i m i t i n g  p a t t e r n . ) 

S u b s t i t u t i n g  t h e  d ’ s  f o r  t h e  t Ts ,

^ a , j + - l - t a > j  - 13

= da-*-l,j+l " dn , j  +• i;^l -  § ) .

hence

da , > 1  ~ da , j  - P(- a +1, j  -t-1 ua , j ) . 5)

k i
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Note a l s o  t h a t

da + s , j + n  - ^ a + a , j + n  + n “ 3 + n )

= t a>J +  D ( | n -  j )

(6).- da,j
Now (5 )  i s  a s y s t e m  o f  d i f f e r e n c e  e q u a t i o n s  which a r e  

l i n e a r ,  and w hich  a r e  a c t u a l l y  f i n i t e  i n  number b e c a u se  

o f  t h e  modular r e l a t i o n s ,  ( 6 ) .  Assume f o r m a l  s o l u t i o n s  

f o r  t h e  sy s tem :

da j  = c a eZJ (7)

Then da-t-s, j+n a+e a»3 , C  e 2 <

Hence Ca+S - Ca e ~n z * { $ )

Because  o f  ( 8 ) ,  we need  o n ly  s o l v e  t h e  sy s tem  f o r  s 

c o n s e c u t i v e  v a l u e s  o f  a .C h o o se  a * 1 ,  . . . , s .  

S u b s t i t u t i n g  t h e  f o r m a l  s o l u t i o n s  (7)  i n t o  t h e  b a s i c  

e q u a t i o n s  ( 5) > we have  t h e  l i n e a r  system :

Ca  e x(3+1) - ca ezj _ ^a+1 e -  Ca e z j j

D i v i d i n g  by e z *̂ , we have

c a ( e z - 1 )  .  p( c a .uieZjLCa ). (a  < s )

C - U Z - l )  -  p( C, e z ^ - n ) -  O .  ( a s s )  ( 9 ) .

or
Ca ( l - p ~ e z ) +  p Ca+1 e x  -  0  and (a<a)

C ( l - p - e z ) f  ? Ci  e z ( 1 - n ) 0 ( a - s )  ( 10)
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The c o e f f i c i e n t  m a tr ix  o f  system  (10)  i s

( l - p - e z )

0

0

p e ‘ 0 0

( l - p - e z ) p e z 0

0 ( l - p - e z ) p e z

pe

0

z ( 1 - n )
0

0

0

0

0

0

0

0

0

•

( l - p - e 2 ) 

0

and t h e  d e t e r m in a n t  must  v a n i s h :  

( l - p - e z ) -  ( - p ) n e z  ̂s "n ) * o, 

S e t t i n g  u » 1 -  e z , ( 11 )  becomes

( 11 )

or

( u - p ) s  -  ( - p ) s ( i = u ) s “

( l - £ ) S c ( l - u ) s "n

n

Now i f  u were, n e g a t i v e ,  we would have

1 and h en ce  ! •  

On t h e  o t h e r  hand,  w i t h  t h e  same a s s u m p t i o n ,

{ l - p - e z )

( 1 2 )

n - s  < 1

s i n c e  n “ s i s  n o n - n e g a t i v e .  Hence t h e  u i s  n o n - n e g a t i v e ,  

Then l - e z 1 and i t  f o l l o w s  t h a t  z i s  n o n - p o s i t i v e *  

Hence t h e  e x p o n e n t s  o f  t h e  s y s t e m  i n c l u d e  o n l y  0 and 

n e g a t i v e  v a l u e .

Every s o l u t i o n  w i l l  be a l i n e a r  c o m b in a t i o n ’!'* o f

**For r e p e a t e d  r o o t s ,  t h e  s o l u t i o n  may i n c l u d e  p o ly h o m io lo  
m u l t i p l i e d  by e x p o n e n t i a l s ,  i n  which c a s e  t h e  e x p o n e n t i a l s  w i l l  
d o m in a te .
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t h e  b a s i c  s o l u t i o n s  r e p r e s e n t e d  b]p t h e  v a r i o u s  

e x p o n e n t s ,  bach o f  t h e  n o n - z e r o  e x p o n e n t s  d e t e r m in e s  

one ( o r  i f  t h e  r o o t  i s  m u l t i p l e ,  a c l a s s  o f ^ e x p o n e n t i a l l y  

damped s o l u t i o n s .  The z e r o  e x p o n e n t  d e t e r m i n e s  ( s e e  

( 7 ) )  a c o n s t a n t  s o l u t i o n  C, w i t h  a l l  Ca e q u a l . * T h is  

component d e t e r m i n e s  t h e  p h a se  o f  t h e  l i m i t i n g  p a t t e r n .

For s i n c e  a l l  but  t h e  c o n s t a n t  s o l u t i o n s  a re  exponen

t i a l l y  damped,

l i m  d„.i = C where C i s  t h e  c o n s t a n t  s o l u t i o n  a s s o c i a t e d  
0 2 ' J

w i t h  t h e  z e r o  e x p o n e n t .  But t h e n  by eq ( 4 ) ,  we have

o ( 3 - t t ) 7  )  =  03-im /^ta _ Jc

T h i s  means t h a t  t h e  f i r i n g  p a t t e r n  a p p r o a c h e s  a p a t t e r n  

which

i .  r o t a t e s  a t  t h e  r a t e  o f  l / l )  c e l l s  p er  t im e  u n i t ,

i i .  h a s  s y n a p t i c  d e l a y s  0

i i i .  h a s  e q u a l l y  sp a c e d  p u l s e s  ( b e c a u s e  o f  t h e - a n  term)
s

i v .  and whose a b s o l u t e  p hase  i s  de term ined  by a

c o n s t a n t  C, which i s  t h e  o n l y  param eter  o f  t h e  

p a t t e r n  which depends  on t h e  i n i t i a l  c o n d i t i o n s .

5 / 4 . 2 . 4  I w i s h  t o  add t h e  c o n j e c t u r e  t h a t  e s s e n t i a l l y  t h e  

same r e s u l t  w i l l  h o l d  when s ( d )  i s  a f u n c t i o n  which  

h a s  s l o p e  b e tw een  and bounded away from 1 and z e r o .

^ D i f f e r e n t i a t i o n  a ( 12)  shows t h a t  t h e  o - r o o t  i s  n o t  m u l t i p l e .
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I t  i s  w orth  n o t i n g  t h a t  t h e  t e n d e n c y  toward e q u a l i z a 

t i o n  o f  p u l s e  s p a c i n g  which r e s u l t s  from a moderate  

n e g a t i v e  s l o p e  o f  s { d )  w i l l  n o t  t e n d  t o  d e s t r o y  t h e  F -  

s t a b i l i t y  o f  any p a t t e r n  which would be F - s t a b l e  w i t h  

t h e  c o n s t a n t  s y n a p t i c  d e l a y .  For t h e  l i m i t i n g  ( e q u a l )  

s p a c i n g  i s  somewhere between t h e  e x tr e m e s  o f  t h e  o r i g i n a l  

s p a c i n g s ;  s i n c e  t h e s e  must be c o n t a i n e d  i n  / F / ( and 

s i n e s  / ? ' /  i s  an i n t e r v a l ,  t h e  l i m i t i n g  p a t t e r n  w i l l  be 

a l s o  F - s t a b l e .

5 /5 *  E x c i t a t i o n  o f  F - s t a b l e  p a t t e r n s .  In  s e c t i o n  5 / 3 . 6

t h e  l e n g t h  o f  t im e  n e c e s s a r y  t o  e s t a b l i s h  F - s t a b i l i t y  

i n  a c y c l e  was e s t i m a t e d  f o r  a s i m p l e  c a s e .  I t  was  

c o n c lu d e d  t h a t  f o r  a c y c l e  o f  l e n g t h  n ,

-ne mean number o f  p u l s e s  r e q u i r e d .  The same r e s u l t  

w ith  t h e  same argument h o l d s  i n  t h e  g e n e r a l  c a s e  ( i n  

5 / 3 . 6  i t  was assumed t h a t  s t i m u l a t i o n  o c c u r re d  a t  each  

moment).  I t  must be n o t e d ,  h ow ever ,  t h a t  n q /p  i s  th e  

mean r e q u i r e d  number o f  p u l s e s ;  i t  i s  n o t  t h e  t im e  

r e q u i r e d  i f  e x c i t a t i o n  i s  no t  c o n t i n u o u s .

5 / 5 . 1  Suppose ( i n  s p i t e  o f  t h e  arguments  o f  5 / 4 )  t h a t  a

c y c l e  C i s  c a p a b le  o f  m a in t a i n i n g  two o r  more d i s t i n c t

F - s t a b l e  p a t t e r n s .  How can t h e  c y c l e  be s t i m u l a t e d  so

a s  t o  s e t  up a p a r t i c u l a r  p a t t e r n  i n  i t ?  I f  s t i m u l a t i o n  

o f  each c e l l  i s  p e r m i t t e d ,  one has  o n l y  t o  f i r e  each  

d e l l  a t  t h e  p r o p e r  t i m e .  I f  t h e r e  i s  o n ly  one in p u t
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a v a i l a b l e ,  a r b i t r a r y  s t a b l e  p a t t e r n s  can s t i l l  be 

im p o sed .  Suppose t h a t  t h e r e  i s  a n o t h e r  c y c l e  C; a l s o  

o f  l e n g t h  n ,  i n  which t h e  d e a i r e d  p a t t e r n  i s  a c t i v e .

One n e e d  o n l y  c o n n e c t  a c h a i n  from any c e l l  o f  C* t o  any  

c e l l  o f  C.

I f  we assume t i m e - q u a n t i z a t i o n ,  t h e n  t h e  s e t  o f  p o s s i b l e  

p u l s e  s p a c i n g s  i n - C ,  modulo r o t a t i o n ,  i s  i n  o n e - o n e  

c o r r e s p o n d e n c e  w i t h  s e t  o f  t e m p o r a l  p a t t e r n s ,  modulo  

t im e  s h i f t s  o f  f i r i n g ,  a t  any one c e l l  o f  C’ , The 

t e m p o r a l  p a t t e r n  w i l l  p r o p a g a t e  down t h e  c o n n e c t i n g  c h a in  

and around C ( a t  a r a t e  o f  p /q  j u n c t i o n s  p e r  p u l s e )  

and w i l l  s e t  up t h e  c o r r e s p o n d in g  s p a t i a l  p a t t e r n  i n  C. 

Thus i n f o r m a t i o n  s t o r e d  In t h e  form o f  p u l s e  d i s t r i b u 

t i o n s  i n  s im p l e  c y c l e  can be e a s i l y  t r a n s f e r r e d  t o  

o t h e r  c y c l e s .

I f  t h e r e  i s  much v a r i a t i o n  i n  s y n a p t i e  d e l a y ,  t h e  above  

argument w i l l  n o t  be v a l i d ,  f o r  p u l s e s  which have  

t r a v e l l e d  around C may a r r i v e  a t  t h e  in p u t  c e l l  o f  C 

a t  t i m e s  which may c o n f l i c t  w i t h  t h e  s t i m u l a t i o n  a t  

t h a t  c e l l .

I f  a c y c l e  o f  l e n g t h  n i s  e x c i t e d  th rou gh  a c h a in  

o f  l e n g t h  n a s  i n  t h e  f i g u r e ,  t h e  mean t im e  o f  e x c i t a 

t i o n  ( u n t i l  t h e  c i r c u i t  i s  P - a c t i v e )  i s ,  by t h e  same
'-U- Wod . 

argum ent,

\.
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E s t i m a t i o n  o f  phase p a r a m e t e r s .

As p ro p o se d  i n  5 / 0 . 0 ,  c i r c u i t s  a re  t o  p l a y  a r o l e  a s  

f u n c t i o n a l  u n i t s  i n  t h e  b e h a v i o r  o f  n e t s .  The F - a c t i v e  

c i r c u i t s  a r e  t o  have  s u f f i c i e n t  s t a b i l i t y  t o  a c t  a s  

u n i t s .  As s u c h ,  one F - a c t i v e  c i r c u i t  must be a b l e  t o  

rem ain  a c t i v e  l o n g  enough t o  i n i t i a t e  a n o t h e r  o n e ,  

e i t h e r  by contact^ o r  t h r o u g h  a c h a i n .  T h i s  a s su m p t io n  

makes i t  p o s s i b l e  t o  e s t i m a t e  p l a u s i b l e  v a l u e s  o f  p 

and if, w i t h  t h e  a i d  o f  t h e  knowledge  o f  t h e  d u r a t i o n  f

o f  t h e  f a c i l i t a t i o n  p h a s e s .  The l a t t e r  i n f o r m a t i o n  

comes from n e u r o p h y s i o l o g i c a l  s t u d i e s  on n e r v e  f i b r e s ,

and i t s  a p p l i c a b i l i t y  t o  j u n c t i o n s ,  i s  o f  c o u r s e ,
\

s p e c u l a t i v e .  ,

C o n s id e r  t h e  network below c o n s i s t i n g  o f  two c i r c u i t s  

o f  l e n g t h  n c o u p le d  by a c h a i n  o f  l e n g t h  n .  I f  c i r c u i t  

1 i s  F - a c t i v e  a t  t Q, w h i l e  t h e  r e s t  o f  t h e  n e t  i s  i n a c t i v e  

t h e n  i f  c i ;  c u l t  I i s  t o  fee a b l e  t o  i n i t i a t e  r e a c t i v i t y  t'

i n  c i r c u i t  I I ,  i t  must rem ain  a c t i v e  l o n g  enough t o

d e l i v e r  2nq/p  p u l s e s .  I f  I  c o n t a i n s  k c i r c u l a t i n g

p u l s e s ,  i t  must t h e r e f o r e  remain a c t i v e  f o r  2nq,  n
~P k

t im e  u n i t s .

On t h e  o t h e r  hand c i r c u i t  I rem ains  a c t i v e  an a v e r a g e
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p f  ^/kG t im e  u n i t s  ( 5 / 3 . 5 )  • I f  t h e s e  q u a n t i t i e s  have

t h e  same o r d e r  o f  m a g n itu d e ,  th e n

1/kG 2n^q/kp o r  q 6 -  i
P TtaZ.

5 / 5 . 3  'The b a s i c  t im e  u n i t  ( t h e  q u a n t i s a t i o n  u n i t )  c o r r e s p o n d s

t o  t h e  s y n a p t i c  d e l a y  t i m e .  K e u r o lo & ic & l ly , t h i s  i s  

p r o b a b ly  o f  t h e  o r d e r  o f  0 . 5  m i l l i s e c o n d .  For s i n g l e  

i m p u l s e s ,  t h e  r e f r a c t o r y  p e r i o d  i s  p r o b a b ly  s h o r t ;  o f  . 

t h e  o r d e r  o f  1 t o  4 m i l l i s e c o n d s ,  and t h e  / r /  phase  

a p p e a r in g  1 or  two m i l l i s e c o n d s  l a t e r  and l a s t s  perhaps  

40 m i l l i s e c o n d s  (0 f i b r e s ) .  However, a f t e r  s e v e r a l  

p u l s e s  a t  i n t e r v a l s  l e s s  th a n  10 ms, t h e  / ¥ /  phase  

a p p ea rs  t o  o cc u r  l a t e r ,  and f o r  a s h o r t e r  t i m e ,  and  

h i g h e r  f r e q u e n c i e s  a p p ea r  t o  ca u se  t h e  / F /  phase  t o  

v a n i s h .  I t  seems l i k e l y ,  t h e r e f o r e ,  t h a t  c i r c u i t s  can  

be F - s t a b l e  o n l y  i f  p u l s e s  o c c u r  w ith  s p a c i n g  a t  l e a s t  

o f  t h e  o r d e r  o f  a few m i l l i s e c o n d s ,  and r e l a t i n g  t h i s  

t o  t h e  s y n a p t i c  d e l a y ,  n /k  i s  a t  l e a s t  o f  t h e  o r d e r  o f  

5 o r  1G.

>e can make an in d ep en d e n t  g u e s s  a s  t o  t h e  m agnitude  

o f  F i f  we assume t h a t  i f  c i r c u i t s  p l a y  a r o l e  as  e l e m e n ts  

o f  b r a i n  a c t i o n ,  th e y  ought t o  p e r s i s t  f o r  a n o t i c e a b l e  

f r a c t i o n  o f  a s e c o n d ,  e . g . ,  o f  t h e  o r d e r  o f  50 m i l l i 

s e c o n d s .  The t im e  o f  s u r v i v a l  o f  a s i n g l e  p u l s e  i n  a 

F - s t a b l e  c i r c u i t  i s  l / Q  t im e  u n i t s ,  hence Q =  . 0 2  or  s o .

I t  would be f o o l i s h  t o  a t tem p t  t o  j u s t i f y  such an 

e s t i m a t e  a t  t h e  p r e s e n t  s t a g e  o f  kn ow led ge .

A
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However,  s i n c e  i n  t h e  f o l l o w i n g  s e c t i o n s  mechanisms 

w i l l  be d e s c r i b e d  which p r e v e n t  P - c i r c u i t s  i n  random 

n e t s  from s u r v i v i n g  a s  l o n g  a s  t h e y  would when i s o l a t e d .  

Hence,  i t  i s  probably n e c e s s a r y  t o  assume t h a t  Q i s  

even  s m a l l e r .  Even i f  i s  a s  s m a l l  a s  . 0 0 1 ,  a c y c l e  

o f  l e n g t h  10 ( w i t h  one p u l s e )  l ias an e x p e c t a n c y  o f  

o n l y  100 c i r c u i t s ,  or  1 / 2  s e c o n d ,  t a k i n g  t h e  s y n a p t i c  

d e l a y  t o  be 0 . 5  ms. Then (7*4)  q /p  i s  o f  t h e  o r d e r  o f  

5 ,  h e n c e  p i s  o f  t h e  o r d e r  o f  0 . 2 .  I t  w i l l  be s e e n  

l a t e r  t h a t  t h e  v a l v e  o f  p i s  no t  c r i t i c a l  f o r  t h i s  t h e o r y

5 / 6  E x t i n c t i o n  c f  F - s t a b l e  p a t t e r n s .

F - s t a b l e  c i r c u i t s  a r e  em p h a s ized  h e re  b e c a u s e  t h e y  

s u p p l y  an a d eq u a te  s o u r c e  f o r  n e u r a l  e v e n t s  o f  more th an  

t r a n s i e n t  d u r a t i o n .  N e v e r t h e l e s s ,  t h e y  a r e  n o t  i n 

v u l n e r a b l e ;  t h e r e  a r e  a number o f  ways i n  which an F-  

s t a b l e  p a t t e r n  may be e x t i n g u i s h e d ,

i .  F - f a l l u r e ,  o r  p u l 3 e - l a s s .

(he w i l l  r e t u r n  t o  t h e  q u e s t i o n  o f  when l o s s  o f  

a p u l s e  means e x t i n c t i o n  o f  a l l  a c t i v i t y . )

i i .  I n h i b i t i o n  r e s u l t i n g  i n  p u l s e  l e s s ,

i i i .  Phase s h i f t  ( a s  i n  5 / 4 . 2 . 1 ) .

i v .  Phase s h i f t  due t o  " s u b l i m i n a l  n e u r a l  a c t i v i t y . "  ,

( I f  a c y c l e  i s  p a r t  o f  a l a r g e r  n e t ,  o r  i n  a

b r a i n ,  t h e n  t h e  r e c o v e r y  seq u en c e  o f  i t s  c e l l s

may be i n f l u e n c e d  by nearby  e v e n t s .  I f  r e c o v e r y
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i s  r s t - r d e d ,  o r  h a s t e n e d ,  t h e  c y c l e  

may l e a v e  F - s t a b i l i t y . )

v .  I n t r o d u c t i o n  o f  e x t r a  Dulses.

S u r p r i s i n g l y  enough,  t h e  e f f e c t  ( v . )  on F - s t a b i l i t y  

o f  e x t r a  p u l s e s  i s  so  p o w e r f u l  t h a t  ( v )  may w e l l  be 

t h e  most prom inent  s o u r c e  o f  e x t i n c t i o n  o f  c y c l i c  

a c t i v i t y .  In o r d e r  t o  show why t h i s  i s  s o ,  i t  i s  n e c e s 

s a r y  t o  i n v e s t i g a t e  t h e  problem o f  which  p a t t e r n s  can 

become f - s t a b l e ,  and t h e  p r o b a b i l i t y  o f  t h i s  o c c u r r i n g .

5 / 6 . 1  Theorem. Let C be a c y c l e  o f  l e n g t h  n ,  and l e t  n be

i n t e g e r  i n  ..Assume t h a t  up t o  t im e  t  = 0

t h e  cyc  1 e  ,ha_s been, i n . F - s t a b l e  a c t i v i t y  w i th  one jo ireu -  

~ng p u l s e ,  but  t h a t  a t  t im e  t  — 0 ,  an a d d i t i o n a l  

p u l s e  i s  i n t r o d u c e d .  Then t h e  p r o b a b i l i t y  t h a t  t h e  

eye  -e w i l l  e v e r  r e t u r n  t o  F - s t a b i l i t v  i s  l e s s  th an  p2 . 

F r o o f .  Let hQ, be t h e  c e l l s  o f  t h e  c y c l e  C.

Let t h e  o r i g i n a l  p u l s e  be d e s c r i b e d  a s  A , (4c), 

(h^O),  where i f  i  -  j  mod ( n ) .

Let  t h e  e x t r a  p u l s e  ap p ea r  a t  t  0 a t  Ns
(o<s<n)

Then a f t e r  t i  o ,  two p u l s e s  w i l l  c i r c u l a t e  

( u n t i l  one or  bo th  f a i l ) ,  and t h e y  w i l l  be  

r e p r e s e n t e d  a s  

'• * - j )  and N^+ f  ( j ) .

At each  t im e  t > o ,  one o f  f o u r  e v e n t s  may occur:

ft
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i .  E f ( t )  5  Nt + S ( t ) .  ( t )

i . e .  The o r i g i n a l  p u l s e  v a n i s h e s  a t  t im e  t .

i i .  Ee ( t )  =• Nt ( t ) . ^ , W t + s ( t )

i . e .  The e x t r a  p u l s e  v a n i s h e s  a t  t im e  t .  

i i i .  S0 ( t )  5

i . e .  Both p u l s e s  v a n i s h  a t  t im e  t .  

i v .  h1 ( t ) ^  Nt ( t ) .  Nt + S (t )

i . e .  both  p u l s e s  a r e  p r e s e n t  a t  t im e  t .

Now l e t  Px (t)s= prob(Ex ( t ))  U = e , f , C , l ) .

A'e w ish  t o  compute t h e  p r o b a b i l i t y  w i t h  which t h e  

sy s tem  r e t u r n s  t o  F - s t a b i l i t y .  I t  may be s e e n ,  by  

i n s p e c t i o n ,  t h a t  i f  n e i t h e r  s  o r  ( n - s )  i s  i n  / o / ,  and i f  

p , -  p ,  t h e n

P ^ ( t )  -  F ^ ( t - l )  pQ 

Pe ( t )  = P i ( t - l )  qP

Pc ( t )  = Px ( t - 1 )  qQ (1 )

P i t t ) = P i t t - 1 )  pP 

where

P ; p i f  ( t < s )

Q = q n "

P = F « ( t >  s )

Q = G — 1-F  ”

( N o t e .  I f  n - s  i s  i n  / o /  t h e n  t h e  e x t r a  p u l s e  c o u ld  not  

have  ap p eared  a t  a l l .  I f  s i s  i n  / 0 / ,  t h e n  t h e  o r i g i n a l
r

p u l s e  must v a n i s h  a t  t im e  s .  The new p u l s e  must  

t r a v e r s e  n - s  j u n c t i o n s  each  i n  phase  / p /  i n  o r d e r  t o
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become F - s t a b l e .  S i n c e  ( n - s )  i s  n o t  i n  / o / ,  t h e n

( n - s )  i s  2 or  g r e a t e r ,  so  t h e  p r o b a b i l i t y  t h a t  t h e

c y c l e  r e t u r n s  t o  F - s t a b i l i t y  i s  p*1"3^  p2 f o r  t h i s

c a s e .  ;Afe need  n o t  c o n s i d e r  i t  f u r t h e r . )

The sy s t e m  ca n n o t  become F - s t a b l e  u n t i l  a f t e r  one o f

t h e  e v e n t s  £>e ( t )  or  S ^ ( t )  h a s  o c c u r r e d ,  i . e .  u n t i l

a f t e r  t h e r e  i s  j u s t  one p u l s e  i n  t h e  c y c l e .  &e compute

t h e  p r o b a b i l i t y  o f  each  e v e n t  E and £*..
e *

i'l(O) s  1

1 ^ (1 )  = pF 

Px ( 2 ) *  p2 F2

P1 ( s - 1 )  = p3' 1 p s - 1 

Px ( s )  = ps  p s -^ p

P1 ( s  k)  = p s+i + 2 n  p s - l

o r  P1 ( t ) - F t pt  ( t c s )

= F ^ p ^ - s  l ( t ^ .  s )  *2)

The p r o b a b i l i t i e s  PQ( t )  and F ^ ( t )  can be e a s i l y  computed 

from e q u a t i o n s  ( 1 ) ,  u s i n g  e q u a t i o n s  ( 2 ) .

Let P ^ f ( t )  be t h e  p r o b a b i l i t y  t h a t  P f ( t )  h as  o c c u r r e d , 

and t h e  sys tem  t h e r e a f t e r  becomes F - s t a b l e .

T h is  means t h a t  o n ly  t h e  

e x t r a  p u l s e  i s  p r e s e n t  a f t e r  

t im e  t - 1 .  In o r d e r  f o r  th e
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p a t t e r n  t o  became F - s t a b l e ,  t h e  p u l s e  must p r o p a g a t e  

u n t i l  i t  m e e ts  j u n c t i o n s  which were  l a s t  f i r e d  by  

i t s e l f ,  h en ce  a r e  i n  / ? /  p h a s e .  Now

, t • • • \ were l a s t  f i r e d  by t h e
tfS+1 '  t  N>l J

o r i g i n a l  p u l s e ,  so  t h e  new p u l s e  h as  p r o b a b i l i t y  p n - s - l ^

r e a c h i n g  A l s o ,  2  Mt + s - l  was c e r t a i n l y

l a s t  f i r e d  by t h e  e x t r a  p u l s e ,  so  i t  n e e d  o n l y  r e t u r n  

t o  t h i s  c e l l  i n  o r d e r  t o  become F - s t a b l e .  The p h a s e s  

o f  t h e  c e l l s  i n  b e t w e e n ,

pt+AJ» Nt+fl+s-2j[j  o r ,  by d e f i n i t i o n ,

• • • »  k ' t + s - 2 j  depend o n l y  on w h eth er  o r  n o t  

t h e  e x t r a  p u l s e  f i r e d  them i n  t h e  l a s t  c y c l e ,  i . e .  on 

w h e th e r  o r  no t

) o c c u r r e d .  <«e know t h a t  ( t -K  ) =

t^ . i ' i ,  s i n c e  t h e  e x t r a  p u l s e  s t a r t e d  a t  t  =  0 .

Hence i f  t - > . s ,

p * ( , f )  -  p s - s - 1  < * * „ ) ■

f  ;  p K - S - l p3 - t  ( t < 8 )

‘ “ f i t ) ;  p ^ - 1

I f  £ e ( t )  o c c u r s ,  t h e n  o n l y  t h e  o r i g i n a l  p u l s e  i s  l e f t ;  

i t  h a s  t o  reach  a l l  Kt+ S + ^ i n  o r d e r  t o  become F - s t a b l e .

A s i m i l a r  argument g i v e s  

(P*e {0) c 1)

p * e U )  - p
p* « ( 2 )  = p2 .
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So

£*e ( s )  - ps 

* • • • • • •

ps;:e (s+M)  ̂ p s

r ps

' ,  P*

t ^ s

t < s (4)

Nqw t h e  t o t a l  p r o b a b i l i t y  t h a t  K - s t a b i l i t y  i s  e v e n t u a l l y

r e s t o r e d  i s
o c o  '
p F ; f  p f ( t )  p * f ( t ) + z :  p e ( t ) p * e ( t ) ( 5 )

Or, by ( 1 ) ,  
c*o oo

PF= f  ?i ( t - l )  pQP*f ( t ) + £  Px(t - l )qPP*e ( t ) .  (?a) 

where  P, Q a r e  d e f i n e d  a s  i n  ( 1 ) .

By ( 4 )  and ( 5 ) »  t h i s  becomes

PF= Ft pt (pGpn- t - 1 + qf'pt)
T 2P+1-S .T 1 

+ J F S - 1 P  (pqp"-3- ^  pqp*)

= ( I ) +  ( I I )  (6)

Now ( I I )  -  [Fs - y - S ( p q p M - s - l  ^ . p q p s j j l ;  p2t

'   J&
J L

d - f ) u + p ) J
, s - l  NH 2+2 s i  

P 4-  P J

1+P
,S-1

Pm +  P2s+1]

And
(X) = p n °  +  q p  / L  ( F p 2 ) ^

I /

(7)
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F-F2
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n:i  _ i x: Fp2 - ( F p 2 ) s

1 -F p 2

= pn (F-Ks ) +  q F -g f  ~ | FP2 ) 5
l-»r ( * )

Thus ,  PT?ir ( I )  -f- ( I I )

= pn (F -F s ) 4_ - 2 - F# (Fp2 .  (Fp2 ) s ) 
i  —. P

<- F 3 ' 1  I^ T  ( p N K  ^ p2S+1) <9)

Leti PF ^7” b e  t  n e  v a l u e  PF P o r  P - l  •

P y - l  0 .2__ . (p 2- p 2 s )
( 1 - p )  (1-f-p)

i ^p

_2

( P N - h  p d S  )
2s

- 1 ^  U - P K- P 2S- 2(1-P2))

PF =\
( 10 )

Now F o c c u r s  i n  t h e  e x p r e s s i o n  Pp o n l y  t o  t a k e  a c co u n t  

o f  t h e  p o s s i b i l i t y  o f  an F - f a i l u r e  o f  t h e  o r i g i n a l  

p u l s e  i n  t h e  f i r s t  s - 1  moments o f  t im e .  

t h e  p r o b a b i l i t y  o f  F - s t a b i l i t y  b e in g  

on t h e  c o n d i t i o n a l  h y p o t h e s i s  t h a t  no such f a i l u r e
It*.

o c c u r s .  Let  t h i s ^ h y p o t h e s i s  have  p r o b a b i l i t y  H^.

The c o n t r a r y  h y p o t h e s i s ,  ( t h a t  such an F - f a i l u r e  

d o es  o c c u r )  i s  = 1-H^.

In t h e  e v e n t  t h a t  an F - f a i l u r e  d oes  o c c u r  i n  t h e  

f i r s t  s - 1  moments, t h e  o n ly  way i n  which F - s t a b i l i t y
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can be r e s t o r e d  i s  i f  t h e  e x t r a  p u l s e  c r o s s e s  a t  

l e a s t  n - s  j u n c t i o n s  i n  /p , /  p h a s e ,  so  t h e  p r o b a b i 

l i t y  o f  F - s t a b i l i t y  b e i n g  r e s t o r e d ,  on h y p o t h e s i s  

M2 , i s ^  pn ” s .

Then Py ^  H1 *p F=1-f“  H2 Pn“ S *

S i n c e  n - s  i s  n o t  i n  / 0 /  ( s e e  ( 1 ) ) ,  

n - s ^ i  2 ,  and

PF < HiP 2 +■ H2P2 = P2 *
Si • & • u •

5 / 6 . 2  Theorem 5 / 6 . 1  i s  n o t  s u f f i c i e n t l y  g e n e r a l  f o r  t h e

a p p l i c a t i o n s  i n t e n d e d .  I t  i s  r e s t r i c t e d  in  two ways;  t h e  

c y c l e  c o n t a i n s  j u s t  one p u l s e ,  and / ? /  c o n t a i n s  a s i n g l e  

i n t e g e r *  An e x a c t  co m p u ta t io n  o f  Pp f o r  t h e  g e n e r a l  

c a s e  w ou ld  be v e r y  t e d i o u s ,  b u t  f o r t u n a t e l y  an in f o r m a l  

argument can e s t a b l i s h  t h e  d e s i r e d  r e s u l t s .  I t  i s  t o  

be shown t h a t  i f  / f ' /  i s  r e l a t i v e l y  s h o r t  compared w i th  

t h e  e a r l i e r  i n t e r v a l s  o f  t h e  r e c o v e r y  s e q u e n c e , t h e n  

a random e x t r a  p u l s e  w i l l ,  w i th  h ig h  p r o b a b i l i t y ,  

e x t i n g u i s h  t h e  a c t i v i t y  o f  t h e  c y c l e .  We assume t h a t  

F -  1 .  See 5 / 6 . 2 . 3 .

C o n s id e r  an a r b i t r a r y  F - s t a b l e  c y c l e  w i t h  two o r  more 

p u l s e s .  Suppose  t h a t  a t  t im e  t  -  0  an e x t r a  p u l s e  

I s  i n t r o d u c e d .  Let Nq be t h a t  c e l l  o f  t h e  c y c l e  w hich  

i s  f i r e d  a t  t  — 0  by t h e  p u l s e  im m e d ia t e ly  b eh in d  Tf'e » 

and i n d e x  t h e  o t h e r  c e l l s  by t h e  i n t e g e r s  modulo t h e
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l e n g t h  o f  t h e  c y c l e .  Let  be t h e  l o c a t i o n ,  a t  t  — 0 ,

o f  t h e  p u l s e  ahead oS^fQ , and N t h a t  o f  t h e  o u l s e• a
b e h in d  t h e  p u l s e  a t  Nq , Let h be t h e  c e l l  f i r e d  by

t h e  e x t r a  p u l s e  a t  t  -  0 .  Let  D-, D, b -  e ,

B3  = 0 - ( - a )  = a .  The p a t t e r n  a t  t -  0 t h e n  r e s e m b l e s  

t h e  f i g u r e :

-<r, y  

 \d K  4 . .  fl

(N ote :  There i s  no r e s t r i c t i o n  t h a t  N_a and N^ be

d i s t i n c t ,  he do assume t h a t  Nq and a r e  d i s t i n c t . )

B e c a u s e ,  p r i o r  t o  t  5  0 ,  t h e  c y c l e  was F - a c t i v e ,  we 

knew t h a t  i s  i n  / F /  and

nl  +" ^ 2  There a r e  s e v e r a l

c a s e s ,  d e p e n d in g  on t h e  l o c a t i o n  o f  N and t h e  l i m i t s  

o f  t h e  i n t e r v a l  / F / .

I .  D^6/F/ . D2 6 /F / .

Then t h e  c i r c u i t  w i l l  be F - s t a b l e  w i th /7 e  

s u r v i v i n g .

II. D ^ / F /  . D2^ / F/ «

In  t h i s  c a s e A £  w i l l  c o n t i n u e  t o  meet j u n c t i o n s  

n o t  i n  / F /  u n t i l  i t  d r o p s .  The rem a in in g  p u l s e s  

a r e  n o t  a f f e c t e d ,  and t h e  c i r c u i t  w i l l  r e t u r n  

t o  F - s t a b i l i t y .

I l i a .  D j ^ / F /  . D2 £ / f /  . (D/  i - D 3 ) ^ / F / .

I n  t h i s  c a s e , w i l l  rem ain ,  s i n c e  i t  meets

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



n i b .

IVa.

IVb.

c.~l* n ̂—ifw

c e l l s  i n  / .b / —p h a s e .  Th&nTfc must drop ,  s i n c e  

i t  w i l l  meet j u n c t i o n s  n o t  i n  / F / - p h a s e .  But 

s i n c e  •+• 0^ i s  i n  / f / , l̂C/ w i l l  c o n t i n u e  t o  meet  

c e l l s  i n  / F / - p h a s s ,  and t h e  c i r c u i t  w i l l  remain

F - s t a b l e .

^1 * ^ 1  "** ^ / F/ *  Then'TTe

w i l l  s t a y ,  ^ w i l l  d r o p ,  and t h e n ,  s i n c e  t h e  

c i r c u i t  w i l l ,  c o n t a i n  a gap l a r g e r  than  any 

number i n  / s ' / 1 t h e  c i r c u i t  cannot  r e c o v e r  

F - s t a b i l i t y  and w i l l  be e x t i n g u i s h e d .

U1 <fc/F/ . D2 4 / F /  . (D1 4 - D 2 + D 3 ) C / F / .

Then (D^ T  D^) must be i n  / ? / [ s i n c e  ( f /  i s  an  

i n t e r v a l ) . must d r o p .  The c i r c u i t  w i l l  

r e c o v e r  F - s t a b i l i t y  w h e th e r  or n o t  p0 i s  a l s o  

d ro p p ed .

. b2 4 / ? f  . (Dx + D2 -f D3 ) < £ / F / .

L7^'must drop .  a l s o  drops  t h e  c i r c u i t ,

w i l l  be e x t i n g u i s h e d ;  i f  7 C  s u r v i v e s  u n t i l  i t

p a s s e s  t h e  p o i n t  a t  which V ^ d r o p p ed ,  t h e  c i r c u i t  

w i l l  r e c o v e r  F - s t a b i l i t y .  T h is  i s  t h e  o n l y  

i n d e t e r m i n a t e  c a s e ;  t h e  p r o b a b i l i t y  o f  r e c o v e r y  

must be computed:

The p r o b a b i l i t y  t h a t  i Q  l a s t  f i r e s  c e l l  i s

p M l - p ) .  The p r o b a b i l i t y  t h a t  p u l s e  ' i Q  s u r v i v e s  

t o  f i r e  t h i s  c e l l  i s  p ^ 1 , f o r 't Q  i s  c e r t a i n  t o

f i r e  c e l l s  N0 , Nx , . . . , ̂ e - l »  and it; w i l 1
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have  p r o b a b i l i t y  eef p of f i r i n g  each  o f  t h e  

r em a in in g  t + 1  c e l l s .  The t o t a l  p r o b a b i l i t y  t h a t  

*l(o w i l l  p asc  t h e  p o i n t  - t  w h i c h d r o p s  i s  t h e n

° °  +■ 4-4-1 0 0
H   ̂ qp * q p £  ( p 2 )t
o  o

-  p / i + p -

5 / 6 . 2 . 1  The r e s u l t s  o f  t h e  c a s e  a n a l y s i s  f a l l  i n t o  t h r e e  

g r o u p s .

A ) .  {C ase 3  I , I i , I l i a , IVs.) .  In each  c a s e  F-

s t a b i l i t y  i s  r e c o v e r e d .  In o r d e r  t h a t  one 

o f  t h e s e  c a s e s  a r i s e ,  t h e  p r o p o s i t i o n

/ ]  o r  Jd2 ^ / F /  and D ^ D ^ / p / j o r

D _ + i; ■+ n (Er 
_ 1  ~2 3

must h o l d .

B ) ,  (Case 3b) Here e x t i n c t i o n  i s  c e r t a i n .  The 

c o n d i t i o n  i s

( dx ̂  />; / ) .  ( d 2  <£ / ? / ) .  ( dx+-d3  / / ? / )

G),  (Case IVb) Here e x t i n c t i o n  o c c u r s  w i th

p r o b a b i l i t y  l - ( p / l + p )  =• l / (  1 + p ) .  The c o n d i t i o n  

i s  t h a t  none o f  o r  ^3  i n / ^ / *

The o c c u r r e n c e  o f  each  c a s e  depends  on t h e  l o c a t i o n  o f  

t h e  e x t r a  p u l s e  and on t h e  e x t e n t  o f  / f/ .  The form er  

d e t e r m in e s  t h e  v a l u e s  o f  and Dg* determ ined
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by t h e  l o c a t i o n  o f  t h e  p u l s e '# ' - 1 .  For a -riven / p / ,  

and a p a r t i c u l a r  f - s t a b l e  c i r c u i t ,  each l o c a t i o n  

(modulo r o t a t i o n )  may be s a i d  t c  have a v u l n e r a b i l i t y  

i n d e x  4 , 3 , o r  3 ( o r  0 , l , l / ( l + p ) ,  t h e  p r o b a b i l i t y  o f  

e x t i n c t i o n  i f  an e x t r a  p u l s e  were in t r o d u c e d  a t  t h a t  

p o i n t ) ,  i 'or ex a m p le ,  i f  / F /  c o n t a i n s  o n ly  t h e  

i n t e g e r s  6 and 7 ,  t h e n  t h e  f i g u r e  shows t h e  v u l n e r a b i l i t y  

i n d e x  a t  each  p o i n t :

(A) (C) (0)  (C) (0 )  (C) (A) (A) (C) (G) (C) (C) (A) (A)
A  A  A  A .  j i .  ' A  " A  A  X  1  A  A  X  A

t  t  f
iTy ( t  )

(Note  t h a t  i f  t h e  l e f t  hand p u l s e  were moved back t o  

t h e n  t h e  v u l n e r a b i l i t y  i n d e x  o f  N-j_ would change from  

(A) t o  ( 3 ) . )

Now i f  we i n t r o d u c e  a random e x t r a  p u l s e  i n t o  an 

F - s t a b l e  c i r c u i t ,  t h e n  we can compute t h e  p r o b a b i l i t y  

w i t h  which t h e  c i r c u i t  w i l l  be e x t i n g u i s h e d  i f  we can  

compute t h e  r e l a t i v e  numbers o f  p o i n t s  h a v in g  each  

v u l n e r a b i l i t y  i n d e x ,  i n  f a c t ,  i f  p/ l , p^, and a r e  

t h e s e  r e l a t i v e  numbers,  t h e  p r o b a b i l i t y  o f  e x t i n c t i o n  

w i l l  be j u s t  pB h  p C / ( l + p ) .

jHowever, i f  t h e r e  i s  a r e f r a c t o r y  p e r i o d ,  t h e n  i t  

i s  n o t  p o s s i b l e  t o  i n t r o d u c e  p u l s e s  i n t o  e v e r y  p o s i t i o n ;  

c e l l s  a r e  b l o c k e d  f o r  an i n t e r v a l  t o  t h e  l e f t  o f  each  

p u l s e .  The c o n d i t i o n  ( o f  A) t h a t  £  / ? /  i m p l i e s  t h a t  

t h e  e x t r a  p u l s e  i s  c l o s e  t o  t h e  l e f t  o f  a p u l s e  o f  t h e
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c y c l e ,  so  t h a t  t h e  r e f r a c t o r y  p e r io d  t e n d s  t o  p r e v e n t  

e x t r a  p u l s e s  from e n t e r i n g  - t  A - p o i n t s ,  s c  t h a t  t h e  

p r e s e n c e  c l  ■ r e f r a c t o r y  p e r i o d  w i l l  n o t  g r e a t l y  d e c r e a s  

t h e  e x t i n c t i o n  p o t e n t i a l  o f  a random e x t r a  p u l s e^j

5 / 6 . 2 . 2  Let  f ^  be t h e  f i r s t  i n t e g e r  i n  / F / ,  and f g  t h e  l a s t .

Let  Na (0 )  and Nj-,{0 ) be c o n s e c u t i v e  p u l s e s  i n  an F - s t a b l e  

c i r c u i t .  Then t h e - c o n d i t i o n  D ^ g / p /  w i l l  be s a t i s f i e d  

by t h e  f 2 - ’o+a c e l l s  t o  t h e  l e f t  o f  N^, h en ce  t h e y  w i l l  

be ,1A - c e l l s . n The c o n d i t i o n  D g ^ / F /  w i l l  be s a t i s f i e d  

by j u s t  t h e  b-a-f-j_ c e l l s  t o  t h e  r i g h t  o f  K&. These  may 

or  may n o t  be A - c e l l s ,  by c a s e  I l i a .  Now l e t  us  assume  

t h a t  f 2  < 2f]_. I f  t h i s  h o l d s ,  t h e n  no c o n d i t i o n  o f  t h e  

form 2 -Hi3 can h o l d , s i n c e  t h i s  would r e q u i r e  

t h a t  t h e  sum o f  two i n t e g e r s  o f  / ? /  be a l s o  i n  / ? / .

Then no o t h e r  c e l l s  can be A - c e l l s  th a n  t h o s e  m entioned  

a b o v e ,  e x c e p t  t h e  c e l l s  Na and t h e m s e l v e s .  Now 

sup p o se  t h a t  t h e  c y c l e  h a s  l e n g t h  n, and t h a t  t h e  

F - s t a b l e  p a t t e r n  has  k p u l s e s .  Adding a l l  around t h e  

c y c l e ,  t h e  t o t a l  number o f  l e f t  A - c e l l s  i s  k f ? -  n .

The number o f  r i g h t  A - c e l l s  i s  l e s s  t h a n  or  e q u a l  t o  

n - k f ^ . Adding t h e  k A - c e l l s  which c a r r y  t h e  p u l s e s  o f  

t h e  p a t t e r n ,  we have

Theorem I f  f ? <  2 f p ,  i . e . ,  / ¥ /  c o n t a i n s  no p a i r ( r , 2 r)
5/6 .2.2 -----

o f  i n t e g e r s ,  k i s  t h e  number o f  p u l s e s  i n  t h e

c v c l a  n i s  t h e  l e n g t h  o f  t h e  c y c l e .
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Then t h e  number o f  A - c e l l s  i s  l e s s  th a n  or  

a'lua.l t o

k! l + f 2 -  f p ,  f e n c e  p i <  *  U + f - j - f p

r u r t h e r m o r e , s i n c e  t h e  sp a c e  between p u l s e s  

must be a t  l e a s t  f-^, we have ^  and i t

f o l l o w s  t h a t

I t  f e l l o w s  t h a t  i f  / F /  i s  r e l a t i v e l y  s h o r t  compared 

w it h  / 0 / + / P i /  ( t h e  two e a r l i e r  p h a se s  o f  r e c o v e r y ) ,  

t h e n  pk i s  s m a l l .  The p r o b a b i l i t y  w i t h  which  a random 

p u l s e  w i l l  e x t i n g u i s h  a c t i v i t y  i s  b e t t e r  th an

i y
i + p .

T h is  e x t i n c t i o n  e f f i c i e n c y  m a y  t h e r e f o r e  be assumed t o  

be o f  an o r d e r  o f  m agnitude n o t  l e s s  th an  50$ .

5 / 6  . 2 . 3 .  A nother  v i e w p o i n t  toward t h e  r e s u l t  o f  theorem

5 / 6 . 2 . 2  i s  t h e  f o l l o w i n g ?

An e x t r a  p u l s e  can  f a i l  t o  e x t i n g u i s h  F - s t a b l e  

p a t t e r n  o n ly  i f  i t  can s e t  up a n o t h e r  F - s t a b l e  p a t t e r n ,  

o r - t h e  o r i g i n a l .  I f  / ? ’/  i s  narrow^; t h e n  i n  most c a s e s  

an e x t r a  p u l s e  w i l l  i n t e r f e r e  and e l i m i n a t e  t h e  p u l s e  

f o l l o w i n g  i t .  In t h i s  c a s e ,  i t  w i l l  no l o n g e r  be p o s s i b l e  

t o  r e e s t a b l i s h  t h e  o r i g i n a l  p a t t e r n .  But a s  was s een  i n  

5 / 4 . l . e ,  i f  / F /  i s  narrow t h e r e  w i l l  be o n l y  a few
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l e s s  l i k e l y  t i n t  th e  c i r c u i t  can r e c o v e r .

The va'rj.e c f  F was assumed t o  be unity  i n  t h i s  

s e c t i o n ,  i f  I i s  l e s s  th a n  u n i t y ,  t h e n  i n  e v e r y  c a s e ,  

t h e  p r o b a b i l i t y  a c i r c u i t  w i l l  be e x t i n g u i s h e d  s h o r t l y  

a f t e r  i n t r o d u c t i o n  o f  an e x t r a  p u l s e  can  o n l y  be i n 

c r e a s e d ,  hen ce  t h i s  a s s u m p t io n  c o u ld  n o t  weaken our

r e s u l t s .

As p o i n t e d  ou t  i n  5 / 6 . 2 . 1 ,  t h e  p r e s e n c e  o f  a 

r e f r a c t o r y  p e r i o d  makes i t  l e s s  l i k e l y  t h a t  a random 

p u l s e  can e n t e r  c e r t a i n  p o s i t i o n s  o f  t h e  c y c l e ,  and

h e n c e  may red u ce  t h e  f a c i l i t y  w i th  which c y c l e s  can be

e x t i n g u i s h e d  by n o i s e .  These  p o i n t s  form an i n t e r v a l  

t o  t h e  l e f t  o f  t h e  p u l s e  p o i n t s ,  and bonce  o v e r l a p  t h e  

i n t e r v a l  o f  ’ l e f t  A - c e l l s n o f  5 / 6 . 2 . 2 .  I t  can be  s e e n ,  

t h e r e f o r e ,  t h a t  i f  / O f  i s  i t s e l f  s h o r t  i n  d u r a t i o n ,  or  

o f  t h e  same o r d e r  o f  l e n g t h  a s  / F / ,  t h a t  t h i s  e f f e c t  

w i l l  n o t  be marked.

5 / 6 . 2 . 4  R e tu rn in g  to  t h e  d i s c u s s i o n  of  5 / 6 . 0 ,  i t  appears

t h a t  when F - s t a b l e  c y c l e s  a r e  embedded i n  n e t s  i n  which  

t h e r e  i s  a d d i t i o n a l  a c t i v i t y ,  or  " n o l s e , ^  t h e  e x t r a n e o u s  

p u l s e  e f f e c t  w i l l  be a major c o n t r i b u t o r  t o  e x t i n c t i o n l  

We w i l l  assume t h a t  t h e  r e l a t i v e  d u r a t i o n s  o f  t h e  

r e c o v e r y  p h a s e s  a re  such as  t o  f a v o r  t h i s  e f f e c t .

There i s  how ever ,  one f u r t h e r  o b s e r v a t i o n  an e x t i n c t i o n ,
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or  r e l u t e d  t o  e x t i n c t i o n ,  t h a t  w i l l  t e n d  t o  moderate  

t h e  n e c e s s i t y  t o  impose s t r o n g  c o n d i t i o n s  on t h e  r e c o v e r y  

s e q u e n c e .*  J-t may be n o t e d  t h a t  i n  c a s e s  I ,  I l i a ,  

and IYa, w h i l e  F’- s t  a b i l i t y  i s  r e s t o r e d ,  i t  i s  n o t  i n  

t h e  o r i g i n a l  p a t t e r n .  In  many ox t h e  a p p l i c a t i o n s ,  a 

change o f  p a t t e r n  may be e q u i v a l e n t  t o  e x t i n c t i o n .  In  

c a s e s  I and IVa t h e  number o f  p u l s e s  may bo changed  

( c e r t a i n l y  i n  I ) .  In  t h i s  e v e n t ,  t h e  a l t e r a t i o n  w i l l  

n o t  be r e v e r s e d  by t h e  e f f e c t  o f  th eo rem  5 / 4 .  2 . 3 ;  i n  

c a s e  I l i a ,  where t h e  p o s i t i o n  o f  a p u l s e  i s  s im p ly  

s h i f t e d ,  t h a t  e f f e c t  w i l l  t e n d  t o  r e s t o r e  t h e  e q u i l i 

brium p a t t e r n .

5 / 6 . 2 , 5  Suppose t h a t  f ¥ f  v a r i e s  from one c e l l  t o  a n o t h e r .

Let  / F / ^  be t h e  / F / - p h a s e  o f  c e l l  N^. Let I j  be t h e  

i n t e r v a l s  betw een  p u l s e s  i n  t h e  c y c l e .  Then i t  i s  e a s y  

t o  s e e  t h a t  t h e  p a t t e r n  can be F - s t a b l e  o n l y  i f ,  f o r  

each j ,

I - C l  I /F / j .

♦ N o t e .  N europhys io lc£Ie<s  1/^f . f o r  w i d e l y
sp a c ed  f i r i n g ,  i t  i s  n o t  t h e  c a s e  t h a t  / i /  i s  s h o r t  as  compared  
t o  / 0 / f / p i / .  H owever~ J f /  d oes  become s h o r t  (and may even v a n i s h )  
a f t e r  a f e w  c l o s e l y - s p a c e d  p u l s e s ,  and. i t  may be e x p e c t e d  t h a t  
t h i s  w i l l  o c c u r  s h o r t l y  a f t e r  i n i t i a t i o n  o f  F - a c t i v i t y .  F u r t h e r 
more, d u r i n g  t h e  same " f a t i g u e ” e f f e c t ,  t h e  l e n g t h  o f  / O / f / p ^ /  
i s  i n c r e a s e d ,  f u r t h e r  im p rov in g  t h e  f 2 - f l  r a t i o .

T l
The f a c t  t h a t  / & / ,  t h e  "subnormal” p h a se ,  i 3  q u i t e  lo n g  i n  

most n e r v e  i n c r e a s e s  t h e  p r o b a b i l i t y  o f  e x t i n c t i o n  i n  c a s e  IVb, <■ 
and improved our  r e s u l t .  A f u r t h e r  e f f e c t  o f  t h i s  p r o p e r ty  o f  
n e r v e  i s  t h a t  i f  a c y c l e  i s  e x t i n g u i s h e d ,  t h e n  i t  w i l l  be 
e x c e p t i o n a b l y  d i f f i c u l t  t o  s t a r t  i t  a g a in  f o r  an a p p r e c i a b l e  
f r a c t i o n  o f  a s e c o n d .
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In  p a r t i c u l a r ,  i f  f ] / F / ± i s  empty, no F - s t a b l e  

p a t t e r n  i s  p o s s i b l e .  I f  t h e  i n t e r s e c t i o n  i s  narrow  

compared t o  max ( f i ) i »  th e n  few F - s t a b l e  p a t t e r n s  a r e  

p o s s i b l e ,  and by t h e  argument o f  5 / 6 . 2 . 3 , e x t r a n e o u s  

p u l s e s  a r e  e f f e c t i v e  i n  e x t i n g u i s h i n g  F - s t a b l e  p a t t e r n s .

5 / 7 .  F - s t a b i l i t y  i n  random n e t s .

5 / 7 . 0  In  t h i s  s e c t i o n  we c o n s i d e r  c e r t a i n  a s p e c t s  o f  t h e

b e h a v i o r  o f  random n e t s ,  w i t h  p a r t i c u l a r  em p h as is  on 

t h e  forms o f  F - s t a b i l i t y .  The s t a t i s t i c a l  p a r a m e ter s  

o f  t h e  u n d e r l y i n g  n e t s  a r e ,  so  f a r  a s  p o s s i b l e ,  n o t  

s p e c i f i e d .  I n s t e a d  o f  a t t e m p t i n g  t o  d e s c r i b e  t h e  

b e h a v i o r  o f  any p a r t i c u l a r  n e t  o r  t y p e  o f  n e t ,  t h e  

a t te m p t  w i l l  be made t o  d e s c r i b e  v a r i o u s  k in d s  o f  e v e n t s  

t h a t  may occ t ir  in  any ( s u f f i c i e n t l y  c o m p l i c a t e d )  n e t .  

Knowledge o f  t h e  c o m p le te  s t r u c t u r e  o f  a n e t  would  

make i t  p o s s i b l e ,  i n  p r i n c i p l e ,  t o  make a co m p le te  c a t a l o g  

o f  i t s  b e h a v i o r ,  and t o  a s s e s s  t h e  prominence  i n  b e h a v i o r  

o f  t h e  t y p e s  o f  a c t i v i t y  which a r e  em phasized  h e r e .  

However, i n  any n o n - t r i v i a l  n e t ,  such c o m p u ta t io n s  

would b e ,  i n  g e n e r a l ,  enorm ously  c o m p l i c a t e d .  In  ray 

o p i n i o n ,  d e t a i l e d  a n a l y s i s  o f  a r e a s o n a b ly  c o m p l i c a t e d  

n e t  c o u ld  be made p r a c t i c a l  o n ly  th rou gh  t h e  u se  o f  

modern h i g h - s p e e d  c a l c u l a t o r s ,  and t h e  c a p a c i t y  o f  

p r e s e n t - d a y  m ach ines  would be s t r a i n e d  by a n e t  o f  more 

t h a n  a few  hundred c e l l s .  S p e c i f i c  q u e s t i o n s  about  

s p e c i a l  forms o f  b e h a v i o r  might be more e a s i l y  answered
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by c o m p u ta t io n ;  when i t  becomes c l e a r e r  what  

q u e s t i o n s  a r e  t o  be a s k e d ,  t h i s  form o f  a t t a c k  may seem 

more r e a s o n a b l e .  For t h e  p r e s e n t ,  e x i s t e n t i a l  and  

c l a s s i f i c a t i o n  argum ents  w i l l  have  t o  s u f f i c e .

5 / 7 . 1  L et  N be a random n e t  composed o f  c e l l s  and

c o n n e c t i o n s  w hich  w i l l  remain u n s p e c i f i e d .  ve w i l l  

n o t  assume t h a t  each  h as  t h e  same r e c o v e r y  s e q u e n c e .

Assuming t h a t  F - s t a b i l i t y  w i l l  be o f  pr imary  i n t e r e s t ,  

t h e  f o l l o w i n g  approach might  be  a t t e m p te d :  The n e t

can  be r e g a r d e d  a s  s u p p o r t i n g  a s e t  3 o f  p o t e n t i a l  

F - s t a b l e  c y c l e s ,  i . e . ,

C € - 3  i f  C . . . , N c ^ J j i s  a c y c l e ,  and

f l  / F / j  4  0 .  ( 3 e e  6 / 2 . 4 )  ( 1 )

One c o u ld  t h e n  a t t e m p t  an a l g e b r a i c  t h e o r y  o f  t h e  

■ r e l a t io n s  betw een  t h e  e l e m e n t s  o f  3 .  C o n c e i v a b l y ,  

t h i s  c o u l d  l e a d  t o  a n o t h e r  network t h e o r y ,  i n  which  

t h e  c e l l s  a r e  t h e  F - s t a b l e  c y c l e s  o f  N. T h i s  would  

be v e r y  d e s i r a b l e ,  i n s o f a r  a s  t h e  F - s t a b l e  c y c l e s  a r e  

i n  a n a t u r a l  way f u n c t i o n a l  e l e m e n t s  o f  t h e  b e h a v i o r  

o f  N , e . g . , i f  a t t e n t i o n  i s  t o  be c o n c e n t r a t e d  on s u s t a i n e d  

forms o f  a c t i v i t y .

In  my o p i n i o n ,  such an a l g e b r a i c  ( o r  s e t - t h e o r e t i c ) 

approach  would not  be f e a s i b l e  i n  n e t s  whose c o n n e c t i o n s  

a re  p r e d o m in a n t ly  o f  t h e  m u l t i p l e - t h r e s h o l d  t y p e .  In  

such n e t s  (and presumably  t h e  n ervou s  sy s t e m  i s  o f  t h i s
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t y p e )  t h e  e l e m e n t s  o f  s u s t a i n e d  a c t i v i t y ,  which may 

'well  be F - s t a b l e  p a t t e r n s ,  w i l l  n e t  be s im p le  c y c l e s  

i n  g e n e r a l ,  but  w i l l  i n c l u d e  more g e n e r a l  forms o f  

o r i e n t e d  g r a p h s ,  and t h e  r e l a t i o n s  between t h e s e  graphs  

w i l l  be e x c e e d i n g l y  co m p lex .  The graphs  t h e m s e l v e s  

can be examined by q u a l i t a t i v e  methods i n  many c a s e s ,  

and some a p p r o a c h e s  a r e  i n d i c a t e d  b e lo w .

a r b i t r a r y  c e l l  K a s  an i n p u t  c e l l ,  and l e t  K be f i r e d  

(from o u t s i d e  t h e  n e t )  a t  t i m e s  t ^ j t g i  • • •

K s e n d s  f i b r e s  t o  o t h e r  j u n c t i o n s .  Not a l l  o f  t h e s e  

can n e c e s s a r i l y  be f i r e d  by K, f o r  t h e  o t h e r  j u n c t i o n s  

may r e q u i r e  m u l t i p l e  s i m u l t a n e o u s  s t i m u l a t i o n .  However,  

i f  J i s  a j u n c t i o n  t h a t  can be f i r e d  by K a l o n e ,  th e n  

i t  w i l l  be f i r e d ,  e v e n t u a l l y .  J w i l l  f i r e  r e g u l a r l y  

i n  r e s p o n s e  t o  t h e  s t i m u l a t i o n  from K on ly  i f  some 

c o n d i t i o n  n  if®

In  such  a c a s e ,  we s h a l l  say  t h a t  T'J i s  r e c r u i t e d  i n t o  

F - a c t i v i t y  by S , fl J and K i n  t u r n  may r e c r u i t  more c e l l  

and a r e g u l a r l y  f i r i n g  p a t t e r n  may grow out  from K.

The s t a t i s t i c a l  p a ra m eters  o f  t h e  n e t  w i l l  d e term in e  

t h e  b e h a v i o r  o f  t h i s  p a t t e r n .

5 / 7 . 2 Suppose t h a t  t h e  n e t  N i s  q u i e t  f o r  t < 0 .  Choose an

i s  s a t i s f i e d .
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5 / 7 . 2 . 1  D e f i n i t i o n : Suppose  t h a t  a t  t im e  t  ~  t Q, t h e  p r o p e r t i e s

o f  e v e r y  c e l l  a r e  changed so t h a t ,  ̂ f t e r  t ^ ,

P — and F =  1 .  i . e . ,  t h e  t r a n s -  \

m i s s i o n  p r o b a b i l i t i e s  are  aero  e x c e p t  when t h e  

c e l l s  a r e  i n  / F / ,  and th e n  t h e  p r o b a b i l i t i e s  

a r e  1 .  And l e t  t h e  o u t s i d e  s t i m u l a t i o n  be  

c o n t i n u e d .  Then t h e  s u b n e t  which  rem a in s  

a c t i v e  w i l l  be c a l l e d  t h e  "F-graph o f  N a t  t im e  

t 0>” o r  " F ( t p ) - g r a p h  o f  M." i n  t h e  p r e s e n t

c a s e ,  where o n l y  t h e  c e l l  K i s  s t i m u l a t e d ,  we 

w i l l  r e f e r  t o  t h i s  sub n et  a s  F ^ ( t o ) .

T h is  d e f i n i t i o n  i s  f a r  from s a t i s f a c t o r y ;  t h e  term  

"remains a c t i v e "  i s  n o t  w e l l  d e f i n e d .  ^ f  K i s  s t i m u l a t e d  

a t  a f i x e d  f r e q u e n c y ,  t h e n  a t  some t im e  a f t e r  t h e  above  

change i n  c e l l  p r o p e r t i e s ,  t h e  a c t i v i t y  w i l l  become 

p e r i o d i c ,  and t h i s  p e r i o d i c  p a t t e r n  might be  a good  

r e f e r e n t  o f  F ^ ( t ) J .  In  any c a s e ,  FK( t )  i s  supposed  t o  

r e p r e s e n t  a measure o f  t h e  e x t e n t ^ » f  F - a c t i v i t y  i n  t h e  

n e t  a t  t im e  t .  (The f o r m a l  a l t e r a t i o n  o f  t h e  t r a n s m i s s i o n  

p r o p e r t i e s  i s  n o t  an o p e r a t i o n  a c t u a l l y  p rop osed  f o r  

n e t s ;  i t  r e p r e s e n t s  a f o r m a l  o p e r a t i o n  o f  " f r e e z i n g "  

j u s t  t h a t  a c t i v i t y  t h a t  r e s e m b l e s  F - s t a b i l i t y ,  f o r  

d e f i n i t i o n a l  p u r p o s e s . 1

5 / 7 . 2 . 2  Let  K be f i r e d  a t  t i m e s  t^  (as  i n  5 / 7 . 2 ) .  Then

each c e l l  o f  FK( t )  must s a t i s f y  a c o n d i t i o n  l i k e  t h a t

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5 - 5 1

o f  5 / 6 . 2 . 4 . I f  I j  -  ~ th e n  f o r  each  j ,

must h o l d  i n  o r d e r  t h a t  %  be a member o f  FK( t ) „  Thus  

each  s t i m u l a t i o n  spectrum  ( t h e  s e t  o f  i n t e r v a l s  b e tw een
tOH MClJlw/'C'

• ■ p u l s e s  o f  t h e  s t i m u l a t i o n )  d e t e r m in e s  a sub n et  o f  c e l l s  

f o r  each  o f  w h ic h ,  / F /  c o n t a i n s  t h e  spe ctru m .  And each  

F ^ ( t )  must l i e  i n  such  a s u b n e t . * I f  / l ?/  i s  narrow f o r  

e a ch  c e l l ,  t h e n  f o r  d i f f e r e n t  s t i m u l a t i o n  f r e q u e n c i e s ,  

t h e  domains o f  p o s s i b l e  F - a c t i v i t y  w i l l  be d i s t i n c t .

NOTE: The n e t s  o f  t h e  b r a in  c o n t a i n  many m o r p h o l o g i c a l l y

d i s t i n c t  t y p e s  o f  n e u r o n s ,  i n  a common ( s p a t i a l l y )  

n e t .  I t  i s  l i k e l y ,  t h e n ,  t h a t  t h e  b r a i n  c o n t a i n s  c e l l s  

w i t h  w i d e l y  v a r y i n g  r e c o v e r y  s e q u e n c e s .  For d i f f e r e n t  

s t i m u l a t i o n  s p e c t r a ,  more o r  l e s s  d i s t i n c t  s u b n e t s  

w i l l  become F - a c t i v e ,  and i t  i s  c o n c e i v a b l e  t h a t  t h e s e  

s u b n e t s  might  f u n c t i o n  more or  l e s s  i n d e p e n d e n t l y ,  a s  

" s u b - b r a i n s . ” T h i s  i d e a  w i l l  be f u r t h e r  d e v e lo p e d  i n  

c h a p t e r  6 ,  where a r e i n f o r c e m e n t  t h e o r y  f o r  F - a c t i v i t y  

i s  i n t r o d u c e d .  In  t h i 3  t h e o r y ,  i t  i s  p o s s i b l e  t o  a p p ly  

r e i n f o r c e m e n t  i n d e p e n d e n t l y  t o  t h e s e  s u b n e t s .  When any  

g i v e n  sub n et  i s  a c t i v e ,  t h e  a c t i v i t y  o f  t h e  o t h e r s  

c an n ot  i n t e r l o c k  w i t h  i t  i n  a r e g u l a r  p a t t e r n ,  and each  

w i l l  be a s o u r c e  o f  n o i s e  t o  t h e  o t h e r s .  S i n c e ,  i n  

t h e  t h e o r y  o f  c h a p t e r  6 ,  c o n t r o l  o f  n o i s e  w i l l  im ply  

c o n t r o l  o f  r e i n f o r c e m e n t ,  t h i s  means t h a t  our random

^ E x c e p t io n s  t o  t h i s  a re  n o te d  i n  5 / 7 . 2 . 6 .
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n e t s  c o n t a i n ,  i n  p r i n c i p l e ,  th e  b a s i c  m a t e r i a l s  f o r  

h i g h l y  c o m p l i c a t e d  i n t e r d e p e n d e n t  r e i n f o r c e m e n t  

s y s t e m s .

5 / 7 * 2 . 3  The growth o f  F'"(t) p r o c e e d s  t h r o u g h  t h e  ’’r e c r u i t m e n t ”

i n t o  F - a c t i v i t y  o f  c e l l s  on t h e  f r i n g e  o f  t h e  p a t t e r n  

a t  any t i m e .  Only c e l l s  whose / f /  phase  c o n t a i n s  t h e  

s t i m u l a t i o n  sp ec tru m  can be r e c r u i t e d ,  w h i l e  c e l l s  may 

be added t o  t h e  p e r i p h e r y  o f  F ^ ( t ) ,  o t h e r  c e l l s  

a l r e a d y  i n  F ^ ( t )  may drop o u t  o f  t h e  p a t t e r n .  There  

a r e  a number o f  ’ways i n  w hich  p a r t s  o f  t h e  F - a c t i v e  

p a t t e r n  can be l o s t .

1 ) .  Cess  t i o n  o f  s t i m u l a t i o n .  I f  K i s  p r e v e n t e d  

from f i r i n g ,  t h e n  a l l  c e l l s  o f  F ^ ( t )  w i l l  drop out  o f  

t h e  p a t t e r n  e x c e p t  t h e s e  'which remain a c t i v a t e d  by 

F - s t a b l e  c y c l e s ,  i f  t h e r e  a r e  any i n  F'v( t ) ,  or  i f  any 

form b e f o r e  a c t i v i t y  c e a s e s .

2 ) .  F - f a i l u r e .  I f  F i s  n o t  u n i t y  t h e n  p a r t s  o f  

t h e  p a t t e r n  a r e  c e r t a i n  t o  f a i l  e v e n t u a l l y .

L in  a t h e o r y  o f  F - a c t i v i t y  i n  n e t s ,  a n o t i o n  o f  

dependency can be d e f i n e d ;  a p a r t  P o f  an F - a c t i v e  

p a t t e r n  can be s a i d  t o  depend on a c e l l  C o f  t h e  p a t t e r n  

i f  F - f a i l u r e  o f  C c a u s e s  t h e  l e s s  o f  t h e  part- P.

S i m i l a r l y ,  each  l o c a t i o n  o f  t h e  p a t t e r n  may be s a i d  t o  

have a v u l n e r a b i l i t y  in d e x  w i th  r e s p e c t  t o  P, r e p r e s e n t i n g  

t h e  p r o b a b i l i t y  t h a t  P w i l l  f a i l  i f  an e x t r a  p u l s e  i s  

i n t r o d u c e d  a t  G . \
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3 ) .  H f f s c t  o f  e x t r a  p u l s e s .  The growth o f  F ^ ( t )  

nay c a u s e  p.--rt.rr. o f  i t s e l f  t o  f o i l  by d i r e c t  i n t e r 

f e r e n c e .  The n e x t  few paragrap h s  e r e  ex a m p le s .

5 / 7 . 2 . k  As new c e l l s  are  r e c r u i t e d  i n t o  t h e  F-graph o f  K, 

t h e  c o n n e c t i v i t y  o f  t h e  p a t t e r n  may c h a n g e .  I t  would  

seem th.?t whenever an i n c r e a s e  o f  c o n n e c t i v i t y  o c c u r s

Let  Fr‘ (T ) h ave  t h e  form shown i n  F i g .  1 ,  where each  

d e p i c t e d  c e l l  i s  i n  FA(T) e x c e p t  t h e  c e l l  J n . Then 

when (and i f )  Jn i s  r e c r u i t e d  i n t o  t h e  p a t t e r n  one o f  

t h e  f o l l o w i n g  w i l l  r e s u l t .  (Assume t h a t  F^l f o r  

s i m p l i c i t y ;  t h e  e f f e c t s  o f  an F - f a i l u r e  are  o b v i o u s . )

I .  I f  t h e  p u l s e s  a r r i v i n g  a t  J-, from t h e  l o o p  a re  in  

c o i n c i d e n c e  w i t h  t h e  p u l s e s  a r r i v i n g  from J q a t  a l l  

t i m e s ,  no p a r t  o f  t h e  p a t t e r n  w i l l  be l o s t .  In f a c t ,  

t h e  p a r t s  o f  t h e  p a t t e r n  p r e v i o u s l y  dependent  on Jq 

w i l l  no l o n g e r  be so ;  f a i l u r e  o f  K or  o f  any p ar t  o f  t h e  

p a t t e r n  b e f o r e  -Jq w i l l  not  c a u s e  t h e  p a r t  a f t e r  Jq 

t o  be l o s t .  Hence such a l o o p  w i l l  t e n d  t o  i n c r e a s e  

t h e  s t a b i l i t y  o f  t h e  p a r t  dependent  on J q .  Mote 

h o w ev er ,  t h a t  t h e  c o n d i t i o n  f o r  t h i s  t o  happen i s  r a t h e r

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5 - 5 4

s t r o n g ;  K must f i r e  nt  r e g u l a r  i n t e r v a l s ,  o r  i n  a 

se q u e n c e  p e r i o d i c  w i th  p e r i o d  n .

I I .  I f  t h e  p u l s e s  a r r i v i n g  n t  from J Q a r e  n o t  

c o i n c i d e n t a l  w i t h  t h o s e  from J q , t h e r e  a r e  s e v e r a l  

c a s e s .  I f  th e  p u l s e s  from t h e  l o o p  a r r i v e  d u r in g  t h e  

r e f r a c t o r y  p e r i o d  o f  t h e y  w i l l  have  no e f f e c t ,  ( a l 

though  t h e y  m ight  s e r v e  t o  s t a b i l i z e  t h e  sy s t e m  i n  t h e  

c a s e  o f  l a t e r  J o - f a i l u r e ) .  I f  t h e y  a r r i v e  a t  any o t h e r  

p h a se  o f  J-  ̂ t h e y  w i l l  have  a marked e f f e c t  on t h e  

s y s t e m . .  For i f  t h e y  a r r i v e  i n  / p i / ,  t h e y  w i l l  a c t  as  

e x t r a n e o u s  p u l s e s ,  and as  a s t e a d y  s u p p ly  o f  them!

Hence both t h e  l o o p ,  and e v e r y t h i n g  dependent  on i t ,
J  i ’i n c l u d i n g  G and GJ , w i l l  be l o s t ,  ( w i th  p r o b a b i l i t y  

1 ,  s i n c e  e x t r a  p u l s e s  a r e  i n j e c t e d  u n t i l  f a i l u r e  o c c u r s ) .

Cn t h e  o t h e r  hand, i f  t h e  l o o p  p u l s e s  a r r i v e  when J^ 

i s  i n  / F / - p b a s e ,  t h i s  d oes  no t  imply  t h a t  t h e  sy s te m  

i s  u n d i s t u r b e d .  For t h e  a c t i v i t y  o f  t h e  p a t t e r n  

p r e v i o u s l y  d ependent  on Jq i s  t h e n  d e p e n d e n t •cn t h e  

autonomous c y c l e .  And t h e  s t i m u l a t i o n  a r r i v i n g  a t  J^ 

from K v i a  Jq p l a y s  t h e  r o l e  o f  e x t r a n e o u s  p u l s e s ,  and 

i s  l i k e l y  t o  e x t i n g u i s h  t h e  c y c l e ,  s i n c e  t h e  e x t r a  

p u l s e s  a g a in  a re  s u p p l i e d  u n t i l  (and a f t e r )  e x t i n c t i o n  

o c c u r s  I Fven i f  t h e  c y c l e  and t h e  s t i m u l a t i o n  a r e  a b l e  

t o  r e t u r n  t o  synchrony  a t  a l a t e r  t i m e ,  t h e r e  w i l l  be a 

t r a n s i e n t  d i s t u r b a n c e  t h a t  rrhlHj c a u se  t h e  l o s s  o f  G 

and G° * i f  J and J f have s h o r t  / F / - p h a s e s ,  o r  i f  GJ
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find 0 '  t h e m s e l v e s  c o n t a i n  autonomous cy c le s  w hich  are  

synchronous with t h e  s t i m u l a t i o n .  I f  t h e  s t i m u l a t i o n  

and the cyc le  have in d e p e n d e n t  f r e a p ie m c ie s ,  t h e n  t h e  

extra pulses  ' -r il l  appear a t  a l l  phases o f  t h e  r e c o v e r y  

e y c l e  c f  Fven i f  f a i lu r e  o f  the c y c l e  d o es  not

o c c u r  i m m e d i a t e l y ,  w i l l  be a l t e r n a t e l y  dominated by 

c y c l i c  and by s t i m u l a t o r y  pulses ,  and each  t im e  t h e  

t r a n s i t i o n  o c c u r , a t r a n s i e n t  d i s t u r b a n c e  w i l l  be  

t r a n s m i t t e d  t o  and Ĝ "1*

Thus i t  i s  s e e n  t h a t  t h e  i n c o r p o r a t i o n  i n t o  

PK( t )  o f  a su b n et  w h ic h ,  i n  i t s e l f ,  i s  p o t e n t i a l l y  Te

s t a b l e ,  d o e s  n o t  im p ly  t h a t  Pfv( t )  h a s  i t s e l f  become l e s s  

f r a g i l e . 3uch an i n c l u s i o n  may p r o v id e  a c o n t in u o u s  

s o u r c e  o f  d i s t u r b a n c e s  t o  i t s e l f ,  and t o  o t h e r  p a r t s  

o f  ? ^ { t ) ,  and i n  g e n e r a l  would seem t o  r e d u c e  t h e  

s t a b i l i t y  o f  t h e  t o t a l  p a t t e r n .

5 / 7 . 2 , 5  Another way i n  w hich  c o n n e c t i v i t y  may be increased i s  

d e p i c t e d  i n  Fi  .. 2:

l<

—  V

cr J *>—

w

I f  m and n are the lengths o f the two paths from Jq 

to J,  then J ( t )=̂ > k f m ~ l ) .  J ^ ^ t + n - l ) .  I f  m -  n

there i s  no e f f e c t  onG** when the second path i s  recruited
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i n t o  f'A ( t ) .  O th e r w is e ,  i n  g e n e r a l ,  e x t r a  p u l s e s  

w i l l  he i n t r o d u c e d  i n t o  G' ,̂ and l o s s  f  o f  t h a t  p a t t e r n  

may o c c u r .  ( A l s o ,  i n  g e n e r a l ,  t h e  i n t e r v a l  spectrum  

o f  a c t i v i t y  i n  th e  net  w i l l  be b r o a d e n e d . )

5 / 7 . 2 . 6  I f  s t i m u l a t i o n  o f  K i s  r e g u l a r ,  w i t h  i n t e r v a l s  d,

and i f  i t  happens  t h a t  m -  n 3 , d/ 2  mod (d) t h e n  p u l s e s  

w i l l  a r r i v e  a t  J a t  r e g u l a r  i n t e r v a l s  o f  d / 2 ,  In  t h i s  

c a s e ,  J may i n i t i a t e  a n o t h e r  p a t t e r n  o f  F - a c t i v i t y  in  

t h e  n e t ,  F ( t )  which o p e r a t e s  a t  t h e  d o u b led  f r e q u e n c y , 

and i s  composed o f  c e l l s  from a domain d i f f e r e n t  from 

t h a t  o f  F ^ l t )  ( dee  5 / 7 . 2 . 2 ) .  A lthough F^ ( t )  and F**(t) 

may  n e t  be a b l e  t o  share  t h e  same c e l l s ,  t h e y  may each  

a c t  a s  a n o i s e  s o u r c e  f o r  t h e  o t h e r ,  and p erh ap s  i n t e r 

f e r e  u n t i l  one i s  d e s t r o y e d .  I t  i s  through  e v e n t s  o f  

t h i s  t y p e  t h a t  a c t i v i t y  may a r i s e  in. a spectrum  domain 

w i t h o u t  p r i o r  s t i m u l a t i o n  by p a t t e r n s  w i t h i n  t h a t  

i  n t o r v e 1  s pe c tru m .

5 / 8 . 0  MULTI JIT Bbh PATTERNS

Although t h e  a d d i t i o n  o f  p o t e n t i a l l y  F - s t a b l e  

p a t t e r n s  t o  an F-graph d o es  no t  n e c e s s a r i l y  r a i s e  i t s  

s t a b i l i t y ,  a s  was i l l u s t r a t e d  i n  5 / 7 . 2 . 5 » t h e r e  may be 

s p e c i a l  c a s e s  i n  which c o u p le d  c i r c u i t s  may a t t a i n  a 

h ig h  d e g r e e  o f  i n v u l n e r a b i l i t y  t o  e x t r a n e o u s  p u l s e s .

5 / 8 . 1  C o n s id e r  t h e  c a s e  o f  two c y c l e s  w i th  a common 

c h a i n .  ( F i g .  5 / 8 . 1 )
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^ 3

There a r e  v a r i o u s  c o n d i t i o n s  under which such a n e t  

can become F - s t a b l e .  The s i m p l e s t  c o n d i t i o n  i s  t o  l e t  

t h e  a c t i v i t y  be s y m m e tr ic a l  about  t h e  common c h a i n .

Wow c o n s i d e r  t h e  e f f e c t  o f  i n t r o d u c t i o n  o f  an e x t r a  

p u l s e .  There a r e  two c a s e s :

i .  j .f  t h e  e x t r a  p u l s e  i s  i n t r o d u c e d  i n t o  a c e l l  

o f  t h e  common c h a i n ,  o r  i f  i t  i s  i n t r o d u c e d  

i n t o  a s i d e  c h a i n ,  but r e a c h e s  t h e  common 

c h a in  b e f o r e  i t  d i s a p p e a r s ,  t h e n  t h e r e  i s  a 

h igh  p r o b a b i l i t y  t h a t  a l l  a c t i v i t y  w i l l  be 

e x t i n g u i s h e d ,  a s  i f  e x t r a  p u l s e s  were i n t r o d u c e d  

i n t o  s e p a r a t e  c y c l e s .  {The p r o b a b i l i t y  o f  

c o m p le te  e x t i n c t i o n  i s  n o t ,  however ,  a s im p le  

f u n c t i o n  o f  t h e  p r o b a b i l i t y  i n  t h e  s i n g l e  c y c l e s  

c a s e .  )

i i .  I f  t h e  e x t r a  p u l s e  i s  in t r o d u c e d  i n t o  one o f

t h e  s i d e  c h a i n s ,  and d o e s  n o t  reach  t h e  common

c h a i n ,  t h e n  t h e  o t h e r  lo o p  v / i l l  remain F - a c t i v e ,

and may r e a c t i v a t e  t h e  l o o p  i n  which f a i l u r e
t r j

o c c u r r e d .  A l o n g  1 3 1 -p h a s e  would  make t h i s  l e s s  

l i k e l y ,  dee f o o t n o t e  ( 5 / 6 . 2 . 4 ) .

l >3
,v#"

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5 / 3 . 2  I f  a c i r c u i t  c o n t a i n s  s e v e r a l  l o o p s ,  t h e  c o n d i t i o n s

under  which a s i n g l e  e x t r a  p u l s e  w i l l  c a u se  t o t a l  

e x t i n c t i o n  become more r e s t r i c t e d .  (So do t h e  c o n d i t i o n s  

on t h e  n e t  f o r  F - s t a b i l i t y  t c  be p o s s i b l e . )  In t h e  c a s e  

( F i g .  5 / 3 . 2 )  o f  t h r e e  c y c l e s  w i t h  tw o  common c h a i n s ,  an 

e x t r a  p u l s e  would  ha v e  t o  p r o p a g a t e  through a d i s t a n c e  

o f  t h e  o r d e r  o f  a f u l l  c y c l e  i n  o r d e r  t o  e n t e r  a l l  

t h r e e  l o o p s .  (The dh.tted l i n e s  r e p r e s e n t  t h e  t r a j e c t o r y

o f  a t y p i c a l  e x t r a  o u l s e

I t  i s  i n t e r e s t i n g  t h a t  t o t a l  e x t i n c t i o n  i n  such

n e t  would  seem t o  be f a v o r e d  by r e l a t i v e l y  h ig h  v a l u e s  

o f  t r a n s m i s s i o n  p r o b a b i l i t y  i n  p h a s e s  o t h e r  t h a n  /?«'/, 

i n  o r d e r  t o  f a c i l i t a t e  th o  e n t r y  o f  an e x t r a  p u l s e  i n t o  

each  l o o p  o f  t h e  c i r c u i t .

t v e n  i f  t h e  e x t r a  p u l s e  d o e s  n o t  p ro p a g a te  i n t o  o t h e r  

l o o p s ,  i f  l o o p  1 r e c o v e r s  F - s t a b i l i t y  i n  a d i f f e r e n t  

p a t t e r n ,  i t  i s  l i k e l y  t o  i n t e r f e r e  w i th  and e x t i n g u i s h  

t h e  a d j a c e n t  l o o p .

5 / 3 . 3  w i t h  s m a l l  v a l u e s  o f  / p ^ /  and / p / ,  i t  might seem a

c i r c u i t  w i t h  many co u p led  l o o p s  m ight  be so  s t a b l e  t h a t  

i t  m ight  become a r e l a t i v e l y  permanent p a r t  o f  a n e t ,  or  

even  t h a t  a random n e t  might a s se m b le  i t s e l f  i n t o  a
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c o l l e c t io n  of  s tab le  subnets, ;..uch r net would not be 

useful  ? n t ’ in t h e o r y , ) Tuch on eventuality  does not 

seem too l i k e l y ,  for  s id e -ch a in s  w i l l  tend to grow out 

from any F -ac t ive  c i r c u i t ,  ond i f  a side chain becomes 

re-entrant ,  i t  i s  more l i k e l y  to  be destruct ive  than 

s t a b i l i z i n g ,  ( in sec t ion  5/9 the growth of  s ide chains  

i s  further examined.)

However, i t  would SG'Ct.-U the extent of  the  growth

of  autonomous i - s t a b l e  subnets w i l l  depend greatly  on 

the s t a t i s t i c a l  parameters of  the underlying n e ts ,  and 

i t  i s  not impossible  that in  part icu lar  n ets ,  such 

’’Multi-stable'* patterns might tend to gro-w and dominate 

the net with u s e le s s  massive periodic a c t i v i t y .  I f  

t h i s  happens t  O 0 o the case fo r  the random nets  of  the 

brain, then i t  i s  necessary to provide a dependable way 

of removing such massive a c t i v i t y .  The fo l low ing  pro

posals  su g g es t •ways in which t h i s  could bo done. They 

are based on the prov is iona l  hypothesis that the c o r t i c a l  

nets are such, that  there i s  a tendency for  m ult is tab le  

patterns to  become ex ten s ive .  I f  t h i s  i s  not the case,  

then the proposals and in terp re ta t ion s  ere not necessary,  

fThe behavior of the cortex in e p i l e p t i c  (and perhaps 

migraneous) se izu res  may in d ica te  that the cor tex  has 

tbs  p o te n t ia l i t y  of  operating in  a p e rs i s ten t  massive 

synchronous manner under some condit ions,  although thess  

patterns might a lso  derive from abnormal subcort ica l  

a c t i v i t y . )
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O UQC Liutii-i i - t  J.H, \
< CX i/j..£>GG*iL Gj -iOCi X 'OiiOtiS

act-iyicy ccui^ Ow eii.ain./teu IT an ndaitiGnal synaptic

p O o u u i . . . ; C w  C x  w..-w » C ' l i 0 7 . i r i o  HX o GGX*G i7;u.C.3G.« XHG f x  f

pii'̂ .GG Ox  a iG; '\xii C G X G £i ‘sj t£ C G ill G G S.iGi’twi’j G-1T VnnaSXiSSj a f te r  

ci sux. i  -t.cx Oil long pe.̂  iOu o j. x. requeue w ran-smi s s io n . ’*

U or pxOw‘wi.i'w pm poses,  an equxva-Lent postvijGite woula 

have the value oh i? become smaller ,  rather than have 

the duration o f  /!•'/ oecome s h o r t e r . )

ducii a postu late  has a d e f in i t e  analogue in the 

known behavior of rea l  nerve f ib r e s .  The supernormal 

period i s  known to  shorten end vanish a f te r  s u f f i c i e n t l y  

long periods o f  st im ulat ion  at n u i f i c io n t ly  high frequen

c i e s .  (Joe e . g . ,  f a i to n  plG5» f i g .  12 .)  had t h i s  

e i i e c t  i s  go served at j. roquonciss waosp period l i e s  in  

the (or ig in a l )  F-pha.;e, so that  the analogy seems 

p la u s ib le .

Ixternal asynchronous s t im u la t io n .” h m ult is tab le  

pattern w i l l  n ece s sa r i ly  operate in a narrow pulse  

in te r v a l  spectrum. An e x t in c t io n  process could 

operate.through the simple medium of a massive d i s 

charge in to  the cortex at a d i f feren t  frequency, or 

even s s in g le  occasional b la s t  o f  n o ise .

( I t  i s  conceivable that  ex t in c t ion  processes are not 

always adequate in the brain, and that in some brains, 

the parameters of the net are (or become I) such that 

growth o f m ult is tab le  subnets become a seriou s
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d ~ b .L

patho log ica l  problem. The e f f e c t  of  m e d ic a l  

■'shoe':’’ trc .t.a nits :I...ht conceivably be re su l t  of  

...octi action o. tnese subnets; in the case of e l e c t r i c a l  

shcce b_ introauction  ex' a massive discharge of  extraneous  

p u l s e s ; in tno c toe of  cnonical shoe':, by the a l t e r a t io n  

of ties: synaptic parameters in such a cay as to  change 

t;.e e x c i a o  1.1 j. v v px’upert-i.es ana -';i i o  tne pntnologxcul  

m ult is t  a b l e  put to m s  untenable*) -*ny noise  l e v e l  

s u n  i c i e n t  oo o x t s . i i  m u lt is ta o le  patterns w i l l  a lso  

be s u f f i c i e n t  to  extinguish ordinary F -s tab le  cy c le s .  

Antic ipating the arguments of  chanter 6, i f  memory i s ,  

in  part,  due to  the consol idat ion  o f  previously F-act ive  

c i r c u i t s ,  t ’ on ex t in ct ion  as a resu lt  of  raassive d is 

c h a r g e s ,  o r  ' ' 3 : o c h , v would a l s o  tend bo p ro d u ce  the 

rcoro^i-.'-U:w nun.'..si.: wli-.cu xs u ... e . .i.lxxar sec.iu.el t o  

e l e c t r i c  o r  t r a u m a t i c  s l o c k .

. iath.odolo a lea l  n o te . I t  i s  frequently  asserted that

i t  i s  premature, end hence undesirable ,  to  speculate

about the nature of  psychologica l  and psyehopathological

phenomena on the b as is  of an unostablishsd  theory.

(This a t t i tu d e  .represents, in  my opinion, a reaction

a g a in s t ' th e  wave of  inadequate "mechanistic" theor ies  »*-> —

of the early twentieth century. I t  i s  unfortunate  

that t h i s  a t t i tu de  should p e r s i s t  in the present time, 

for "mechanistic" theories  are in the process of  becoming, 

in  my opinion, v a s t ly  more sop h is t ica ted  than the
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"dynamic" t h e o r i e s  o f  p r e s e n t - d a y  p s y c h o l o g y ) .  In  a l l  

b ra n ch es  o f  s c i e n c e ,  i t  i s  im p o r ta n t  t o  exam ine t h e  

p o s t u l a t e s  o f  a t h e o r y .  But ev en  when t h e y  have n o t  

b een  p r o v e n ,  i t  i s  cu stom ary  t o  e n t e r t a i n  h y p o th e s e s  

p r o v i s i o n a l l y  i f  t h e y  show p ro m ise  t h a t ,  once e s t a b l i s h e d ,  

t h e y  w i l l  p r o v id e  c o n v e n ie n t  e x p l a n a t i o n s  o f  t h e  b e h a v io r  

o f  t h e  sy s te m  c o n c e r n e d .  In t h e  p a r t i c u l a r  exam ple  

a t  hand, t h e  p a t h o l o g i c a l  p r o c e s s e s  t h a t  a r e  c o n c e iv a b ly  

a t t e n d e n t  on t h e  u n c o n t r o l l e d  grow th o f  m u l t i s t a b l e  

p a t t e r n s ,  and t h e i r  d o m in a t io n  o f  a c t i v i t y  i n  a n e t ,  

depend on p o s t u l a t e d  s y n a p t i c  p r o p e r t i e s  w h ich  a t  p r e s e n t  

have n o t  b een  v e r i f i e d .  S uppose , f o r  ex a m p le ,  t h a t  

t h e r e  i s  a p a t h o l o g i c a l  syndrome X w hich  t e n d s  t o  c a u s e  

g e n e r a l  b r o a d e n in g  o f  t h e  / F / - p h a s e ,  I t  w ould  seem  

a lm o s t  c e r t a i n  t h a t  t h i s  syndrome w ould  c a u se  t h e  

e x t e n s i o n  o f  m u l t i s t a b l e  p a t t e r n s ,  and c a u s e  a 

b e h a v io r a l  (o r  " a f f e c t i v e " )  d i s o r d e r .  I f  "X" were by 

n a tu r e  an " o b se r v a b le "  l e s i o n , i . e . ,  i f  ch a n g es  in  t h e  

j u n c t i o n s  a r e  o b s e r v a b le  by la b o r a t o r y  m eth od s , t h e  

d i s e a s e  w ould  be c o n s id e r e d  " o r g a n ic ."  I f  no "changes"  

were o b s e r v a b le ,  t h e  d i s o r d e r  would be c o n s id e r e d  

" f u n c t i o n a l ."  There seem s t o  be a t e n d e n c y  among many 

p s y c h i a t r i c  w ork ers  t o  regard  t h i s  d i s t i n c t i o n  a s  b a s i c  

i n  some way, a l th o u g h  many r e c o g n iz e  t h e  n o t io n  o f  

" b io c h e m ic a l  l e s i o n "  and t h e  p o s s i b i l i t y  t h a t  a p sy c h o -  

p a t h o l o g i c a l  s t a t e  may be a c o n seq u e n c e  o f  an
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u n o b s e r v a b le ,  y e t  " o r g a n ic ," - d i s o r d e r .  I  f e e l  t h a t  

i t  i s  p a r t i c u l a r l y  im p o rta n t  t o  p o in t  ou t  t h a t  i t  i s  

e x tr e m e ly  p r o b a b le  t h a t  b r a in  f u n c t i o n  i s  g r e a t l y  dependent  

on s y n a p t i c  p r o p e r t i e s ,  w h i l e  our p r e s e n t - d a y  methods  

o f  s tu d y in g  s y n a p t i c  p r o p e r t i e s  i n  t h e  b r a in  a r e  

in a d e q u a te  ( t o  say  t h e  l e a s t ) .  Thus i t  i s  p a r t i c u l a r l y  

d an gerou s  t o  im p ly  t h a t  on t h e  b a s i s  o f  no " o b se r v a b le  

o r g a n ic  p a t h o l o g y , ” a c e r t a i n  c o n d i t i o n  i s  " fu n c t io n a l"  

i n  n a t u r e . The m e th o d o lo g ic a l  e r r o r  would n o t  have  

s e r i o u s  co n seq u en ces ,-  p e rh a p s ,  i f  t h e r e  were n o t  an 

a s s o c i a t e d  t e n d e n c y  t o  t r e a t  " o rg a n ic"  c o n d i t i o n s  by  

" b i o l o g i c a l "  m ethods w henever  p o s s i b l e ,  but t o  t r e a t  

" fu n c t io n a l"  d i s o r d e r s  w ith  " p s y c h o th e r a p e u t ic "  m ethods.

I f a i l  t o  s e e  why i t  i s  l e s s  s i g n i f i c a n t  t h a t  a 

" d e p r e ss io n "  may i n  some c a s e s  be r e l i e v e d  by c e r t a i n  

d r u g s ,  th e n  t h a t  t h e  p s y c h o l o g i c a l  m a n i f e s t a t i o n s  o f  a 

m e n i n g i t i s  may i n  some c a s e s  be r e l i e v e d  by th e  u se  o f  

a n t i b i o t i c s .

However, t h e r e  i s  a s e n s e  in  w h ich  t h e  u se  o f  th e  

term  ''’f u n c t i o n a l "  would be a p p r o p r ia te  in  t h e  c l a s s i f i c a 

t i o n  o f  b e h a v io r a l  d i s o r d e r s .  I t  i s  e a sy  t o  im agin e  

(a l th o u g h  I  am n o t  a t  p r e s e n t  p rep a red  t o  c o n s t r u c t )  

n e t s  in  which t h e  a. p r i o r i  p r o b a b i l i t y  o f  o c c u r r e n c e  

o f  a g r o s s ,  autonomous synchronou s p a t t e r n  i s  lo w ,  but  

i n  which, such p a t t e r n s  a r e  p o s s i b l e .  In  t h i s  c a s e ,  th e  

p a t h o l o g i c a l  b e h a v io r  t h a t  o c c u r s  a s  a con seq u en ce  o f
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the occurrence of  the rault istable pattern may be

ca l led  ”f u n c t io n a l ,” in  sense that  no "organ ic ,” including

s y n a p t ic . ,  ch an ges  have o c c u r r e d .

I t  i s  im p o rta n t  t o  add t h q t  i n  sy s te m s  which have  

e x t e n s i v e  l e a r n i n g  p r o p e r t i e s ,  t h e  d e f i n i t i o n  o f  

" p a t h o l o g i c a l ” b e h a v io r  p a t t e r n  must a lw ays  be c a r e f u l l y  

fo r m u la te d ,  f o r  e v id e n t  r e a s o n s .

5 / 8 . 3 . 4 .  I f ,  as suggested in  5 / 6 .3 ,  the nets  of  the brain 

require an addit ional  ex t in c t io n  mechanism, i t  might 

be proposed that the large electroencephalographic  

p o te n t ia ls  are due to massive synchronous discharges,  

which, whatever t h e i r  nature, serve as ex t in c t ion  

sources.  However, i t  i s  equally  easy to  suggest that  

these  p o te n t ia l s  are due to  the synchronous a c t iv i t y  

of large m u lt is teb le  patterns .  Under t h i s  hypothesis ,  

the d i f f e r e n t  frequencies  observed might be assoc ia ted  

with the d i f f e r e n t  spectrum domains proposed in  6 / 7 .2 .2 .

Or t h e s e  p o t e n t i a l s  m ight a l s o  be a s s o c i a t e d  w ith  r e 

in fo r c e m e n t  { c h a p te r  6 ) ,  w ith  t h e  e v id e n c e  t h a t  some 

o f  t h e  rhythms a re  a s s o c i a t e d  w ith  s e n s o r y  m echanism s,  

e t c . ,  i t  i s  more th a n  l i k e l y  t h a t  t h e  "brain  w aves” 

do n o t  r e p r e s e n t  any one p r o c e s s .

The n e c e s s i t y  f o r  p e r i o d i c  s l e e p  i n  t h e  h i g h e s t  

a n im a ls  may be a s s o c i a t e d  w ith  a need  f o r  an o c c a s io n a l  

c l e a r i n g  out o f  m u l t i s t a b l e  p a t t e r n s .  S le e p  m ight be 

t h e  p e r io d  i n  which s u b c o r t i c a l  s t r u c t u r e s ,  e . g . ,  th e
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h y p o th a la m u s,  c o n t r o l  t h e  rem ova l o f  o r g a n is e d  a c t i v i t y  

from t h e  c o r t e x .  The o c c u r r e n c e  o f  dreams d u r in g  s l e e p  

i s  n o t  p a r t i c u l a r l y  in c o m p a t ib le  w ith  t h i s  p r o p o s i t i o n ,  

s i n c e  (1 )  t h e r e  i s  no n e c e s s i t y  t o  su p p o se  t h a t  t h e  

d i s o r g a n i z a t i o n  must be c o m p le te ,  and (2 )  dreams have a 

n o t a b le  q u a l i t y  o f  d i s o r g a n i z a t i o n ,  n o t w i th s ta n d in g  

t h e  f a c t  t h a t  th e  " e le m e n ts ” o f  a dream may have  

s i g n i f i c a n c e .

5 / 9 .  KULT1PLK JUNCTIONS AND F-ACTIVITY.

5 / 9 . 0  M u l t ip l e  j u n c t i o n s ,  d i s c u s s e d  a t  l e n g t h  i n  c h a p te r  2 ,

have b een  s u p p r e s s e d  up t o  t h i s  p o in t  in  o r d e r  t o  

d e v e lo p  t h e  n o t io n  o f  F - s t a b i l i t y  w i t h o u t  becom ing  

in v o l v e d  w ith  o t h e r  a s p e c t s  o f  random n e t  a c t i v i t y .

I t  i s  a lm o s t  c e r t a i n  t h a t  t h e  m a j o r i t y  o f  c e r t r s l  

n e r v o u s  sy s te m  j u n c t i o n s  r e q u ir e  more th an  one p u l s e  f o r  

e x c i t a t i o n  ( a t  l e a s t  d u r in g  o r d in a r y  s t a t e s ;  s e e  5 / 9 . 1  

b e l o w ) ,  and some o f  t h e  c o n s e q u e n c e s  o f  t h i s  f a c t  a re  

exam ined i n  t h i s  s e c t i o n .

5 / 9 . 1  R eco v ery  s e q u e n c e s  o f  m u l t i p l e  . ju n c t io n s .

L et J be a m u l t i p l e  j u n c t i o n ,  i . e . ,  one f o r  which

t h e  t r a n s m i s s i o n  p r o b a b i l i t y  i s  (n o r m a lly ;  in  p h ases  

/ p i / , / p 2 / ,  and / p / )  lo w  u n l e s s  a c e r t a i n  number, n^., o f  

p u l s e s  az*rive a t  J in  a v e r y  s h o r t  i n t e r v a l .  In v iew  

o f  t h e  argum ents  o f  3 / 2 . 3 / 2  ( s e e  a l s o  F u lto n ;  pp 1 3 # -  

1 4 0 )  t h e  f o l l o w i n g  p o s t u l a t e s  w ould  seem t o  make a
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b i o l o g i c a l l y  p l a u s i b l e ,  i f  i d e a l i z e d  m od el.

J - l :  -d’t e r  J i s  f i r e d  i t  passes through the

r e c o v e r y  p h a se s  a s  d e s c r ib e d  i n  3 / 2 . 1  and in  

t h e  p r e s e n t  c h a p t e r .  For each  p o s s i b l e  

s t i m u l u s ,  t h e  t r a n s m i s s i o n  p r o b a b i l i t y  depends  

on t h e  r e c o v e r y  p h a se  a t  t h e  t im e*

J - 2: The transmission p rob ab i l i ty ,  fo r  s t im uli

c o n t a i n i n g  l e s s  th a n  n j ( t h e  t h r e s h o l d  number) 

o f  p u l s e s ,  i s  ( v e r y )  low  e x c e p t  when t h e  

j u n c t i o n  i s  i n  / F / - p h a s e .  But i n  th e  /£ ’/ -  

p h a se  t h e  t r a n s m is s io n  p r o b a b i l i t y  i s  o f  t h e  

o r d e r  o f  m agnitude o f  F, a t  l e a s t  f o r  s t i m u l i  

c o n t a in i n g  n j - 1  p u l s e s .

P o s t u la t e  J - 2  s u g g e s t s  t h a t  i n  t h e  su p e r n o r m a lly  

e x c i t a b l e  p h a se ,  t h e  n u m e r ic a l  t h r e s h o l d  i s  lo w e r e d ,  

i n  a d d i t i o n  t o  t h e  r a i s i n g  o f  t h e  t r a n s m i s s i o n  pro

b a b i l i t y .

The p o s t u l a t e s  f o r  m u l t i p l e  j u n c t i o n s  a re  i d e a l i z e d  

in  th e  s e n s e  t h a t  t h e  r e c o v e r y  c y c l e  i s  n o t  e x p l i c i t l y  

dependent on t h e  manner in  w hich t h e  j u n c t i o n  i s  f i r e d ,  

and t h a t  t h e  r e c o v e r y  c y c l e  i s  t h e  same f o r  each ty p e  

o f  s t i m u lu s .  A l s o ,  th e  ’’f a t i g u e ” p o s t u l a t e  s u g g e s te d  

in  5 / 6 . 3 . 1  i s  n o t  in c lu d e d .  The f o l l o w i n g  c h a p te r  w i l l  

in t r o d u c e  f u r t h e r  m o d i f i c a t i o n s .  The im p ortan t  n o t io n  

h e r e  i s  t h e  r e d u c t io n  o f  n u m e r ic a l  t h r e s h o l d  d u r in g  

supernorm al p h a s e s .
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5 / 9 . 2

5 / 9 . 2 . 1

Growth o f  F -g ra p h s  in  n e t s  w ith  m u l t i p l e  j u n c t i o n s .

I f  t h e  u n d e r ly in g  n e t  i s  composed p r e d o m in a n t ly  o f  

j u n c t i o n s  w ith  m u l t i p l e  t h r e s h o l d s ,  t h e n  th e  growth o f  

F - a c t i v e  p a t t e r n s  i s  c o n t in g e n t  on p u l s e s  m e e t in g  th e  

s t r i n g e n t  c o n d i t i o n s  f o r  f i r i n g  a new j u n c t i o n ,  a s  w e l l  

as  on th e  new j u n c t i o n  m eetin g  t h e  a p p r o p r ia te  s t i m u la 

t i o n  i n t e r v a l  spectrum  c o n d i t i o n s .  Once a new j u n c t io n  

i s  f i r e d  th e  c o n d i t i o n  on th e  number o f  p u l s e s  r e q u ir e d  

i s  r e l a x e d ,  by J - 2  o f  5 / 9 . 1 ,  so  lo n g  a s  t h e  i n t e r v a l s  

b etw een  s t i m u l a t i o n s  c o n t in u e  t o  l i e  w i t h i n  / F / .  There  

a re  two ways in  w hich  a new c e l l  ( j u n c t i o n )  may be r e 

c r u i t e d  i n t o  an a lr e a d y  F - a c t i v e  p a t t e r n :

I . P u l s e s  from w i t h in  t h e  e x i s t i n g  F -graph  may 

s a t i s f y  t h e  normal t h r e s h o ld  f o r  t h e  new junc* 

t i o n .  Three exam p les a re  

l a

lb

Ic  ^

In each  c a s e  th e  p ath  l e n g t h s  f o r  t h e  two p u l s e s  i s  

t h e  same, a s s u r in g  t h a t  th e  t h r e s h o ld  c o n d i t i o n  o f  two 

p u l s e s  i s  m et. ( In  l b ,  t h e  two c y c l e s  a re  sy m m etr ica l  

so  t h a t  t h e  p u l s e s  a r r i v e  a t  J s im u l t a n e o u s l y . )
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Assum ing t h a t  J h as  an a p p r o p r ia te  / F / - p h a s e ,  once J 

i s  . f i r e d ,  i t  w i l l  be r e c r u i t e d  i n t o  F - a c t i v i t y .
<

The e f f e c t  o f  t h e  p o s t u l a t e  J - 2  can  be s e e n  in  th e  

r e s p o n se  o f  t h e  n e t  o f  lb  t o  an e x t r a  p u l s e .  I f  an 

e x tr a  p u l s e  i s  in tr o d u c e d  i n t o  one o f  t h e  c y c l e s ,  sa y  

0 1 ,  and c a u s e s  f a i l u r e  o f  t h a t  c y c l e ,  (and assum ing  

t h a t  t h e  e x t r a  p u l s e  r,o e s  not go a 3  f a r  a s  .J^) th e n  J 

w i l l  be l o s t  from t h e  F - a c t i v i t y ,  and J w i l l  r e c e i v e  

o n ly  one p u l s e  a t  each s t i m u l a t i o n .  N e v e r t h e l e s s ,

J w i l l  r e t a i n  i n  t h e  F - s t a b l e  p a t t e r n .  The same w ould  

be t r u e  f o r  I c  i f  in  some way one o f  t h e  in te r m e d ia t e  

c e l l s  w ere  i n a c t i v a t e d .  Thus t h e  c o n d i t i o n s  f o r  main

t a i n i n g  a m u l t i p l e  j u n c t io n  i n  an F - s t a b l e  p a t t e r n  may 

be l e s s  s t r i n g e n t  th a n  t h e  c o n d i t i o n s  f o r  r e c r u i t i n g  

i t .  On t h e  o t h e r  hand, a s i n g l e  e x t r a  p u l s e  can  

e x t i n g u i s h  a m u l t i p l e  j u n c t i o n  from a p a t t e r n  o n ly  i f  

i t  i s  a b le  t o  f i r e  t h e  j u n c t i o n .  J - 2  d o es  n o t  s p e c i f y  

w h eth er  t h e  t r a n s m i s s i o n  p r o b a b i l i t y  rem ain s  o f  t h e  

o r d e r  o f  F when t h e  s t i m u l a t i o n  i s  w e l l  b e lo w  t h e  

normal t h r e s h o l d .

5 / 9 . 2 . 2  1 1 .  An e x tr a  p u l s e ,  p lu s  p u l s e s  from t h e  e x i s t i n g

F -grap h  may combine t o  s a t i s f y  t h e  f i r i n g  c o n d i t i o n  o f  

t h e  new j u n c t i o n .  But t h e n ,  by J - 2 ,  t h e  j u n c t io n  can 

rem ain  F - a c t i v e  w ith o u t  t h e  r e p e t i t i o n  o f  t h e  e x tr a  p u ls e .

r\OiS^
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i t  ii5 im p o r ta n t  t o  n o te  t h a t ,  w ith o u t  t h e  e x t r a  

p u l s e ,  i t  m-.ght n o t  hove been  p o s s i b l e  f o r  J t o  have  

been  r e c r u i t e d  i n t o  t h e  p a t t e r n .  Thus th e  p r e s e n c e  

o f  "noise** i n  t h e  n e t  may s t i m u l a t e  grow th o f  In

a c t i v i t y ,  a s  v /e i l  a s  i t s  d e s t r u c t i o n .

5 / 9 . 2 . 3  The t y p e  o f  growth i n d i c a t e d  i n  5 / 9 . 2 . 1  w i l l  be

i n f l u e n c e d  by t h e  s t a t i s t i c a l  p a ra m eters  o f  t h e  n e t .

I f  t h e  t h r e s h o l d  i s  h ig h ,  grow th w i l l  be s lo w .  Both  

t h e  grow th r a t e  and t h e  d e s t r u c t i o n  r a t e  w i l l  i n c r e a s e  

w ith  t h e  amount o f  F - a c t i v i t y  a lr e a d y  i n  t h e  n e t ,  s i n c e  

t h e  r e c r u i t i n g  c o n d i t i o n  r e q u ir e s  m u l t i p l e  c o i n c i d e n c e s ,  

and a s  i n  a l a r g e  n e t ,  l a r g e  p a r t s  may be d e s tr o y e d  

w ith  a s i n g l e  e x t r a  p u l s e .

For a n e t  composed e s s e n t i a l l y  o f  n -a r y  j u n c t i o n s ,  

w ith  a c o m p le te  s t a t i s t i c a l  h o m o g e n e ity ,  grow th  r a t e  

m ight t e n d  t o  depend on t h e  n^*1 power o f  t h e  amount o f  

a c t i v i t y  a t  t h e  t im e ,  s i n c e  r e c r u i t i n g  o f  a new j u n c t io n  

r e q u ir e s  n s im u lta n e o u s  p u l s e s .  No such  a s s e r t i o n  

c o u ld  be made w i t h in  a n e t  w ith  s i g n i f i c a n t  s p a t i a l  

p r e f e r e n c e s  o f  c o n n e c t io n ,  w ith o u t  e x t e n s i v e  

e x a m in a t io n .

The ty p e  o f  growth i n d i c a t e d  in  5 / 9 * 2 .2  i s  due t o  th e  

p r e s e n c e  o f  " n o i s e ” in  t h e  u n d e r ly in g  n e t .  For t h e  

a p p l i c a t i o n s  o f  c h a p te r  6 ,  i t  w i l l  be c o n v e n ie n t  t o  

summarize t h e  e f f e c t s  o f  t h i s  " n o i s e ."
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"iven  n not N and an F - a c t i v e  p a t t e r n  3 , ,?n o i s e  w ith  

r e s p e c t  t o  3 ',’’ o r  " u -n o ise "  car: be d e f in e d  os ’’a l l  

a c t i v i t y  o f  A which i s  not  a d i r e c t  co n seq u e n c e  o f  t h e  

a c t i v i t y  o f  0 . ” The p r e s e n c e  o f  3 - n o i s e  h as  been  shown 

t o  hove two e f f e c t s  on 3 .

1 ) .  B o is e ,  i n  t h e  form o f  t h e  " e x tr a n e o u s  p u l s e s ” 

o f  t h i s  c h a p t e r ,  i s  an ag en t  which p la y s  a 

l a r g e  p a r t  in  t h e  d e s t r u c t i o n  o f  F -g r a p h s .

2 ) .  M oise makes p o s s i b l e  t h e  i n c o r p o r a t io n  i n t o

F -g r a p h s  c e l l s  ( j u n c t i o n s )  w hich would o th e r w is e  

be a c c e s s i b l e  w ith  very  low  p r o b a b i l i t y .

B o t h - e f f e c t s  are  i n  th e  d i r e c t i o n  o f  c h a n g in g  t h e  

e x i s t i n g  p a t t e r n  o f  F - a c t i v i t y .

On t h e  o t h e r  hand, a ssu m in g  t h a t  t h e  n e t  i s  n o rm a lly  

co n n e c te d  t o  a s o u r c e  o f  n o i s e ,  th en  rem oval o f  n o i s e  

t e n d s  t o  s t a b i l i z e  t h e  p r e s e n t  p a t t e r n  i n  two w a v s :

1 ) .  Removal o f  n o i s e  rem oves th e  e x t r a  p u l s e s  which  

d e s t r o y  F - a c t i v i t y .

2 ) ,  Removal o f  n o i s e  t e n d s  t o  s low  t h e  p r o c e s s  o f  

r e c r u i t i n g  new j u n c t i o n s  i n t o  t h e  F -g ra p h .

(There i s  a s e c o n d -o r d e r  e f f e c t  in  t h a t  rem oval o f

n o i s e  t e n d s  t o  s lo w  th e  fo r m a t io n  o f  s i d e  c h a in s ,  and
e f f e c t

th e  e s p e c i a l l y  d e s t r u c t i v e / o f  th e  c lo s u r e  o f  a non-  

sy n ch ro n o u s  s id e  c h a i n . )

In th e  a p p l i c a t i o n s ,  i t  w i l l  be assumed t h a t
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i .  i'he e f f e c t  o f  n o i s e  i s  r e l a t i v e l y  l a r g e ,  a t  l e a s t  

i n  i t s  r o l e  a s  e x t i n g u i s h e r ,  

i i .  i n  th e  absence- o f  n o i s e  t h e  s t a b i l i t y  o f  F - a c t i v e  

c i r c u i t s  i s  h ig h ,  and th e  growth o f  s id e  c h a in s  

s lo t ; ,  w ith  t h e  r e v e r s e  h o ld in g  in  t h e  p r e s e n c e  

o f  a d eq u a te  n o i s e  l e v e l s .

~,aci. o f  t h e s e  p r o p o s i t i o n s  w i l l  be fa v o r e d  i f

A. F i s  c l o s e  t o  u n i t y

1 .  Pi»P2> ari<* P a r e  s n i a l l , and t h e i r  p h a se s  a r e  

b ro a d .

G, m u l t i p l e  j u n c t i o n s  are  p r e p o n d e r a n t •

V e r i f i c a t i o n  o f  t h e s e  p r o p o s i t i o n s  f o r  a r e a s o n a b ly  

l a r g e  n e t  w ould  r e q u ir e  an enormous number o f  c a l c u l a t i o n s .  

I t  i s  hoped t h a t  i n  t h e  n e a r  f u t u r e  i t  w i l l  be f e a s i b l e  

t o  s tu d y  th e  problem  w ith  th e  a id  o f  a h ig h - s p e e d  

d i g i t a l  com puter.
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CHAPTER 6 .

THE REINFOE CI&1SKT THEORY OF CYCLES AND CERTAIN 
APPLICATIONS

6 /0  In troduction

This chapter begins w ith the proposal o f  a p o ss ib le  

neural b a s is  fo r  reinforcem ent. This proposal i s  then  

fo llow ed  by various a p p lica tio n s  to  more or le a s  

s p e c ia l a ssem b lies o f random n ets  with the o b jec tiv e  

o f in d ic a tin g  the p o s s ib i l i t y  o f  obtain ing higher  

forms o f behavior.

U nfortunately , I have n o t, as y e t , found convincing  

support fo r  many o f the p rop osition s in  t h is  chapter. 

While many o f the statem ents o f  chapter 5 were 

form ulated in  such a manner a3 to  be in varian t o f the  

s t a t i s t i c a l  parameters o f the underlying random n e ts ,  

t h i s  method does not seem to  extend ,the b a sic  pro

c e sse s  o f  the present chapter. This i s  perhaps an 

in e v ita b le  consequence o f the fa c t  that th ese  proc

e s s e s  are concerned w ith  la rg er  patterns o f a c t iv i t y ,  

e . g . ,  con tro l o f on© net by another. S t i l l ,  i t  

would be equally  u n sa tis fa c to ry  to  confine the  

arguments to  any narrow c la s s  o f  n ets a t the present 

tim e , fo r  the purpose o f the chapter i s  to  present 

sev era l behavioral concepts and to  make p la u s ib le  the  

p o s s ib i l i t y  th a t  they can be re a lise d  in  an assembly 

o f random n e ts , rather than to  describe the behavior 

o f  a p a rticu la r  n et or c la s s  o f n e ts .
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Hot e n t i r e l y  out o f  c h o i c e ,  t h e n ,  we w i l l  ta k a  a 

m id d le  co u rse*  For th e  main p a r t ,  t h e  d i s c u s s i o n  

must be in fo r m a l  and e x i s t e n t i a l ,  r a t h e r  th an  form al  

and c o n s t r u c t i v e .  I t  i s  hoped t h a t  t h e  i n t e r e s t  o f  

t h e  p r o p o s i t i o n s  w i l l ,  i n  some m easu re , com pensate  

f o r  t h e  w e a k n e sse s  o f  t h e  a rgu m en ts .  

y f \  As p a r t  o f  t h e  s u p p o r t in g  s t r u c t u r e  .for th e  main  

p r o p o s i t i o n s ,  i t  h a s  seemed n e c e s s a r y  t o  a n a ly z e  a 

few  s u b s i d i a r y  n o t i o n s ,  and t o  draw on some b i o l o g i c a l  

a n a l o g i e s ,  Many o f  t h e  s u b s i d i a r y  argum ents  a r e  them

s e l v e s  weak, and I  do not want t o  g i v e  t h e  im p r e s s io n  

t h a t  I  in t e n d  them t o  be e n t e r t a i n e d  t o o  s e r i o u s l y .  

( A c c o r d in g ly ,  c e r t a i n  s e c t i o n  numbers w i l l  be s t a r r e d . )

6 / 1  4 r e in f o r c e m e n t  t h e o r y  f o r  c y c l e s .

6 / 1 . 0  C y c le s  a s  “f u n c t i o n a l  e le m e n ts 0 i n  t h e  b e h a v io r  o f  n e t s

Much o f  t h e  d i s c u s s i o n  o f  t h i s  c h a p te r  w i l l  be 

b a se d  on t h e  a ssu m p tio n  t h a t  in  t h e  n e t s  under con

s i d e r a t i o n ,  F - a c t i v i t y  o f  c y c l e s  p la y s  a dominant r o l e  

i n  b e h a v i o r .  There are  s e v e r a l  m o t iv e s  f o r  t h i s  v ie w 

p o i n t  •

1 .  The r e s u l t s  o f  c h a p te r  5 on F - a c t i v i t y  h o ld  i n  

a w id e  c l a s s  o f  random n e t s  f o r  which t h e  j u n c t io n s  

e x h i b i t  t h e  r e c o v e r y  seq u e n c e  o f  c h a p t e r  3* The 

em p h asis  on F - a c t i v i t y  i s  p a r t l y  d u e , i t  must be 

a d m it t e d ,  t o  t h e  f a c t  t h a t  I  have n o t  b een  a b le  t o
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d e v e lo p  a c o r r e s p o n d in g ly  advanced  a n a l y s i s  o f  

random n e t s  i n  term s  o f  o t h e r  a b s t r a c t  b e h a v io r  

p a t t e r n s .  The th eo rem s  on F - a c t i v i t y  a r e  t o  a l a r g e  

e x t e n t  in d e p e n d e n t  o f  t h e  s t a t i s t i c a l  p a ra m eters  o f  

t h e  n e t s ,  and I have been  r e l u c t a n t  t o  r e s t r i c t  t h e  

c l a s s  o f  n e t s  in  o r d e r  t o  o b t a in  o t h e r  t y p e s  o f  

b e h a v io r .

2 .  A so u r c e  o f  s u s t a in e d  p e r i o d i c  a c t i v i t y  i s  an  

e s s e n t i a l  f o r  any t h e o r y  o f  t h e  b r a in .  At l e a s t  i n  

m otor and se n so r y  dom ain s , s i n g l e  o c c u r r e n c e s  o f

p u ls e  p a t t e r n s  are  n o t  l i k e l y  t o  have much s i g n i f i c a n c e .  

A m otor a c t  r e q u ir e s  a s u s t a in e d  f lo w  o f  p u l s e s  t o  

each m u sc le  i n v o l v e d ,  t h e r e  c e r t a i n l y  must be 

m echanisms f o r  e x te n d e d  p e r s i s t e n c e  o f  v a r io u s  

i n t e r n a l  s t a t e  c o n d i t i o n s .

3 .  A t e c h n i c a l  problem  a r i s e s  i n  t h e  c o n s id e r a t i o n  

o f  any l a r g e  n e t  w ith o u t  c y c l e s .  I f  a t y p i c a l  p a th  

from s e n s o r y  t o  m otor c h a n n e ls  i n v o l v e s  more th a n  a 

few  j u n c t i o n s ,  th e n  ( i n  n e t s  composed p r im a r i ly  o f  

m u lt i p l e  j u n c t i o n s )  t h e  p r o p a g a t io n  o f  p u l s e s  th ro u g h  

t h e  n e t  w i l l  t e n d  t o  e x h i b i t  ch a in  r e a c t i o n  p r o p e r t i e s .  

There w i l l  be a v e r y  narrow range betw een t h e  minimum 

s t im u lu s  m agnitude n e c e s s a r y  t o  o b t a in  any m otor  

r e sp o n se  a t  a l l ,  and t h e  m agnitude above which t h e  

e n t i r e  n e t  w i l l  e x p lo d e  i n t o  a c t i v i t y .  In  a n e t  

dom inated  by F - a c t i v i t y ,  t h i s  ty p e  o f  e x p lo s io n  i s  n o t
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l i k e l y  t o  o c c u r ,  a s  t h e  c o m p e t i t io n  b etw een  ' c y c l e s  

p r e v e n t s  e x c e s s i v e  p u l s e  d e n s i t i e s  in  t h e  n e t .

(A n oth er  way o f  l i m i t i n g  a c t i v i t y  would be t o  p ro 

v id e  an a p p r o p r ia te  d i s t r i b u t i o n  o f  i n h i b i t o r  f i b r e s  

w i t h in  t h e  n o t . )  For a r i v e n  t y p e  o f  n e t ,  i t  m ight  

n o t  be t o o  d i f f i c u l t  t o  c a l c u l a t e  t h e  l e v e l  o f  

a c t i v i t y  under v a r io u s  s t im u lu s  c o n d i t i o n s ;  t h i s  

w i l l  be a t t e m p t e d  when t h e  t im e  comes t o  s p e c i f y  n e t  

p a r a m e te r s .

' 4 .  For t h e  f o l l o w i n g  r e a s o n s ,  i t  i s  n o t  e n t i r e l y  un

n a t u r a l  t o  c o n s id e r  t h e  ? - a c t i v e  b e h a v io r  o f  a n e t  a s  

d i s t i n g u i s h a b l e  from o t h e r  c o m b in a t o r ia l  a s p e c t s  o f  

t h e  n e t ’ s a c t i v i t y ,  w ith  o t h e r  a c t i v i t y  r e g a r d e d  a s  

n o i s e  f o r  t h e  F - a c t i v i t y .  For an F - a c t i v e  p a t t e r n  can  

be r e l i a b l y  i n i t ia t e d  o n ly  th ro u g h  e x te n d e d  p e r i o d i c  

s t i m u l a t i o n ,  and such s t i m u l a t i o n  can be s u p p l ie d  

m ost c o n v e n ie n t ly  from o t h e r  F - a c t i v e  p a t t e r n s .  O ther  

s o u r c e s  a r e  e x t e r n a l  s e n s o r y  (an  u n l i k e l y  s o u r c e  o f  

p e r i o d i c i t y ,  and p e r i o d i c  p a t t e r n s  g e n e r a t e d  by o r  

s y n c h r o n iz e d  w ith  autonom ous p e r i o d i c  phenomena 

w i t h in  t h e  b r a in ,  (w h ic h ,  i n  t u r n ,  may be a s s o c i a t e d  

w ith  F - a c t i v i t y  e l s e w h e r e  i n  t h e  b r a i n ) .  In a deep  

n e t  ( s e e  (3 )  a b o v e)  s i n g l e  p u l s e s  c r o s s i n g  u n f a c i l i t a t e d  

j u n c t i o n s  must have a lo w  s u r v i v a l  p r o b a b i l i t y ,  o r  t h e  

w h o le  n e t  would e x p lo d e  i n t o  a c t i v i t y ,  b u t th e  sy ste m  

o f  F - a c t i v e  p a t t e r n s  can  d r i f t  about w i t h in  t h e i r
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sp ectru m  dom ains w i th  r e l a t i v e l y  ’n ig h  s u r v i v a l  

p r o b a b i l i t i e s ,  s o  lo n g  a s  t h e r e  a r e  n o t  t o o  many o f  

tnem . F u rth erm o re , w h i l e  e x t i n c t i o n  o f  an F - a c t i v e  

p a t t e r n  by a s i n g l e  random p u l s e  i s  o n ly  p r o b a b le ,  

m utual i n t e r f e r e n c e  o f  two F - a c t i v e  p a t te r n s -  i s  c e r t a i n  

t o  d e s t r o y  o n e ,  s i n c e  t h e  o t h e r  a c t s  a s  a c o n t in u o u s  

s o u r c e  o f  e x t r a  p u l s e s .  Thus t h e  o e h a v io r  o f  th e  

*• - a c t i v e  p a t t e r n s ,  o f  a n e t  can b e  d e s c r ib e d  t o  some 

e x t e n t  i n  term s o f  t h e s e  p a t t e r n s ,  and t h e  t h e o r y  o f  

* —a c t i v e  p& tberns nns some u e g r c o  o f  autonoisy a s  p a r t  

ox uiiO c o m p le te  t h e o r y  o f  tno  n e t  •

6 / 1 . 1  L o c a l  R e in fo r c e m e n t  O p e r a to r s  on c y c l e s .

A g i v e n ,  p o t e n t i a l l y  F - a c t i v e ,  su b n et  ii can be

reg a rd ed  a s  a m in ia t u r e  r e a c t i v e  s y s te m , d i f f e r e n t  

s t i m u l i  may c a u se  d i f f e r e n t  r e a c t i o n s ,  and among th e  

p o s s i b l e  r e a c t i o n s  a r e  e s t a b l i s h m e n t  o f  J - a c t i v i t y . and 

d e s t r u c t i o n  o f  F - a c t i v i t y . Suppose t h a t  wo r e q u ir e  

an o p e r a t o r  L w hich  can  r a i s e  t h e  nF - e x c i t a b i l i t y n 

o f  t h e  s u b n e t ;  i . e . ,  i f  a. g iv e n  s t im u lu s  S o r i g i n a l l y  

in d u c e s  an f - a c t i v e  p a t t e r n  3 ( 8 }  i n  N w ith  p r o b a b i l i t y  

p B (S ) ,  t h e n  a p p l i c a t i o n  o f  L r a i s e s  t h a t  p r o b a b i l i t y .

One way o f  d o in g  t h i s  vvould be t o  have a p p l i c a t i o n  o f  

L c a u s e  a r i s e  i n  ( t h e  r e s t i n g  t r a n s m is s io n  p r o b a b i l i t y )  

p f o r  each  j u n c t io n  o f  N which i s  a c t i v e  i n  th e  

p a t t e r n  B. (B ote  t h a t  r a i s i n g  t h e  v a lu e  o f  F would
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n o t  h?-vc any such  e f f e c t  on t h e  e x c i t a b i l i t y  o f  t h e

p a t t e r n  B; i t  would o n ly  make f  more s t a b l e  once  
a d i  )♦  f'fxd L + e  m£aJk. *

i n i t i a t e d ,  I f  L i s  a l s o  t o  s a t i s f y  t h e  d e f i n i t i o n  o f

a l o c a l  r e in fo r c e m e n t  o p e r a t o r , i t  must be such  a s  t o

have  t h i s  e f f e c t  s e l e c t i v e l y  on th e  "’u n c t io n s  o f

r e c e n t l y  a c t i v e  F - a c t i v e  p a t t e r n s .

6 / 1 . 2  The o p e r a t o r  L o f  6 / 1 . 1  w i l l  be a l o c a l  r e i n f o r c e 

ment o p e r a to r  i f  F - a c t i v e  p a t t e r n s  a r e  reg a rd ed  a s  t h e  

e le m e n ta r y  r e a c t i v e  sy s te m s  o f  t h e  d e f i n i t i o n  ( 4 / 5 * 1 ) .  

Of c o u r s e ,  t h e  u n d e r ly in g  random n e t  d oes  n o t  s p l i t  

d i e j o i n t l y  i n t o  p o t e n t i a l l y  F - a c t i v e  p a t t e r n s ;  two  

c y c l e s  may, i n  g e n e r a l ,  c o n ta in  common j u n c t i o n s .

T hus, i f  L i s  t o  r e i n f o r c e  a g iv e n  c o l l e c t i o n  o f  

p a t t e r n s ,  i t  w i l l  in  g e n e r a l  i n t e r f e r e  w ith  o t h e r  

p r e v i o u s l y  r e i n f o r c e d  p a t t e r n s ,  and not o n ly  r e c e n t l y  

a c t i v e  o n e s .  I t  w i l l  s im p ly  have t o  be assum ed t h a t  

t h e  c r o s s - e f f e c t s  a r e  n o t  c a t a s t r o p h i c .

6 / 1 . 3  The rem ain d er  o f  t h i s  s e c t i o n  i s  d ev o ted  t o

d e s c r i p t i o n  o f  such an L. T h is  L w i l l  o p e r a te  e n t i r e l y  

th ro u g h  n e u r a l  c h a n n e l s .  There i s  a b a s i c  problem  

in v o lv e d :  I f  L i s  t o  o p e r a te  o n ly  on j u n c t io n s  w hich

have r e c e n t l y  been in v o lv e d  in  F - a c t i v i t y ,  how i s  i t  

t o  d i s t i n g u i s h  such  j u n c t io n s ?  We cannot e x p e c t  t o  

f i n d  an L w hich o p e r a t e s  b o d i ly  on c y e l e s ,  o r  e x p e c t  

t o  f in d  t h a t  a j u n c t io n  J c o n t a in s  in fo r m a t io n  about

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6 - 7

i

6 / 1 . 4

w h ich  F - a c t i v e  p a t t e r n s  i t  h as  been  r e c e n t l y  

in v o l v e d  i n .  However ( I ) ,  i t  i s  n o t  u n r e a s o n a b le  t o  

e x p e c t  t h a t  a j u n c t i o n  would c o n t a i n ' in fo r m a t io n  

i n d i c a t i n g  w h eth er  or  n o t  i t  h as  r e c e n t l y  p a r t i c i p a t e d  

i n  some F - a c t i v e  p a t t e r n ,  f o r  t h i s  f a c t  can be 

d eterm in ed  (w ith  h ig h  r e l i a b i l i t y )  from e x a m in a t io n  

o f  t h e  p u l s e  h i s t o r y  o f  th e  j u n c t i o n .  T h is  id e a  w i l l  

be exam ined in  6 / 1 . 7 .  A lso  { I I ) ,  i f  a j u n c t i o n  has  

r e c e n t l y  b een  i n v o lv e d  i n  an F - a c t i v e  p a t t e r n ,  t h e  p r o 

b a b i l i t y  i s  g r e a t e r  th a n  chance t h a t  i t  i s  s o  in v o lv e d  

a t  t h e  p r e s e n t  t im e ,  s i n c e  F - a c t i v e  p a t t e r n s  have an 

e x te n d e d  l i f e t i m e .  T h is  w i l l  be e s p e c i a l l y  s i g n i f i c a n t  

i f  t h e r e  h as  been  a r e c e n t  r e d u c t io n  i n  n e t  n o i s e ,  s i n c e  

t h i s  i n c r e a s e s  th e  a v e r a g e  l i f e t i m e  o f  F - a c t i v i t y .

In  o r d e r  t o  c o n s t r u c t  an 1 u s in g  t h e s e  p r i n c i p l e s ,  we 

r e q u ir e  an a d d i t i o n a l  axiom  ab ou t s y n a p t i c  b e h a v io r ;  

t h i s  i s  D-2 o f  t h e  f o l l o w i n g  s e c t i o n .  ( 6 / 1 . 4 )

The ' 'd e n s i t y  a x io m s ."

The f o l l o w i n g  "axioms" a re  a s e r i e s  o f  p r o p o s a ls  

about th e  b e h a v io r  o f  i n t e r n e u r a l  j u n c t i o n s .  We do 

n ot assume t h a t  th e y  a l l  h o ld ;  th e  d i s c u s s i o n  i s  r a t h e r  

an i n v e s t i g a t i o n  o f  th e  c o n se q u e n c e s  o f  assu m in g  each  

o n e .  bach p r o p o sa l  s t a t e s  t h a t  i f  a c t i v i t y  a t . a  j u n c t io n  

s a t i s f i e s  a c e r t a i n  f i r i n g  " d e n s ity "  c o n d i t i o n ,  th e n  

t h e  t r a n s m i s s i o n  p r o p e r t i e s  o f  t h e  j u n c t i o n  un d ergoes
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c e r t a i n  c h a n g e s .  T h ese  o lx n g o s  - re  a n a lo g o u s  t o  t h o s e  

i i i  t h e  r e c o v e r y  p h ase  seq u en ce  o f  c h a p te r  3 ,  '••here i f  a 

j u n c t i o n  s a t  i s  .fie:; th e  e le m e n ta r y  " d e n s i t y ” c o n d i t io n  

o f  f i r  in  r, o n c e , th e n  tr.e t r a n s m is s io n  y r o - v f - i l ;  t y  p a s s e s  

th r o u g h  t h e  e x c i t a b i l i t y  p h -a e s  / 0 / ,  / ? 1 / ,  / ? / } / p 2/ t 

/ ? / «  Thin p r o p e r t y  w i l l  be c o n s id e r e d  a s  axiom  D -0 .

Af.I: x 0 : I f  a j u n c t io n  J i f l . r o d  o n c e ,  i t  p a s s e s

through, t h e  r e c o v e r y  c y c l e  a? d e p ic t e d  i n  3 / 2 . 3  and 5 / 9 . 1  

AJCI.tr. D - l ; Let ?Xf he a c o n d i t io n  w hich  i s  s a t i s f i e d ,  a t  

t i n e  t ,  i f  in  th e  in tiu -va .l  o f  l e n  t!  ""p p r i o r  t o  t  t h e  

j u n c t i o n  h a s  f i r e d  a t  . in t e r v a l s  n o t  l a r g e r  th an  some 0^ .

Then D - l  s t a t e s  t h a t  a s  3 0 on a s  & j u n c t io n  J s a t i s f i e s  

c o n d i t i o n  § l f ,  t h e  j u n c t io n  y o c o e d s  t o  p a s s  th ro u g h  an 

e x te n d e d  r e c o v e r y  c y c l e  o f  t h e  f o l l o w i n g  form . The 

j u n c t i o n  r e t a i n s  t h e  p r o p e r t i e s  o f  axiom D-0 e x c e p t  

t h a t  f o r  a p e r io d  bp a f t e r  c o n d i t i o n  |1& i s  s a t i s f i e d ,  

t h e  v a l u e  o f  t h e  " r e s t i n g  p r o b a b i l i t y "  p ( th e  np 5J o f  

p h a se  / p / )  i s  r a i s e d  t o  a s i g n i f i c a n t l y  h ig h e r  v a lu e  

p U X  J ) • The p e r io d  i'^ i s  assumed t o  be c o n s id e r a b ly  

l o n g e r  th a n  t h a t  o f  th e  w hole r e c o v e r y  c y c l e  o f  D -0 .

I t  i s  f u r t h e r  assumed t h a t  th e  t r a n s m i s s i o n  p r o b a b i l i t i e s  

i n  t h e  p h a se s  / 0 / ,  / p i / »  and / ? /  rem ain s u b s t a n t i a l l y  

u n a l t e r e d  d u r in g  p^. (The e f f e c t  i s  not r e a l l y  

assum ed t o  be i n  t h e  form o f  a s t e p  f u n c t i o n  o v er  Pj_, 

b u t ,  a s  i n  3 /2 .3 * 1 >  t h i s  i s  a c o n v e n ie n t  a p p r o x im a t io n .^  

AuIOl D-2: l e t  |2 {  be  a c o n d i t i o n  (T2 , 0 2 - ^  w hich
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J.8  s a t i s f i e d  when J h a s  f i r e d  a t  i n t e r v a l s  n o t  g r e a t e r  

th a n  ^ 2  f o r  an i n t e r v a l  It2  w i th  ^ 2  ^ 1 an<*

Then D -l  s t a t e s  t h a t  i f  J2 |̂ i s  s a t i s f i e d ,  t h e  j u n c t io n  

e x p e r i e n c e s  a r i s e  i n  rp ’ w hich i s  ( s u b j e c t  t o  t h e  

q u a l i f i c a t i o n s  o f  D-3 b e low ) perm anent. I t  i s  f u r t h e r  

su p p osed  t h a t  s u c c e s s i v e  a p p l i c a t i o n s  o f  0 2 i c a u se  

f u r t h e r  r i s e s  i n  ’ p ’ and t h a t  t h e  o t h e r  remarks o f  D - l  

a p p ly .

AXIOM D -2 T: Let 02’ 0 be a c o n d i t i o n  w hich  i s  s a t i s f i e d

i f  c o n d i t i o n  j l j  i s  s a t i s f i e d  i n  a c e r t a i n  number o f  

d i s j o i n t  i n t e r v a l s  a l l  c o n t a in e d  in  an i n t e r v a l  T2 ’ .

Then t h e  same c o n c lu s io n  a s  i n  th e  c a s e  o f  D -2 .

NOIL: AXIOM D -2 T i s  sn  a l t e r n a t i v e  form o f  D-2 and

l e a d s  t o  e s s e n t i a l l y  th e  same r e s u l t s .  I t  w i l l  n ot be  

c o n s id e r e d  s e p a r a t e l y  and i s  e x h i b i t e d  o n ly  t o  s u g g e s t  

a n o th e r  a c c e p t a b l e  p o s s i b i l i t y .

In  a c o m p le te  t h e o r y ,  i t  w i l l  be n e c e s s a r y  t o  p r o v id e  

some means by w hich  t h e  r e s t i n g  p r o b a b i l i t y  can be 

red u ced  f o r  lo n g  i n t e r v a l s .  Axiom D-3 assum es t h a t  t h i s  

can o c c u r  a s  a r e s u l t  o f  a j u n c t i o n  s a t i s f y i n g  some 

( u n s p e c i f i e d )  d e n s i t y  c o n d i t i o n  and a l s o  t h a t :

AXIOM D -3 : I f  p i s  red u ced  a s  a co n seq u en ce  o f  th e  j u n c t io n

s a t i s f y i n g  13 §» th e n  t h e  v a lu e  o f  p can be r e s t o r e d  t o  

i t s  p r e v io u s  v a lu e  by

(1 )  s a t i s f a c t i o n  o f  some d e n s i t y  c o n d i t i o n  weaker th a n  

U i ,  o r  a l t e r n a t i v e l y ,
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(2 )  a p p l i c a t i o n  o f  fe w e r  o c c u r r e n c e s  o f  {2} th a n  

w ould  be n e c e s s a r y  f o r  a j u n c t i o n  f o r  which p had n o t  

b een  p r e v i o u s l y  red u ced  as  a c o n se q u e n c e  o f  13} ,  A 

p o s s i b l e  form o f  13 i m ight be: J i s  f i r e d  f r e q u e n t l y

i n  an i n t e r v a l  but n o t  so  f r e q u e n t l y  t h a t  }2} i s  

s a t i s f i e d .

6 / l •5  M o t iv a t io n  f o r  t h e  d e n s i t y  a x io m s .

6 / 1 . 5 . 0  Axiom D-0 has b een  d i s c u s s e d  a t  l e n g t h .  I t  i s  t h e

b a s i s  f o r  th e  t h e o r y  o f  F - a c t i v e  p a t t e r n s ,  and h as  a 

p l a u s i b l e  b i o l o g i c a l  b a s i s .  (Chap. 3 )

6 / 1 .5 * 1  Axiom D - l  i s  s i g n i f i c a n t ,  not so  much i n  t h e  r e i n -

fo rcem e n t  t h e o r y  a s p e c t s  o f  n e t  b e h a v io r  a s  i n  b e h a v io r  

v iew ed  a s  a s t o c h a s t i c  p r o c e s s  o v e r  s h o r t  i n t e r v a l s .  

Suppose t h a t  f o r  a g iv e n  n e t  N, t h e  i n t e r v a l  Tq ( o f

t h e  c o n d i t i o n  } l j )  i s  o f  t h e  o r d e r  o f  m agnitude o f  t h e

d u r a t io n  o f  a ^ ty p ic a l"  F - a c t i v e  p a t t e r n  in  N in  t h e  

p r e s e n c e  o f  o r d in a r y  n o i s e  l e v e l s .*  Suppose a l s o  t h a t  

t h e  fr e q u e n c y  c o n d i t io n  f a  o f  01* in c l u d e s  f r e q u e n c i e s  

c o n s i s t e n t  w ith  F - a c t i v i t y  in  th e  n e t ,  i . e . ,  soma numbers 

i n  t h e  i n t e r v a l  / ? /  a r e  l e s s  th a n  f a .  C a l l  t h i s

c o n d i t i o n  }1}^» Then i f  D - l  and |1 } ^  h o ld ,  t h e

b e h a v io r  o f  t h e  n e t  w i l l  e x h i b i t  some co h eren cy  o v e r  

e x te n d e d  p e r io d s  ( o f  t h e  o r d e r  o f  m agnitude o f  sm a l l  

m u l t i p l e s  o f  P j.) ,  b e c a u se  c y c l e s  w hich  have been  F - a c t i v e

★Note: The i n t e r v a l  T]_ must be lo n g e r  th a n  t h e  subnormal
p h ase  / p ^ / .  s - h <».
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6 / 1 . 5 .

w i t h in  a p a s t  i n t e r v a l  o f  l e n g t h  w i l l  have a

g r e a t e r  th a n  a p r i o r i  e x c i t a b i l i t y .  The b e h a v io r  w i l l

te n d  t o  be composed o f  r e c u r r i n g  e le m e n ts  in  any such

i n t e r v a l .  I f  t n e  n e t  i s  v iew ed  a s  a r e a c t i v e  s y s te m ,

t h e  o c c u r r e n c e  o f  a © a r t i c u l a r  r e a c t i o n  S^-R r a i s e so o
t h e  p r o b a b i l i t y  t h a t  H w i l l  r e c u r  i n  a s h o r t  t im e ,  

even  a s  a r e s p o n s e  t o  a random n o i s e  in p u t .  I n t e r -  

n a l i s t i c a l l y , i f  i t  w ere  d e s i r e d  t o  r e a c t i v a t e  r e c e n t l y  

a c t i v e  p a t t e r n s ,  t h i s  c o u ld  be done w ith  g r e a t e r  th a n  

chance r e l i a b i l i t y  by s im p ly  in tr o d u c in g  n o i s e  i n t o  

t h e  n e t .  T h is  m igh t p r o v id e  a b a s i s  f o r  a " sh o r t  

memory."

2 .  The a p p l i c a t i o n  o f  axiom  D-2 r e q u ir e s  t h e  f o l l o w i n g  

c o n d i t i o n :

C o n d it io n  }2 0 r‘ : ve su p p o se  t h a t  th e  i n t e r v a l  ?j> ( o f

c o n d i t i o n  } 2 | )  i s  o f  t h e  same o r d e r  o f  

m agnitude a s  t h a t  o f  t h e  d u r a t io n  o f  a 

t y p i c a l  F - a c t i v e  p a t t e r n  in  t h e  n e t  N i n  th e  

a b se n c e  o f  e x t e r n a l  n o i s e ,  we su p p o se  f u r t h e r  

t h a t  t h e  d u r a t io n  o f  a  t y p i c a l  F - a c t i v e  p a t t e r n  

i n  t h e  n e t  M i n  t h e  p r e s e n c e  o f  " o r d in a r y " 

n o i s e  l e v e l s  e x c e e d s  Tg w ith  i n s i g n i f i c a n t

p r o b a b i l i t y . A ls o ,  i t  i s  assumed t h a t  t h e  

fr e q u e n c y  c o n d i t i o n  o f  }2$ can be s a t i s f i e d  

by t h e  j u n c t i o n s  o f  F - a c t i v e  p a t t e r n s ,  i n  

M, i . e . ,  t h a t  numbers f a  a r e  c o n t a in e d  i n  

/ f / ,  f o r  most j u n c t i o n s  o f  N.
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I t  sh o u ld  be n o te d  t h a t  § 2 i s  a c o n d i t i o n  n o t  on 

j u n c t i o n s  a l o n e ,  but on t h e  c o n n e c t io n s  w i t h in  and 

e x t e r n a l  t o  t h e  n e t  ft a s  w e l l ,  and t h - t  | 2 j K can be 

s a t i s f i e d  o n ly  i f  t h e  c o n c l u s i o n s  o f  c h a p te r  5 a p p ly  t o

I f  i)-2 and j 2 j r’ h o ld ,  th e n  i t  f o l l o w s  t h a t :

I f ,  a t  any t im e ,  t ,  t h e  n o i s e  l e v e l  in. 

t h e  n e t  N, i s  g r e a t l y  lo w ered  f o r  an i n t e r v a l  

o f  t h e  o r d e r  o f  m agn itu d e o f  Tg, th e n  t h e r e  

w i l l  be a ( lo n g  d u r a t io n )  r i s e  in  th e  r e s t i n g  

t r a n s m is s io n  p r o b a b i l i t y  *p ’ o f  each j u n c t io n  

ofLmany o f  t h e  p a t t e r n s  t h ' t  a r e  F - a c t i v e  a t  

t im e  t ,  h en ce  o f  many t h a t  w ere F - a c t i v e  

s h o r t l y  p r io r  t o  t im e  t .  ( I t  i s  n o t  p o s s i b l e  

t o  e s t i m a t e  how "many." a t  t h i s  s t a g e . )

For i f  th e  n o i s e  l e v e l  i s  c u t  a t  t im e  t ,  th e n  by 

each  o f  th e  p a t t e r n s  w hich  a r e  F - a c t i v e  a t  th a t  

t im e  w i l l  have a s i g n i f i c a n t  chance t o  s u r v iv e  th ro u g h  

t h e  i n t e r v a l  o f  l e n g t h  To, h en ce  t h e i r  j u n c t i o n s  w i l l  

have a ch an ce  t o  s a t i s f y  c o n d i t i o n  and axiom D-2

i m p l i e s  t h e  co n seq u e n t  r i s e  in  th e  v a lu e  o f  *p’ f o r  

t h o s e  j u n c t i o n s .

I t  f o l l o w s  t h a t  i f  D-2 and h o ld  f o r  th e  n e t  N,

th e n  t h e  o p e r a t io n  o f  g r e a t l y  lo w e r in g  t h e  n o i s e  l e v e l  

in  N f o r  a s u f f i c i e n t l y  ( V l o )  lo n g  i n t e r v a l  has th e  

e f f e c t  o f  a L o ca l R e in fo rcem e n t  O perator  L. de w i l l  

r e tu r n  t o  t h i s  d i s c u s s i o n  i n  6 / 1 . 6 .
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6 /1 .5 .3  An axiom l ik e  L—3 w i l l  undoubtedly be necessary

fo r  any adequate learn ing  theory of learn ing for i f  only 

in creases  in  synaptic transm ission p r o b a b i l i t ie s  were 

admitteld, the n ets  would probably become "saturated" 

and in f le x ib l-e • The p articu lar  form o f  J3} proposed 

in 6 /1 .4  i s  su ggestive  of the phenomenon of "extinction"  

in  which repeated evocation o f  a learned or conditioned  

response without reinforcement leads to  weakening o f  

the reaction .

6 /1 .6 .  The conclusion o f  6 /1 .5 .2  s ta te s  that reduction o f

no ise  in  a net fo r  which D-2 and 0 2 hold has the  

e f f e c t  of a LEO. The p o s s ib i l i t y  o f performing t h i s  

operation w i l l  depend on the connections o f  the net N 

with the remainder of the brain model. I f  no ise  i s
i

defined as that part of the net a c t iv i t y  which i s  in te r 

fered with F -a c tiv e  patterns (thus one F -a c tiv e  pattern

can be n o ise  r e la t iv e  to  another) there are severa l  

ways of c o n tr o ll in g  i t .

1 . Removal o f  sources o f  pulses external to  

by d irect  means.

2. The removal o f  in tern a lly  generated noise  i s  

more d i f f i c u l t ;  presumably i t  cannot be done d ir e c t ly  

from outside the net without prejudicing the survival  

of the F -a c t iv i ty  of the net. In tern a lly  generated  

noise i s  due to fa )J  Interference between e s s e n t ia l ly
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in d e p e n d e n t  F - a c t i v e  p a t t e r n s  th ro u g h  c o n t ig u o u s  and 

common c o n n e c t i o n s ,  an d (b ).'  P r o p a g a t io n  o f  p u l s e s  

th ro u g h  n c n - F - a c t i v e  p a th w a y s . N o ise  o f  t y p e  fb } w i l l  

depend on m u l t i p l e  j u n c t i o n  c o n d i t i o n s ,  and w i l l  be  

red u ced  when e x t e r n a l  n o i s e  i s  c u t .  The n o i s e  o f  t y p e  

(a) i s  more s e r i o u s  s i n c e  i t  can n ot  be d i r e c t l y  removed  

w it h o u t  i n t e r f e r e n c e  w i t h  t h e  F - a c t i v e  p a t t e r n s .  But 

t h i s  can  be done i n d i r e c t l y :  i f  t h e  n e t  i s  n o r m a lly

o p e r a te d  i n  such  a manner t h a t  t h e  number o f  s im u l t a 

n eo u s  a c t i v e  F - a c t i v e  p a t t e r n s  i s  k e p t  s m a l l ,  th e n  

t h e r e  w i l l  rem ain l i t t l e  t y p e ( a )  n o i s e  when t h e  e x t e r n a l  

n o i s e  i s  o u t .  But t h i s  can  be done 3 im p ly  by k e e p in g  

t h e  norm al n o i s e  l e v e l  ( i n  n o n -r e in f o r c e m e n t  i n t e r v a l s )  

a t  a h ig h  l e v e l .  S in c e  t h i s  c o n d i t i o n  i s  p ro b a b ly
i f iMn e c e s s a r y  anyway in  o r d e r  t h a t  } 2 r  h o ld ,  i t  c o s t s  l i t t l e

more t o  assum e t h a t  i t  w i l l  h o ld  i n  our n e t s .  I f

n o r m a lly  t h e r e  i s  h ig h  e x t e r n a l  n o i s e  l e v e l ,  a r e d u c t io n

i n  t h i s  l e v e l  w i l l  c a u s e  an a s s o c i a t e d  drop  i n  t h e

I n t e r n a l  n o i s e  o f  b o th  t y p e s ,  and th e  e x t e r n a l  n o i s e
*

r e d u c t io n  w i l l  have t h e  e f f e c t  o f  a LK.O.

{A s l i g h t l y  d i f f e r e n t  t e c h n iq u e  t h a t  m igh t work i f  

e x t e r n a l  n o i s e  w ere n o t  n o r m a lly  h ig h  w ould  be t o  

p r e c e d e  t h e  drop i n  n o i s e  by a b r i e f  i n c r e a s e .  I t  

seem s p l a u s i b l e  t h a t  a v e r y  s h o r t  b u r s t  o f  n o i s e  w ould  

e f f e c t i v e l y  d e s t r o y  some F - a c t i v e  p a t t e r n s ,  b u t  would  

be u n l i k e l y  t o  i n i t i a t e  a n y .  The o p e r a t io n  w ould d e s t r o y

*  Nffv*, coaJS : ^  cAycjt^ r -  u / i ( (  i .
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*15

some o f  th e  F - a c t i v i t y ,  but i t  would  g i v e  t h e  rem ainder  

a b e t t o r  ch a n ce  t o  s u r v iv e  lo n g  enough t o  s a t i s f y  con

d i t io n .  J 2 |  and be t h u s  r e i n f o r c e d • T h is  t e c h n iq u e  

d o e s  n e t  seam p r o m is in g  a s  compared t o  th e  n o r m a lly  

h ig h  n o i s e  l e v e l  t e c h n i q u e . )

The p u rp ose  o f  t h e  seco n d  p r o v i s i o n  o f  c o n d i t i o n  

f 2$^ i s  d e s ig n r d  t o  p r e v e n t  t h e  (random) r e in fo r c e m e n t  

o f  F - a c t i v e  p a t t e r n s  in  t h e  a b s e n c e  o f  an o v e r a l l  

n o i s e  r e d u c t i o n .  The a l t e r n a t i v e  c o n d i t i o n  o f  $2*5,  

on t h e  o t h e r  hand w ould im p ly  t h a t  p a t t e r n s  w h ich  are  

K - a c t i v e  s u f f i c i e n t l y  o f t e n  would be f a c i l i t a t e d  by 

v i r t u e  o f  t h a t  f a c t  a l o n e ,  w ith o u t  t h e  n e c e s s i t y  f o r  

a p p l i c a t i o n  o f  a r e in f o r c e m e n t  o p e r a t o r  t o  t h e  w h o le  

n e t .  I t  i s  c o n c e i v a b l e  t h a t  t h i s  w o u ld  be a d e s i r a b l e  

p r o p e r ty  o f  a b r a in  m o d e l,  b u t on  t h e  o t h e r  hand, i t  

i s  n o t  d i f f i c u l t  t o  im ag in e  ways i n  w hich such  a ty p e  

•• o f  " l e a r n i n g ” m igh t  be a n t a g o n i s t i c  t o  a t te m p ts  t o  

o r g a n iz e  t h e  n e t  by o t h e r  m eans. D-2* i s  m en tio n ed  

o n ly  a s  an exam ple o f  how a s y n a p t i c  p r o p e r ty  m ight be  

r e f l e c t e d  i n  n e t  b e h a v io r ;  we w i l l  n o t  assume i t  f o r  

t h e  n e t s  o f  t h i s  t h e o r y .

B i o l o g i c a l  a s p e c t s  o f  t h e  d e n s i t y  a x io m s .

,0 The e v id e n c e  f o r  t h e  norm al r e c o v e r y  se q u e n c e  o f  

axiom  D-0 i s  r e v ie w e d  i n  c h a p te r  3» I  have made no 

s y s t e m a t i c  e f f o r t  t o  a ssem b le  e v id e n c e  f o r  t h e  v a l i d i t y
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o f  any f o r a  o f  axiom s D -l  -  3-3 in  t h e  n e t s  o f  th e  

c e n t r a l  n e r v o u s  s y s te m . The f o l l o w i n g  argum ents are  

in t e n d e d  o n ly  t o  show t h a t  t h e s e  axiom s need  n o t  be 

rey a rd ed  so' a l a r g e  number o f  a r b i t r a r y  a ssu m p tio n s  

about t h e  b e h a v io r  o f  i n t o r n e u r a l  j u n c t i o n s ,  b u t  a a y  

i n s t e a d  bs r e g a r d e d  as t h e  s i n g l e  p r o p o s i t i o n  t h a t ,  i n  

a s p e c i a l  way, t h e  i n t e r n e u r a l  j u n c t i o n s  e x h i b i t  a s e t  

o f  p r o p e r t i e s  which arc  more, o r  l e s s  u n i v e r s a l l y  o b se r v e d  

i n  l i v i n g  t i s s u e *

6 / 1 . 7 . 1 *  i t  i s  f r e q u e n t l y  t h e  ca3® th - .t  when l i v i n g  e e l l s  

o r  t i s s u e s  a r e  ex p o sed  t o  an ’’i r r i t a t i n g ” s t i m u lu s ,  

t h e i r  r e s p o n s e s  e x h i b i t  t h e  f o l l o w i n g  form . 1 -0 :  I f

t h e  ”i r r i t a t i o n ’’ i s  t r a n s i e n t ,  th e  t i s s u e  r e sp o n d s  w ith  

a tx * a n s ien t  change in  p r o p e r t i e s ,  e i t h e r  m o r p h o lo g ic a l  

o r  b io c h e m i c a l .

1 - 1 .  There i s  a f?d e n s i t y ” c o n d i t i o n  jfl-jJ f o r  

w h ich , i f  t h e  ’’i r r i t a t i o n 5’ i s  i n t e n s e  and p r o lo n g e d  

enough t o  s a t i s f y  1 1 j J , t h e r e  i s  a change i n  th e  

p r o p e r t i e s  o f  t h e  t i s s u e  o f  r e l a t i v e l y  lo n g  d u r a t io n ,  

w it h  e v e n t u a l  r e s t o r a t i o n  o f  t h e  o r i g i n a l  b e h a v io r a l  

p r o p e r t i e s .

1 - 2 .  There i s  a d e n s i t y  c o n d i t io n  $ I 2 $» s t r o n g e r  

th a n  J l ]J »  f o r  w h ic h ,  i f  t h e  i r r i t a t i o n  s a t i s f i e s

t h e r e  i s  a more o r  l e s s  permanent change in  t h e  

p r o p e r t i e s  o f  t h e  t i s s u e .
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I f  through some p rocess , a t i s s u e  which has  

been exposed to i r r i t a t i o n s  s a t i s f y in g  (jigi but have  

in te r  been  restored  to  t h e ir  o r ig in a l  properties,'  

s i-tO w e u ap p i  i s  a on ox axi .Li x^it^x/ion ox type di^il 

causes a great ex* enango in  the t i s s u e  than would other

wise bo t.i.e i . e . , apa<̂ i ont noaling isay he

incom plete, or the t i s s u e  may  have become •'s e n s i t i s e d ,” 

xn some way•

A t y p i c a l  exam ple i s  p r o v id e d  by t h e  c l a s s i f i c a t i o n  

o f  t h e  s e q u e la e  o f  c h e m ic a l  o r  th e r m a l  trauma, i n t o  

“f i r s t ” (X0 ) ,  “ s e c o n d 51 ( i ^ ) , and t h i r d  ( i p )  d e g r e e  

b u r n s ,  in  t h e  t h i r d  d e g r e e  c a s e ,  t h e  perm anent change  

i s  e x e m p l i f i e d  by t h e  (m o r p h o lo g ic a l )  c o n v e r s io n  t o  

“s c a r ” t i s s u e .  O ther exam p les  a r e  a v a i l a b l e ,  but t h e r e  

i s  l i t t l e  p o in t  i n  c a t a l o g u i n g  th em . In  c e r t a i n  c a s e s ,  

t h e  ( b io c h e m ic a l )  p r o c e s s  o f  ris e n s i t i s a t i o n 5' t o  f o r e i g n  

s u b s t a n c e s  may p r o c s e c  a lo n g  t h e s e  l i n e s .

For t h e  c a s e  o f  i n t e r n e u r a l  t r a n s m i s s i o n ,  t h e  ax iom s  

D-0 -  D-3 may be r e g a r d e d  a s  exam p les  o f  1^-1^ i f  t h e  

f o l l o w i n g  p r o v i s i o n s  a r e  made:

1 .  The t r a n s m i s s i o n  o f  a p u l s e  a t  a j u n c t i o n  i s  

r e g a r d e d  a s  an “i r r i t a t i o n ” t o  one o r  b o th  o f  t h e  

a f f e r e n t  f i b r e  e n d in g  o r  t h e  e f f e r e n t  c e l l  s u r f a c e .

2 .  The ch a n g es  i n  t h e  p r o p e r t i e s  o f  t h e  t i s s u e s  

i n v o l v e d  a r e  such t h a t  th e  t r a n s m i s s i o n  p r o b a b i l i t i e s  o f  

t h e  j u n c t i o n  i s  r a i s e d  i n  th e  a p p r o p r ia te  i n t e r v a l s .
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6 / 1 . 7«2 *  The f o l l o v / i n g  i s  a p r o p o s a l  o f  a s im p le  mechanism

th ro u g h  v r h c 1 J-G -  ..<-3 c o u ld  be r e a l i s e d  i n  t h e  n erv o u s

S y o tO .-'U  i  o p.-. OpQiicjQ 0 1* 1 v t c  O'1' tliC .L  i"* 0  ** i,

n eed  n o t  bo n e c e s s a r i l y  ro e  -rdoc a s  a l a r g e  number o f  

in d e p e n d e n t  h y p o t h e s e s  about i n t o r n e u r a l  t r a n s m i s s i o n .

.. f r e q u e n t  Term o f  r e s p o n s e  t o  i r r i t a t i o n  i s  a l o c a l  

edema o r  f’s w e l l i n g . ” T h is  i s  o f t e n  th e  e a s e  f o r  th e r m a l ,  

e l e c t r i c a l ,  c h e a i c a l , o r  ev en  m e c h a n ic a l  i r r i t a t i o n .  

•Suppose t h i s  were t r u e  f o r  t h e  s u r f a c e s  in v o l v e d  i n  t h e  

’’i r r i t a t i o n ' ’ o f  i n t e r n e u r a l  t r a n s m i s s i o n .  ducli a l o c a l  

edema o r  s w e l l in g ,  w i l l  b r in g  th e  a c t i v e  s u r f a c e s  c l o s e r  

t o g e t h e r .  But t h e n ,  on t h e  b a s i s  o f  e i t h e r  an e l e c t r i c a l  

o r  c h e m ic a l  a g e n t  t r a n s m i t t e r  t h e o r y ,  i t  w ou ld  be 

n a t u r a l  t o  e x p e c t  a. r i s e  i n  t h e  t r a n s m i s s i o n  r e l i a b i l i t y ,

. s i n c e  i n  e i t h e r  c a s e  t h e  c o n c e n t r a t i o n  o r  f i e l d  s t r e n g t h  

o f  t h e  t r a n s m i t t i n g  medium w i l l  be i n c r e a s e d  a t  t h e  

e f f e r e n t  s u r f a c e .  D-2 s u g g e s t s  t h a t  i f  i r r i t a t i o n  i s  

s u f f i c i e n t l y  p r o lo n g e d ,  t h e  g e o m e tr ic  ch a n g es  a r e  r e l a t i v e  

l y  p erm an en t• The o t h e r  txieCXonis i * i' v s  '3xi c o v io u s  ixi l a l o g y .

6 / 1 . 7 . 3 *  C hem ical o r  ’’hum oral’1 r e in fo r c e m e n t  t h e o r i e s .

The n o i s e  o p e r a t e d  LEO o f  1 / 1 . 1 - 6 / 1 . 6  h as  t h e  

f e a t u r e  t h a t  in  a r e a l  s e n s e  i t  i s  c o n t a in e d  e n t i r e l y  

w i t h i n  t h e  netw ork  s t r u c t u r e  o f  t h e  n e t .  I t  i s  p o s s i b l e  

t o  d e s c r i b e  a l t e r n a t i v e  m od els  i n  w hich  t h e  r e i n f o r c e 

ment c o n t r o l  ch a n n e l  i s  n o t  a p e r t  o f  t h e  n e t  p ro p er ,  

e . g . , a s  i n  t h e  SNARC m ach in e . I f  such  a model i s
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proposed as a brain theory, the most natural correspond

ence to  the extra-neural reinforcement contro l channel 

would seem to  b@ "humoral" or vascular d is tr ib u t io n  o f  

a biochemical reinforcement agent, ouch a "reinforcing  

substance’1 would have to  s e l e c t iv e ly  a l t e r  the trans

m ission properties o f  in te m e u r a l  junction s which have 

re ce n t ly  been a c t iv e ,  or have recen t ly  s a t i s f i e d  a 

d en sity  con d ition . I t  i s  not d i f f i c u l t  to  envisage  

a mechanism through which t h i s  could occur:

I t  might be proposed, for  example, that one o f  the  

e f f e c t s  o f  the " ir r i ta t io n ” o f  in terneu ra l pulse tran s

m ission  i s  to  render ths boundary membranes o f  the  

junction  surfaces permeable to  penetration  by the 

c ir c u la t in g  reinforcement substance. Thus the substance 

would s e l e c t iv e ly  en ter  recen tly  a c t iv e  junctions and 

produce the appropriate a l t e r a t io n  o f  t h e ir  p rop erties .

There are l im ita t io n s  to such a "humoral" theory o f  

reinforcem ent. F^^'the time o f  c ir c u la t io n  and d iffu s io n  

o f  such a substance through the  brain might be too slow  

to  be adequate fo r  some types o f  learn in g . l$0 j . , 

i t  would be d i f f i c u l t  to  l o c a l i s e  the domains of the  

brain in  which a p a rt icu la r  reinforcement act i s  applied ,  

without having to  introduce a large  c la s s  o f  d iffer en t  

agen ts , or p ostu la tin g  t h e ir  in je c t io n  in to  sp ec ia liz ed  

vascu lar  channels.

A proposal which might be a good compromise between
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t

t h e  hum oral t h e o r y  and t h e  c o m p le t e ly  netw ork t h e o r y  

i s  t h e  f o l l o w i n g :  There a re  many m o r p h o lo g ic a l ly

d i s t i n c t  t y p e s  o f  n eu ro n s  (and o t h e r  c e l l s ! )  i n  each  

su b n et  o f  t h e  b r a in .  I t  i s  n o t  i n c o n c e i v a b l e  t h a t  t h e r e  

a r e  a s s o c i a t e d  b io c h e m ic a l  d i s t i n c t i o n s ,  and t h a t  t h e  

d is c h a r g e  o f  some p a r t i c u l a r  t y p e  T o f  c e l l  c a u s e s  th e  

r e l e a s e ,  i n t o  t h e  su r ro u n d in g  i n t e r s t i t i a l  f l u i d  o f  t h e
j

b r a in  t i s s u e ,  o f  t h e  h y p o t h e t i c a l  c h e m ic a l  r e i n f o r c i n g  

a g e n t .  I t  n eed  o n ly  be f u r t h e r  assum ed t h a t  t h e  c e l l s  

o f  t y p e  T a r e  w id e ly  d i s t r i b u t e d ,  bu t can be s e l e c t i v e l y  

f i r e d  th ro u g h  one o r  more c e n t r a l  c h a n n e l s ,  w h ich  th u s  

become t h e  r e in fo r c e m e n t  c h a n n e ls  f o r  t h e  b r a in .  Such 

a sy s te m  w ould  be a c c e p t a b le  f o r  th e  t h e o r y  o f  c y c l e s  

w it h  f i r i n g  o f  t h e  c o n t r o l  c h a n n e ls  o f  T r e p l a c i n g  t h e  

r e d u c t io n  o f  n o i s e  i n  t h e  r o l e  o f  t h e  r e in fo r c e m e n t  

o p e r a t o r .  However many o f  t h e  m echanism s o f  t h e  rem ain

d e r  o f  t h i s  c h a p te r  would be d i f f i c u l t  t o  r e a l i z e  i n  a 

s im p le  way w i t h  t h i s  l o c a l  c h e m ic a l  t y p e  o f  o p e r a t o r .

I t  may b© n o te d  t h a t  t h i s  l o c a l  c h e m ic a l  sy s te m  w ould  

be much f a s t e r  th a n  a v a s c u la r  sy stem  i n  i t s  a c t i o n ,  

and t h a t  i t  i s  c l o s e r  t o  b e in g  a p a r t  o f  t h e  u n d e r ly in g  

n e t .  I t  i s  p erh ap s  w orthy o f  m en tion  t h a t  t h e  f a c t  

t h a t  no f’r e in fo r c e m e n t  s u b s t a n c e ” h a s  b een  d i s c o v e r e d  

i s  n o t  good e v id e n c e  w ith  w hich  t o  a t t a c k  such  a c h em ica l  

th e o r y  o f  r e in f o r c e m e n t ,  f o r  i n  t h i s  m o d e l,  th e  

r e in fo r c e m e n t  s u b s ta n c e  i s  r e l e a s e d  d i r e c t l y  i n t o  t h e
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i n t e r s t i t i a l  f l u i d  o f  t h e  b r a i n .  I f ,  l i k e  m ost  

s u b s t a n c e s ,  i t  d o e s  n o t  p e n e t r a t e  t h e  b lo o d - b r a in  

b a r r i e r ,  i t  w ould  n e v e r  e n t e r  t h e  g e n e r a l  c i r c u l a t i o n ,  

and w ould  n ot be d e t e c t e d  t h e r e ;  s i m i l a r l y  i t  w ould  n o t  

have any e f f e c t  when i n j e c t e d  i n t o  t h e  g e n e r a l  c i r c u l a 

t i o n ,  s i n c e  i t  w ould  n o t  have a c c e s s  t o  t h e  i n t a r n e u r a l  

j u n c t i o n s .  ( F i n a l l y ,  i t  would  have  t o  h ave  a s h o r t  

l i f e t i m e  i n  th a  b r a in  t i s s u e s  i f  i t  w ere t o  p r o v id e  an 

a c c e p t a b l e  r e in f o r c e m e n t  o p e r a t o r . }

R e g a r d le s s  o f  t h e s e  p o s s i b i l i t i e s ,  we w i l l  

i n v e s t i g a t e  p r im a r i ly  t h e  n o i s e  c o n t r o l l e d  r e in f o r c e m e n t  

o p e r a t o r  o f  6 / 1 . 6 .  W hether or  n o t  a p r o c e s s  o f  t h i s  

k in d  h a s  a r e a l i s a t i o n  i n  t h e  b r a in ,  i t  i s  a c o n v e n ie n t  

b a s i s  f o r  th e  o p e r a t i o n  o f  some sy s te m s  o f  n o n - t r i v i a l -  

b e h a v i o r a l  c o m p le x i t y .

6 / 1 . S Summary.

The argum ents  o f  t h i s  s e c t i o n  com bined w i t h  t h o s e  

o f  c h a p t e r  5 show t h a t  i t  i s  p l a u s i b l e  t h a t  i f  t h e
M

c o n d i t i o n s  D-2 and f 2 |  a r e  s a t i s f i e d  f o r  a n e t  If, 

and i f  N i s  n o r m a lly  o p e r a t e d  a t  h ig h  ( e x t e r n a l l y  

g e n e r a t e d )  n o i s e  l e v e l s ,  t h e n  t h e  a c t  o f  s h a r p l y  

r e d u c in g  th e  ( e x t e r n a l )  n o i s e  l e v e l  h a s  t h e  e f f e c t  on 

M o f  a l o c a l  r e in f o r c e m e n t  o p e r a t o r .

I t  seem s l i k e l y  t h a t  o n ly  c o m p u ta t io n a l ,  i . e . ;  

^ e x p e r im e n t a l0 t e c h n iq u e s  c o u ld  d e term in e  w h eth er  t h i s
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6 / 2  I 

6/2.1

6/ 2.1

i s  th e  c a s e  f o r  any  p a r t i c u l a r  n e t  Nq . I t  would a l s o  

seem t h a t  o n ly  su ch  m ethods c o u ld  v e r i f y  w h e th e r  o r  

n o t  t h e  r e s u l t i n g  l o c a l  r e in fo r c e m e n t  o p e r a t o r  would  

h a v e ,  t o  an a d e q u a te  e x t e n t ,  t h e  p r o p e r t i e s  o f  a g l o b a l  

r e in f o r c e m e n t  o p e r a t o r .  (S ee  4 / 5 . 1 ) .  I t  seem s a d v i s a b l e  

t o  c h a r a c t e r i s e  n e t s  f o r  w hich  t h e s e  c o n c l u s i o n s  h o ld  

by a s p e c i a l  n o t a t i o n ;  we w i l l  c a l l  them I - n e t  s

h o s t  o f  t h e  n e t s  i n  t h i s  c h a p t e r  w i l l  have t h e s e  

p r o p e r t i e s .

veu ra l prim ary  r e in f o r c e m e n t  t h e o r i e s .

In  t h i s  s e c t i o n  we d i s c u s s  t h e  p o s s i b i l i t i e s  o f  

r e a l i z i n g ,  w i t h i n  a n e u r a l - a n a lo g  n etw ork , sy s te m s  o f  

t h e  form ( & ,£ ,? )  ( s e e  4 / 2 f f ) ,  w here t h e  Z i s  a l o c a l  

r e in f o r c e m e n t  o p e r a t o r .

f i r s t  c o n s id e r  n e t s  o f  t h e  f o l l o w i n g  fo rm .

4

C Z 3

C 3
The main n e t  M-I i s  assum ed t o  be a (random) n e u r a l -  

a n a lo g  n e t  p r o v id e d  'with a l o c a l  r e in fo r c e m e n t  o p e r a t o r

. ' 7  1
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TV
o p e r a t o r  may be reg a rd ed  a s  o p e r a t in g  on e i t h e r  t h e  

p r i n c i p l e s  o f  6 / 1 . 6 , or  t h o s e  o f  6 / 1 , 7 . 3 , o r  on any  

o t h e r  w orkab le  p r i n c i p l e ,  ' s  was p o in te d  ou t i n  4 / 3 , 

f o r  g l o b a l  r e in f o r c e m e n t ,  t h e  b e h a v io r  o f  t h e  sy s te m ,  

a s  r e l a t e d  t o  an e n v ir o n m e n t , depends s t r o n g l y  on th e  

n a tu r e  o f  th e  in fo r m a t io n  used  by  t h e  X t o  c o n t r o l  t h e  

a p p l i c a t i o n  o f  r e in f o r c e m e n t .  T h is  i s  e q u a l l y  t r u e  f o r  

l o c a l  r e in f o r c e m e n t  o p e r a t o r s .  /e s h a l l  exam ine some 

p o s s i b i l i t i e s ,  w ith  a t t e n t i o n  t o  t h e  b i o l o g i c a l  

a p p l i c a b i l i t y  o f  each  m o d el.

6 / 2 . 2  In  s im p le  o r g a n is m s ,  l e a r n i n g  must be d i r e c t e d  in

su ch  a way a s  t o  prom ote s u r v i v a l .  (To put i t  somewhat 

l e s s  t e l e o l o g i c a l l y , i t  can be e x p e c t e d ,  t h a t  w ith  

p r o b a b i l i t y  much g r e a t e r  th a n  ch a n c e ,  t h e  p r o c e s s  o f  

e v o l u t i o n  w i l l  te n d  t o  p r o v id e  t h o s e  o r g a n ism s  which  

have an M,A,Y s y s te m  w ith  a V w hich  t e n d s  t o  promote  

b e h a v io r  w hich  i s  p r o - s u r v i v e l . } I t  seem s t o  me t h a t  

in  t h o s e  lo w e r  a n im a ls  w hich  have an a p p r e c ia b le  

l e a r n i n g  c a p a c i t y ,  t h i s  i s  a c c o m p lis h e d  i n  th e  f o l l o w i n g  

w ay. Each o rg a n ism  may be d e s c r ib e d  a s  h a v in g  an 

tt INTERIM L PHYSIOLOGICAL STATE.** I t  w ou ld  be q u i t e  

f u t i l e  t o  a t te m p t  a p r e c i s e  s p e c i f i c a t i o n  o f  what I  

mean by t h i s  e x p r e s s i o n ;  I  mean t o  i n d i c a t e  an " im agin ary" )  

c a t a l o g  o f  t h e  i n s t a n t a n e o u s  m e ta b o l ic  and m ech a n ica l  

c o n d i t i o n  o f  each  t i s s u e  o f  th e  body, e x c lu d in g

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6-24

s p e c i f i c a l l y  thorjo a s p e c t s  o f  t h e  s t a t e  o f  o r g a n s  and 

c h a n n e ls  vrhich can n a t u r a l l y  be r e g a r d e d  a s  in fo r m a t io n  

t h e o r e t i c  ( e . g . .  t h e  p u l s e  s t a t e  o f  t h e  n erv o u s  

s y s t e m ,  o r  horm onal c o n c e n t r a t i o n s ) .  L et  u s  su p p o se  

t h a t  t h i s  i n t e r n a l  s t a t e  can be d e s c r ib e d  by  a f i n i t e  

number o f  d i s t i n c t  r e a l  p a ra m eters  (w hich  o r e  sup p osed  

t o  r e p r e s e n t  t h i n g s  l i k e  c o n c e n t r a t i o n s  o f  n u t r i e n t s  

in  t h e  b lo o d  o r " i n t e r s t i t i a l  f l u i d s ,  o r  t h e  m e c h a n ic a l  

f o r c e s  a t  work i n  s p e c i f i c  o r g a n s ' .  T here w i l l  be  a 

s u b s e t  o f  t h e s e  p a ra m eters  w hose v a l u e s  must be m a in ta in e d  

w i t h i n  some "normal range" i f  t h e  org a n ism  i s  t o  be  

a b l e  t o ' s u r v i v e  ( o r  a t  l e a s t  t o  be " n o r m a l" ) .  Examples  

a r e  ( i ):  t h e  c o n c e n t r a t i o n  o f  c i r c u l a t i n g  oxygen  (o r

o f  0 0 2 ) ,  ( i i ) :  t h e  c o n c e n t r a t i o n  o f  " e s s e n t i a l "

m e t a b o l i t e s  l i k e  g l u c o s e ,  ( i i i ) :  t h e  i n t e r n a l  tem p era 

t u r e  o f  t h e  b o d y , ( i v ) :  t h e  r e l a t i v e  and a b s o l u t e

c o n c e n t r a t i o n s  o f  e l e c t r o l y t e s  i n  t h e  l o c a l  and g e n e r a l  

c i r c u l a t i o n s .

Now, o f  t h e  " c r i t i c a l "  i n t e r n a l  p h y s i o l o g i c a l  

p a r a m e te r s ,  some w i l l  be m a in ta in e d  w i t h in  t h e i r  

"norm al range" by means o f  " b u i l t - i n "  i n t e r n a l  r e g u l a 

t i o n  m echanism s ( " h o m e o s t a s i s " ) .  Such mechanism s may 

o r  may n o t  i n v o l v e  n e u r a l  o r  m e c h a n ic a l  a d j u s t m e n t s .  

G lu c o se  c o n c e n t r a t io n  i s  p a r t l y  r e g u la t e d  by such  a 

b u i l t - i n  mechanism u t i l i s i n g  a hormonal c h a n n e l .  

R e s p i r a t i o n ,  s i m i l a r l y ,  i s  p a r t l y  r e g u la t e d  by
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n eu r o m u sc u la r  b u i l t - i n  c h a n n e l s ,  bo i s  i n t e r n a l  tempera' 

t u r e  and. w a t e r  d i s t r i b u t i o n .  H owever, t h e  b u i l t - i n  

r e g u l a t o r s  * r e  n e t ,  i n  g e n e r a l ,  c a p a b le  o f  co m p le te  

s t a b i l i s a t i o n .  For many o f  t h e  p h y s i o l o g i c a l  p a r a 

m e t e r s ,  some f o r a  o f  i n t e r a c t i o n  w ith  t h e  e x t e r n a l  w orld  

i 3  e s s e n t i a l  f o r  m a in ten a n ce  w i t h i n  normal l i m i t s .

In  some c a s e s ,  t h e  form o f  such  i n t e r a c t i o n  may be such  

t h a t  a g a in  a b u i l t - i n  mechanism w i l l  s u f f i c e .

In  t h e  c a s e  t h a t  th e  en v iron m en t i s  n o t  s u f f i c i e n t l y  

d e p e n d a b le ,  o r  e q u i v a l e n t l y ,  i f  t h e  o rg a n ism  i s  t o  be 

a b le  t o  s u r v iv e  i n  a w ide v a r i e t y  o f  e n v ir o n m e n ts ,  

t h e n  e v o l u t i o n  may f a i l  t o  be a b le  t o  produce a 

s u f f i c i e n t l y  v e r s a t i l e  c o l l e c t i o n  o f  b u i l t - i n  m echanism s  

and. a n o t h e r  method w i l l  be r e q u ir e d .  C o n s id er  th e  c a s e  

o f  th e r m a l s t a b i l i z a t i o n .  The I n t e r n a l  r e g u l a t o r s  have  

a l i m i t e d  s u c c e s s  i n  r e g u l a t i n g  th e  body te m p e r a tu r e ,  

but. i f  t h e  l e v e l  f a l l s  t o o  f a r ,  i t  i s  n e c e s s a r y  f o r  th e  

o rg a n ism  t o  f in d , a way t o  make t h e  environm ent p r o v id e  

h e a t ,  i t  w ould  be v a lu a b le  f o r  such an organ ism  t o  be 

a b le  t o  l e a r n  how t o  r e c o g n i s e  and e x p l o i t  s o u r c e s  o f  

h e a t .  I t  would a l s o  be e s s e n t i a l  f o r  t h e  o rg a n ists  t o  

be a b le  t o  l e a r n  t o  do t h i s  o n ly  when i t  " i s  c o ld " ;  

we w i l l  c a l l  t h i s  "m otivated "  o r  " d r iv e -m o t iv a te d "  

b e h a v io r .

6 / 2 . 3  T h is  t y p e  o f  l e a r n in g  can be e x h i b i t e d  by an (M ,Z ,¥)
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s y s te m  eq u ip p ed  w ith  an a p p r o p r ia te  V" system.* The most  

e l 8 E e n t s r y  scheme t h a t  seoms a c c e p t a b le  i s  t h a t  o f  

"d r i v e - r e d u c t i o n  r e i n f o r c e m e n t . ” duppose t h a t  V i s  so  

c o n s t r u c t e d  t h a t  th e  r e i n f o r e e a o n t  sy s te m  i s  a c t i v a t e d  

U- i s  o p e r a t e d )  w h en ever  :■ p h y s i o l o g i c a l  param eter  

t h a t  has  been o u t s i u e  t l ie  ’'normal ra n g e” i s  r e t u r n e d  

t o  no.-real l e v e l .  I T h is  o f  c o u r s e  can e q u i v a l e n t l y  be 

i . e s c i i c t o u  so uiiOse pui'nmc^l.x*o w iiicr  do n o t  nave  

co m p le te  b u i l t - i n  r e g u l a t o r s . ) Then any r e a c t i o n  w hich  

p r e c e d e s  t h e  r e s t o r a t i o n  o f  norm alcy  w i l l  be r e i n f o r c e d ,  

and t h i s  w i l l  t e n d  tow ard  th e  l e a r n i n g  o f  " a d a p t iv e ” 

b e h a v i o r .  { I t  w i l l ,  o f  c o u r s e ,  n o t  a lw a y s  dc so ;  

p r e c e d in g  r e a c t i o n s  may not have had a n y th in g  t o  do 

w it h  t h e  r e s t o r a t i o n . )

su ch  a sy s te m  h a s  a t  l e a s t  two p o s s i b l e  d e f e c t s :

(1 )  " m o t iv a t io n ” i s  a b s e n t ;  t h e  above organ ism  w i l l ,  

p e r h a p s ,  l e a r n  what t o  e a t  when i t  i s  h u n gry , but  

t h e r e  i s  no p r o v i s i o n  t o  make i t  s to p  e a t i n g  when 

i t  i s  n o t  h u n g r y .  T h is  i s  a s e r i o u s  c o n s i d e r a t i o n ,  

s i n c e  when i t  o v e r e a t s ,  a n o th e r  i n t e r n a l  p ara m eter  

w i l l  go o u t  o f  r a n g e ,  and , by a s i m i l a r  p r o c e s s ,

i t  w i l l  t e r n  t o  a v o id  e a t i n g .  Then th e r e  w i l l  be  

a c o n f l i c t .

(2 )  i n  many c a s e s ,  e . g . ,  i n  t h a t  o f  e a t i n g , t h e  r e s t o 

r a t i o n  o f  t h e  p h y s i o l o g i c a l  param eter  t o  i t s  normal
i

v a lu e  may be d e la y e d  u n t i l  lo n g  a f t e r  t h e  " a d a p tiv e"
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r e a c t i o n  h a s  o c c u r r e d .  T h is  w ou ld  i n a c t i v a t e  

t h e  l t n r n i n g  p r o c e s s  i n  s y s t e m s  where r e i n f o r c e 

ment -a p p l ie s  o n l y  t o  v e r y  r e c e n t  r e a c t i o n s *  For  

a c a r b o h y d r a t e - d e p e n d e n t  a n im a l,  t h e  V - sy s te m  must 

be  a c t i v a t e d  l o n g  b e f o r e  t b s  f o o d  h a s  b een  a b so r b e d  

i n t o  t h e  c i r c u l a t i o n ,  s i n c e  t h i s  may t a k e  m in u tes  

o r  e v e n  h o u r s .  One s o l u t i o n ,  i n  a n im a ls ,  - i s  

s i m p l e ;  t h e  t a s t e  r e c e p t o r s  o f  t h e  mouth have  7  

o r  r e i  n f  o r  c e ment p o t e n c y ;  t h e  r e in f o r c e m e n t  i s  n o t  

o f  t h e  d i r e c t  " d r iv e  r e d u c t i o n "  t y p e  o f  t h e  f i r s t  

per;.:. ::raph.*

6 / 2 . 4  The m o t iv a t io n  problem  (1 )  can be s o lv e d  by t h e  d e v ic e  

o f  p r o v id in g  t h e  main n e t  w ith  in fo r m a t io n  a b o u t t h e  

s t a t e  o f  t h e  " c r i t i c a l "  p h y s i o l o g i c a l  p a r a m e te r s  i n  t h e  

form o f  s t i m u l u s .  C o n s id e r  t h e  e f f e c t  o f  a d d in g  such  a 

c h a n n e l .

*An a m u s in g  r e s u l t  o f  t h e  a t t e m p t  t o  c o r r e l a t e  p h y s i o l o g y  
and l e a r n i n g  t h e o r y  i s  p r o v id e d  by t h e  f o l l o w i n g  o b se rv a tio n * .
I t  h a s  lo n g  b e e n  known t h a t  t h e  s a l i v a r y  f l u i d  c o n t a i n s  a s t a r c h -  
h y d r o ly z in g  enzym e.  The " fu n c t io n "  o f  t h i s  enzyme h a s  b een  lo n g  
i n  q u e s t i o n ,  s i n c e  t h e  amount o f  d i g e s t i o n  t h a t  i t  can  a c c o m p lis h  
i n  t h e  mouth i s  n e g l i g i b l e ;  i t  i s  q u ic k ly  i n a c t i v a t e d  In  t h e
a c i d  pH o f  t h e  stom ach , and t h e r e  i s  a v a s t l y  g r e a t e r  s u p p ly    .
o f  su c h  enzym es In  t h e  i n t e s t i n a l  t r a c t ,  what u s e ,  t h e n ,  i s  
t h e r e  i n  h a v in g  such an enzyme in  t h e  mouth? From t h e  p o in t  o f  
v ie w  o f  r e in fo r c e m e n t  t h e o r y  t h e  answ er seem s e v i d e n t :  I t  i s  t h e r e
t o  make s ta r c h y  fo o d s  t a s t e  sw ee t  I More p r e c i s e l y ,  i t  i s  known 
t h a t  sw e e t  t a s t e ,  i . e . ,  e x c i t a t i o n  o f  t h e  "sw eet"  t a s t e  r e c e p t o r s  
o f  t h e  mouth, h a s  r e in f o r c e m e n t  power in  (hungry) a n im a ls .  
U n h yd ro lyzed  s t a r c h  d o e s  n o t  e x c i t e  t h e s e  r e c e p t o r s  (presum ably  
b e c a u s e  i t  d o es  n o t  p e n e t r a t e  t h e  l i m i t i n g  membrane o f  t h e  t a s t e  
r e c e p t o r s ) .  But th e  su g a r  m o le c u le s  w hich  r e s u l t  from t h e  
h y d r o l y s i s  h sva  t h e  power t o  e x c i t e  t h e s e  r e c e p t o r s !
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F o r  t h i s  s y s t e m ,  a " s t im u lu s ” a t  t h e  in p u t  o f  t h e  

main n e t  w i l l  a lw a y s  b e  t h e  sum o f  two com ponents;  

one component 3 i s  t h a t  w hich  comes from  t h e  en v iron m ent  

th r o u g h  t h e  " e x t© r e c e p to r s* 1 o f  t h e  o r g a n ism , t h e  o t h e r ,  

3 * ,  c o n t a in s  in f o r m a t io n  about t h e  i n t e r n a l  s t a t e  o f  t h e  

o r g a n ism . Then a r e a c t i o n ,  w hich e x t e r n a l l y  a p p e a r s  

t o  be o f  t h e  form 3q-K q, i s (w h e n  t h e  o rg a n ism  i s  i n  an  

i n t e r n a l  s t a t e  g i v i n g  r i s e  t o  t h e  s t im u lu s  component Sq* 

r e a l l y  a r e a c t i o n  w ith  t h e  s t im u lu s  3q*^Sq. T hus, i f  

t h i s  r e a c t i o n  i s  r e i n f o r c e d ,  t h e  r e s p o n s e  Rq w i l l  n o t  be 

a s s o c i a t e d  w i t h  Sq u n c o n d i t i o n a l l y ,  b u t  o n ly  when t h e  

o rg a n ism  i s  a g a in  i n  an i n t e r n a l  s t a t e  r e p r e s e n t e d  by  

Sq*. The org a n ism  w i l l  t e n d  t o  u s e  b e h a v io r  w h ich  h a s ,  

i n  t h e  p a s t ,  b e e n  s u c c e s s f u l  in  n o r m a l iz in g  s t a t e s  l i k e  

i t s  p r e s e n t  o n e .

The s e l e c t i o n  o f  c r i t i c a l  c h a n n e ls  f o r  q u ick  r e 

in fo r c e m e n t  i s  l a r g e l y  a m a tte r  o f  e v o l u t i o n a r y
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d e v e lo p m e n t .  I f  t h e  t a s t e  sy s te m  i s  t o  h ave  r e i n f o r c e 

ment c a p a c i t y ,  and s t i l l  be c o m p a t ib le  w i t h  t h e  Mm o tiv a 

t i o n ” c h a n n e l ,  th e n  t h e  t a s t e  sy s te m  must t e n d  t o  be 

a c t i v e  a s  a r e in fo r c e m e n t  a c t i v a t o r  o n l y  when t h e r e  i s  

a “rrned” f o r  n u t r i e n t s .  v<e may e x p e c t  ea ch  org a n ism  t o  

c o n t a in  a m oderate  number o f  su c h  s p e c i a l  d e v i c e s ;  

how ever  f o r  com plex  and s e q u e n t i a l  l e a r n i n g ,  t h i s  ty p e  

o f  r e in fo r c e m e n t  c o n t r o l  ca n n o t  be a d e q u a te .  R e in fo r c e 

ment s y s te m s  i n  w h ich  th e  c o n t e n t  o f  V i s  " b u i l t - i n ” 

w i l l  be c a l l e d  PRIMARY r e in fo r c e m e n t  s y s t e m s .

6 /3  P r i m i t i v e  O r g a n iz a t io n s  

* 6 / 3 . 0  There a re  c e r t a i n  a s p e c t s  i n  t h e  b e h a v io r  o f  random

n e t s  w i t h  prim ary r e in f o r c e m e n t  o p e r a t o r s  t h a t  may be 

o f  c r u c i a l  im p ortan ce  i n  b r a in  t h e o r y .  T h is  se c t ic -n  

w i l l  d i s c u s s  t h e s e  a s p e c t s  i n f o r m a l l y .  U n f o r tu n a t e ly ,  

t h e y  have n o t  y e t  been  a n a ly s e d  i n  a b s t r a c t  form . The 

c e n t r a l  id e a  i s  t h a t  o f  v o c a b u l a r y ,” o r  t h e  n o t io n  

t h a t  t h e  o v e r t  p a r t  o f  b e h a v io r  can  be a n a ly z e d  i n t o  a 

r e l a t i v e l y  sm a ll  number o f  e le m e n t s .

* 6 / 3 , 1 ,  M otor V o c a b u la r i e s .

Let t h e  model o f  6 / 2 , 4  be drawn so  a s  t o  r e p r e s e n t  

e x p l i c i t l y  a s e t  o f  e x t e r o c e p t o r s  w hich have r e i n f o r c i n g  

p o t e n c y .

*S ee  { * ) 6 / l .
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C o n s id e r  t h e  b e h a v io r  o f  t h e  sy s te m  i n  t h e  e a r l y  

s t a g e s  o f  t r a i n i n g ;  b e f o r e  t h e  n e t  c o n t a in s  h i g h l y  

o r g a n iz e d  and d ep en d a b le  r e a c t i o n  p a th w a y s .  Suppose  

t h a t  t h e  n e t  i s  ’’l o n g , ” i . e . ,  t h a t  m ost p a th s  from  

t h e  s e n s o r y  end t o  th e  m otor end h ave  a f a i r l y  l a r g e  

number o f  j u n c t i o n s .  (Mote: t h i s  a ssu m p tio n  may have

t o  be r e l a x e d ,  perhaps by h a v in g  a s h o r t  n e t  in  p a r a l l e l  

w it h  t h e  lo n g  one d u r in g  '’i n f a n c y ” o f  t h e  s y s t e m ) .  Then 

t h e  i n i t i a l  S-E b e h a v io r  o f  t h e  n e t  w i l l  te n d  t o  be  

q u i t e  random.

a p a i r  a s  d e f in e d  in  6 / 2 . 4 ) .

S u p p o se , a l s o ,  t h a t  t h e  r e s u l t  o f  t h i s  r e a c t i o n  i s  

su c h  a s  t o  c a u s e  i t  t o  be r e i n f o r c e d .

In  a ’’l o n g ” n e t ,  a s i n g l e  r e in fo r c e m e n t  o f  a 

r e a c t i o n  i s  n o t  l i k e l y  t o  make t h a t  r e a c t i o n  d ep en d a b ly  

r e p r o d u c i b l e .  For i f  t h e  r e a c t i o n  i s  m ed ia ted  by 

r e l a t i v e l y  lo n g  c h a in s ,  t h e  f a i l u r e  o f  any j u n c t io n

u p p ose  t h a t  an e a r l y  r e a c t i o n  i s  (where i s  

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6 - 3 1

i n  t h e  c h a in s  can c a u s e  f a i l u r e  o f  t h e  

r e a c t i o n  t o  o c c u r .  U n t i l  t h e  n e t  con 

t a i n s  a c o l l e c t i o n  o f  w e l l - e s t a b l i s h e d  

p a t h s ,  l i t t l e  d e p e n d a b i l i t y  can  be e x 

p e c t e d  from i t s  r e a c t i o n s .

In  g e n e r a l ,  t h e  pathw ays m e d ia t in g  may be e x p e c te d

t o  h ave  t h e  f o l l o w i n g  a p p ea ra n ce :

For t h e  s t i m u lu s  3-̂  s e t s  up a c t i v i t y  w hich t e n d s  t o  

branch and d i e  o u t  random ly. L ook in g  backward from t h e  

R end o f  t h e  n e t ,  i t  may  be e x p e c te d  t h a t  t h e  r e s p o n s e  

can be a t t r i b u t e d  t o  t h e  f i r i n g  o f  a r e l a t i v e l y  sma.ll 

number o f  i n t e r m e d ia t e  c e l l s  such a s  t h e  f-L. o f  t h eli
d ia g ra m . Each o f  t h e  N-d c e l l s  w i l l  co n n e c t  t o  t h e  o u t -

£v

put c e l l s  th ro u g h  a ( s m a l l )  ®nd t h e s e  \\Jt-k* w i l l

be r e i n f o r c e d  when i s .  I t  i s  t h e s e  in

w hich we a r e  i n t e r e s t e d .

rihat a r e  t h e  c o n d i t i o n s  under w hich a r e a c t i o n  Sj-R ^  

i s  r e in f o r c e d ?  The b a s i c  f a c t  must be t h a t  w i t h in  a 

s h o r t  t im e  o f  t h e  o c c u r r e n c e  o f  t h i s  r e a c t i o n ,  so m eth in g  

must o c c u r  i n  t h e  en v iron m ent w h ich  c a u se  t h e  a c t i v a t i o n  

o f  t h e  V - s v s t e m . My a s s e r t i o n  i s  t h a t  t h e r e  i s  g r e a t e r  

th a n  ch a n ce  p r o b a b i l i t y  t h a t  t h e  r e s p o n se  ( t o  

s t im u lu s  3^) had so m eth in g  t o  do w ith  t h e  e n v ir o n m e n ta l
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e v e n t  w h ich  l e d  t o  r e in f o r c e m e n t .  (For i f  t h i s  were n o t  

t h e  c a s e ,  t h e n  t h e  m otor b e h a v io r  o f  t h e  sy stem  would be  

g e n e r a l l y  in c a p a b le  o f  i n f l u e n c i n g  t h e  environm ent in  

such  a way a s  t o  b r in g  ab ou t " d e s ir e d "  t y p e s  o f  e v e n t s . )  

To put i t  a n o t h e r  w ay, t h e r e  i s  g r e a t e r  th an  chance  

p r o b a b i l i t y  t h a t  t h e  r e s p o n s e  H-i i s  an a c t i o n  on th e  

p a r t  o f  t h e  sy s te m  which can  be u se d  t o  m a n ip u la te  t h e  

e n v iro n m en t i n  a d e s i r a b l e  way (from  t h e  p o in t  o f  v ie w  

o f  I f ) .  T h is  i s  a n o n - t r i v i a l  s t a t e m e n t .  C o n s id e r ,  

e . g . ,  a r e s p o n s e  w hich c o n s i s t e d  i n  t h e  eq u a l  c o n t r a c t i o n  

o f  a p a i r  o f  a n t a g o n i s t  m u s c le s ,  ouch a r e s p o n s e  i s  

n o t  l i k e l y  t o  c a u s e  a s i g n i f i c a n t  change in  t h e  e n v ir o n 

m ent, and i s  n o t  p a r t i c u l a r l y  l i k e l y  t o  be a s s o c i a t e d  

w it h  r e in f o r c e m e n t .  On t h e  o t h e r  hand, a m a n ip u la t iv e  

r e s p o n s e ,  such a s  g r a s p in g  an o b j e c t ,  i s  l i k e l y  t o  

r e s u l t  i n  a s i g n i f i c a n t  e n v ir o n m e n ta l  ch a n g e ,  i f  n o th in g  

t h e  o rg a n ism  d o e s  i s  l i k e l y  t o  have much e f f e c t  on t h e  

e n v ir o n m e n t ,  th e n  t h e s e  argum ents w i l l  n o t  h o ld ,  but  

t h e n  t h e r e  i s  l i t t l e  ch an ce  o f  t h e  organ ism  b e in g  a b le  

t o  a c q u ir e  any a d a p t iv e  b e h a v io r .

Now i f  t h e  s t i m u l i  p r e s e n te d  t o  t h e  system  a r e  

c o m p l ic a t e d ,  a s  i n  a r e t i n a l  im age , but i f  i t  a l s o  i s  

t h e  c o s e  t h a t  i n  such  a c o m p lic a te d  s t im u lu s ,  o n ly  a 

s n a i l  p a r t  i s  s i g n i f i c a n t  ( i . e . ,  t h a t  p a r t  which pro

v i d e s  in fo r m a t io n  about t h a t  p a r t  o f  t h e  environm ent  

w hich  t h e  org a n ism  can  im m e d ia te ly  i n f l u e n c e ,  e . g . ,
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n ea rb y  o b j e c t s  r a t h e r  th a n  t h e  c o l o r  o f  th e  sk y )  th e n  

ev en  i f  t h e  r e s p o n s e  h as  m a n ip u la t iv e  s i g n i f i c a n c e ,

i t  i s  n o t  p a r t i c u l a r l y  l i k e l y  t h a t  t h e  pathw ays o f  t h e  

c o m p le te  r e a c t i o n  have such s i g n i f i c a n c e .  For

many o f  t h e  p a th s  o f  t h e  r e a c t i o n  may be e x c i t e d  by  

m e a n in g le s s  p a r t s  o f  t h e  s t im u lu s  3^ . The o r g a n i s a t i o n  

w hich  i s  r e i n f o r c e d  a t  t h e  0 end o f  t h e  n e t  w i l l  t e n d  

t o  be r a t h e r  a c c i d e n t a l .

But t h e  p a th s  w h ich  g e t  r e i n f o r c e d  tow ard  t h e  m otor  

end o f  th e  n e t  w i l l  t e n d  t o  be ’’m e a n in g f u l .” The p a t t e r n s  

w hich  g e t  r e i n f o r c e d  a t  t h i s  end a r e  such  t h a t  p rop er  

i n t r o d u c t i o n  o f  a few  p u l s e s  a t  l o c a t i o n s  l i k e  Nf* w i l l  

c a u se  a m otor  a c t  w h ich  h as m a n ip u la t iv e  s i g n i f i c a n c e  

f o r  t h e  e n v ir o n m e n t-?  c o m b in a t io n .  Thus t h e  m otor and 

o f  t h e  n e t  w i l l  t e n d  t o  become a s o r t  o f  ’"keyboard ,” 

where e n t e r i n g  p u l s e s  w i l l  t e n d  t o  produce; " c o o r d in a te d ” 

m ovem ents. (T h is  i s  t h e  s o r t  o f  a c t i v i t y  a c t u a l l y  

e n c o u n te r e d  when t h e  b r a in  i s  s t i m u la t e d  c l o s e  t o  t h e  

m otor a r e a  o f  t h e  c o r t e x . )

F o l lo w in g  t h e  e s t a b l i s h m e n t  o f  t h e  above e le m e n ta r y

"motor v o c a b u l a r y , ” i t  can be e x p e c t e d  t h a t  t h e  c e l l s  o f

form li-y ( th e  motor "keyboard” ) t h e m s e lv e s  become 
I*.

o r g a n i s e d  i n t o  t r e e s  whose e x c i t a t i o n  c a u s e s  even  more 

h i g h l y  o r g a n iz e d  m otor a c t s .  Thus one may e x p e c t  t o  

f i n d  t h a t  a l i t t l e  f u r t h e r  away from t h e  motor end,  

s t i m u l a t i o n  c a u s e s  more h i g h l y  o r g a n iz e d  a c t i o n s .
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* 6 / 3 « 2 ,  In  a " l o n g *  n e t ,  o f  t h e  t y p e  c o n s id e r e d  a b o v e ,  i t

seem s t o  me t h a t  u n t i l  such a m otor v o c a b u la r y  i s  

e s t a b l i s h e d ,  no d e p e n d a b le  r e a c t i o n  s t r u c t u r e  can  be 

d e v e lo p e d *  For w ith o u t  such  a d ep en d a b le  r e p r o d u c i b i l i t y  

o f  s im p le  a c t i o n  e l e m e n t s ,  an o r g a n i s e d  r e a c t i o n  w ould  

r e q u ir e  c o m p l ic a t e d  pathw ays e x t e n d in g  a c r o s s  t h e  n e t ,  

and such  a s t r u c t u r e  w ould  be r e q u ir e d  f o r  each  r e a c t io n *  

Once a m otor v o c a b u la r y  i s  c o n s t r u c t e d ,  a few  in d e p e n d e n t  

c h a in s  ru n n in g  a c r o s s  t h e  n e t  w ou ld  make dependable- 

r e a c t i o n s  p r a c t i c a l .  I  b e l i e v e  i t  c o u ld  be shown t h a t  

a - s e n s o r y  v o c a b u la r y "  w i l l  th e n  d e v e lo p ,  a l th o u g h  my 

p r e s e n t  argu m en ts  a r e  w eaker th a n  t h o s e  f o r  t h e  m otor  

v o c a b u la r y .  {The l a t t e r ,  I b e l i e v e ,  c o u ld  be r i g o r o u s l y  

d e m o n str a te d  u n d er  g e n e r a l  c o n d i t i o n s .  I  have  no doubt  

t h a t  fo r m a t io n  o f  r»n " a d a p tiv e "  o r  a " m a n ip u la t iv c ly  

s i g n i f i c a n t "  m otor vocabulary'- o c c u r s  u n i fo r m ly  In  t h e  

t r a i n i n g  o f  n e u r a l - a n a l o g  n e t s  w ith  l o c a l  r e i n f o r c e 

ment o p e r a t o r s .  )

i n  argument f o r  t h e  e s t a b l i s h m e n t  o f  a s e n s o r y  

v o c a b u la r y  can  be form ulated . In  a  way p a r a l l e l  t o  t h e  

main argum ent o f  6 / 3 , 1 .  bach s t im u lu s  can b e  s e p a r a te d  

i n t o  an " a d a p t iv e ly  m ea n in g fu l"  component and an 

" a d a p t i v e l y  m e a n in g le s s "  o n e .  how a g iv e n  r e a c t i o n  

’1"^1 liiore l i k e l y  t o  be r e i n f o r c e d  i f  8^ c o n t a in s  

an a p p r e c ia b ly  m e a n in g fu l  com ponent, b e c a u s e  R e in f o r c e 

ment w i l l  o c c u r  a t  a s l i g h t l y  l a t e r  t im e  o n ly  i f
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so m e th in g  a d a p t i v e l y  s i g n i f i c a n t  h as  o c c u r r e d  

r e c e n t l y .  Thus r e a c t i o n s  e r e  more l i k e l y  t o  be r e i n 

f o r c e d  when t h e r e  i s  an 'a d a p t iv e ly  s i g n i f i c a n t  e v e n t  i n  

t h e  s e n s o r y  f i e l d .  The p a r t s  o f  r e a c t i o n s  w hich depend  

on r e s p o n s e s  t o  n c n - s i g n l f i c a n t  p a r t s  o f  s t i m u l i  w i l l  

g e t ,  a lm o s t  by d e f i n i t i o n ,  much l e s s  r e g u l a r  r e i n f o r c e 

ment th a n  response,:: tc- t h e  s i g n i f i c a n t  com ponents , and  

t h i s  w i l l  h o ld  t r u e  a l s o  o f  t h e  p a th s  i n  t h e  e a r l y  p a r t  

o f  t h e  n e t  w hich  m e d ia te  t h e s e  r e s p o n s e s .  Thus one may 

e x p e c t  t h e  c o n s o l i d a t i o n  o f  t r e e s  i n  t h e  e a r l y  p a r t  o f  

t h e  n e t  a l s o .  (The argum ents  h e r e  a re  somehow w eaker  

th a n  t h o s e  f o r  t h e  m otor  e a s e .  The above argument d o e s  

n o t i n d i c a t e  t h a t  t h e  s e n s o r y  v o c a b u la r y  must p o s t  d a te  

t h e  c o n s t r u c t i o n  o f  t h e  m otor v o c a b u la r y ,  but I f e e l  

t h a t  a more d e t a i l e d  a n a l y s i s  would show t h i s  t o  be t h e  

c a s e .  Peak argum ents can  be fo r m u la te d  w hich  i n d i c a t e  

t h e  o p p o s i t e ,  h o w e v e r .)  The f a c t  i s ,  t h a t  s t i m u l a t i o n  

o f  t h e  c o r t e x  n ea r  t h e  prim ary  s e n s o r y  a r e a s  i n  a 

d e v e lo p e d  a n im a l i n d i c a t e  t h e  p r e s e n c e  o f  a s e n s o r y  

v o c a b u la r y .  I t  i s  ea sy  t o  s e e  t h a t  t h e r e  i s  no r e a so n  

why a m e a n in g fu l  scheme o f  l o c a l i s a t i o n  o f  t h i s  v o c a b u la r y  

s h o u ld  be e x p e c t e d ,  and i t  i s  n o t  fo u n d . ( In  t h e  m otor  

a r e a s ,  p o in t  s t i m u l a t i o n  y i e l d s  o r g a n is e d  movements o f  

m u scu la r  g ro u p s  a s s o c i a t e d  w i t h  n earb y  pyram idal con n ec

t i o n s .  In  t h e  a r e a s  p e r i p h e r a l  t o  a prim ary s e n s o r y  

a r e a ,  t h e r e  i s  no c l e a r  and c o n s t a n t  r e l a t i o n  betw een
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t h e  l o c a t i o n  o f  s  p o in t  and t h e  s e n s a t i o n  w hich  a r i s e s  

on s t i m u l a t i o n  t h e r e  ( e x c e p t  as t o  m o d a l i t y ! ) ;  t h i s  i s

t h a t  i t  i s  a lm o st  c e r t a i n  t h a t  much o f  t h e  s o - c a l l e d  

" sen so ry "  and "oiotor" r e g io n s  o f  t h e  c o r t e x  i s  c o n s t r u c t e d  

i n  ways t h a t  c a n n o t  be assumed t o  s a t i s f y  t h e  n o t io n  o f  

"random n et* "  I t  i s  h i g h ly  p r o b a b le  t h a t  t h e s e  a r e a s  

a r e ,  ab i n i t i o ,  o r g a n iz e d  t o  some e x t e n t ,  and t h a t  t h e  

o rg a n ism  i s  g iv e n  an im p o rta n t  " h e a d - s t a r t "  tow ard  t h e  

d evelop m en t o f  a d a p t i v e l y  s i g n i f i c a n t  p e r c e p t u a l  and 

m otor o r g a n i z a t i o n .  I  had in te n d e d  t o  d e v o te  an e n t i r e  

c h a p t e r  t o  s e n s o r y  s p e c i a l  m ech an ism s, but t h i s  h a s  been  

o m it t e d  t o  red u ce  t h e  b u lk  o f  t h i s  p a p e r .  The p r e s e n c e  

o f  such  s p e c i a l  m echanism s w i l l  be r e p r e s e n te d ,  i n  t h e  

d iagram s by s p e c i a l  s t r i p s  a t  t h e  in p u t  and o u tp u t  

e x t r e m i t i e s  o f  our main n e t s .

n o t  s u r p r i s i n g ;  t h e  m otor a r e a s  send  t h e i r  o u tp u t  t o  t h e  

prim ary m otor  c e l l s  ;■ rid t h e i r  g e o m e tr ic  a r r a n g e m e n t; 

t h e  s e n s o r y  a r e a s  p r o j e c t  i n t o  t h e  e n t i r e  b r a i n ,  and  

away from  th e  g e o m e tr ic  arrangem ent o f  th e  prim ary

6 / 3 . 3  W hile on t h e  s u b j e c t  o f  s e n s a t i o n ,  i t  sh o u ld  be n o te d

5

The s p e c i a l  s e n s o r y  (ah) s t r i p  may be r e g a r d e d  a s  co n 

t a i n i n g ,  f o r  ex a m p le , mechanism s such  a s  t h o s e  p rop osed  
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(!*-COullo ch~ ? i t t s  1947) fo r  v isu a l  and auditory abstrac

t io n ,  and r e t in a l  contrast mechanisms, e t c .  The s p e c ia l  

rrotor {■IV) s t r ip  may be considered to contain  such 

L*;e chan isms as the c o r t ic o -sp in o -c e r o b e l la r  postural 

s t a b i l i z a t io n  c i r c u i t s .

i'orhap- t i e  . c=t important consequence of the 

development c f  •*> pa ir  o f  adaptively  s ig n i f ic a n t  vocabu

la r i e s  i s  th a t  beh av iora lly  complicated react ion s  may 

be mediated through r e la t iv e ly  small numbers o f  junc

tion s*  The aoooelation  ■-■res 3 o f the cortex  do not need 

to  be concerned with the control o f  in d iv id u a l muscle 

movements (and indeed are a c tu a l ly  incapable on 

in i t i a t i n g  such in  r/.sny e s se s )  and the information  

required to  perform a complex act may be much le s s  than 

might be expected from observation o f  the organism from 

o u ts id e .

6 /4  Secondary reinforcement mechanisms*

6/4*0 A ll the  systems trea ted  up to  now have involved a

f ix e d ,  g iven , 7 -system • I t  i s  abundantly evident that  

no such system can ever be adequate fo r  a theory of  

a c t iv i t y  o f  h igher animals; the c la s s  o f  events which 

cause reinforcement in  higher animals i s  not f ix ed , and, 

in  f a c t ,  d e f in i t e  methods are a v a ila b le  fo r  a lte r in g  

t h i s  c la s s  fo r  most organisms.

A f a i r l y  general observation  i s  t h i s :  A stimulus
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•which i s  f r e q u e n t l y  p r e s e n t  a t ,  or  s h o r t l y  b e f o r e ,  t h e  

t im e  o f  r e in fo r c e m e n t ,  i t s e l f  a c q u ir e s  r e in f o r c e m e n t  

p o t e n c y . I n  an o r d e r l y  e n v ir o n m e n t , such a m echanism

I ..as o r e n t  a d a p t iv e  v a l u e ,  For  ̂ o b je c t s  in  t h e  s e n s o r y

f i e l d  ? t  tiSi.es o f  r e in f o r c e m e n t  a c q u ir e  r e in f o r c e m e n t^     -----

v a l u e , a r \  l i k e l y  t o  l e  j u s t  t h e  o b j e c t s  w hich  a r e  

r e s p o n s i b l e  f o r  th e  o c c u r r e n c e  o f  r e in fo r c e m e n t*  T h u s,  

t o  some e x t e n t ,  t h e  o b j e c t s  w hich  a c q u ir e  r e in f o r c e m e n t  

v a l u e ,  us  s t i m u l a t o r s  t o  t h e  e x t e r o c e p t i v e  s e n s e s ,  

w i l l  be t h o s e  w h ich  i n  sor.se iru i-ed iote  way can s a t i s f y  

t h e  n e e d s  (a s  d e te r m in e d  by t h e  p r i m i t i v e ,  g iv e n ,  Y -  

s y s te m )  o f  t h e  o r g a n ism .

The o p e r a t i o n  o f  ouch a mechanism can tr a n s fo r m  t h e  

b e h a v io r  o f  th e  sy s te m  ( h , h , TT) from i t s ' r a t h e r  crude  

r e a c t i v e  beh-’v i o r  t o  more e l a b o r a t e  s e q u e n t i a l  and 

•rp a r t i a l - f f o a l - m o t i v a t e d ?! p a t t e r n s .  C o n s id e r  th e  c a s e  

o f  e a t i n g ,  w ith  a  p r i m i t i v e  V -sy s te m  i n v o l v i n g  o n ly  

t h e  l e s s  d i s c r i m i n a t i n g  s e n s e s ,  o n ly  a c t i o n s  t h a t  l e a d  

im m e d ia te ly  t o  t h e  i n g e s t i o n  o f  fo o d  a r e  r e i n f o r c e d  

( i n  t h e  hungry a n im a l ) ,  d i th  a ,fs e c o n d a r y  r e i n f o r c e 

m ent” mechanism o p e r a t i n g ,  i t  i s  f a i r l y  c e r t a i n  t h a t  t h e  

s i g h t  o f  food w i l l  a c q u ir e  r e in fo r c e m e n t  v a l u e ,  and h en ce  

t h e  p u r s u i t  ( i f  s u c c e s s f u l : )  o f  fo o d  w i l l  be r e i n f o r c e d  

( a g a in  f o r  t h e  hungry a n im a l!  i f  t h e  c o n n e c t io n s  o f  

6 / 2 . 4  a r e  i n c l u d e d ) .  I f  t h i s  '’sec o n d a r y  m o t i v a t i o n ” 

e v e r  becom es d e ta c h e d  from t h e  o r i g i n a l  i n t e r n a l  d r i v e ,
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th e n  p a t t e r n s  ouch a s  "hoarding" o f  .food can a p p ea r .

I f  th e  s y s te m  i s  f u r t h e r  c o n s t r u c t e d  so  t h a t  a f t e r  

a c e r t a i n  p e r i o d  ( w h i c h  m ight co rresp o n d  t o  " in fa n c y ” ) 

th e  o r i g i n a l  V -sy s te m  l o s e s  c o n t r o l  o v e r  r e i n f o r c e 

ment ̂  th e n  we h-.vo •„ v e r y  f l e x i b l e  s y s t e m .  l o r  t h e  

secern lo r y  :r!1 sy . : tv;r  esta .b l5 .shed  in  t h i s  p e r io d  th e n  

oc w- . i Ouo~.cl£i-tn v . m.^( *jt■ i.o ‘̂oj loci , *>?11o c o n te n t  o f

t h e  seco n d a ry  7 sy s te m  can  be d i c t a t e d  from o u t s i d e  by 

a p p r o p r ia te  s y s t e m a t i c  t r a i n i n g ,  t o  a l a r g e  e x t e n t ,  and  

t h e  t r a i n e r  t h u s  h a s  wide- c o n t r o l  o f  what w i l l  be 

'"m otivation" o f  th e  sy stem  a f t e r  t h e  " in fa n c y "  p e r i o d .

T h is  s y s t e m a t i c  t r a i n i n g  can be o f  th e  g e n e r a l  form:

w henever prim ary  r e in f o r c e m e n t  o c c u r s ,  a c e r t a i n  o b j e c t  

.-I i s  p r a te d  i n  it.-., s e n s o r y  .rioxci. m en  i a c q u ir e s  r e 

in fo r c e m e n t  p o t e n c y ,  bow th e  c h o ic e  o f  A i s  q u i t e  

a r b i t r a r y ;  i t  n eed  n o t  be o f  any v a lu e  in., s a y ,  th e  

s t a b i l i s i n g  o f  t h e  i n t e r n a l  p h y s io lo g y  o f  t h e  sy s te m ,  

n e v e r t h e l e s s ,  any b e h a v io r  w hich  l e a d s  t o  t h e  o c c u r r e n c e  

o f  A i n  th e  s e n s o r y  f i e l d  w i l l  be r e i n f o r c e d  (assu m in g  

t h a t  t h e  i n t e r n a l  s t a t e  f c /2 .4 )  -s ' th e  t im e  i s  one o f  

t h o s e  w hich  o c c u r r e d  a t  t im e s  d u r in g  th e  seco n d a ry  

t r a i n i n g  o f  A ). The system  w i l l  have A a s  a g o a l ;  

p u r s u i t  o f  and c o l l e c t i o n  o f  t h in g s  s u f f i c i e n t l y  l i k e  

A w i l l  be p a r t  o f  t h e  b e h a v io r  t h a t  t h e  sy stem  w i l l  

t e n d  t o  a c q u ir e  a t  l a t e r  t im e s .

.s. g r e a t  d e a l  i s  known about th e  e s ta b l i s h m e n t  and
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I e x t i n c t i o n  o f  se c o n d a r y  r e i n f o r c e r s ,  and  i  w i l l  om it

| f u r t h e r  d i s c u s s i o n  o f  i t s  r o l e  i n  h i g h e r  a n im a l b e h a v io r .

| Let u s  i n s t e a d  s e e  how se co n d a ry  r e in f o r c e m e n t  may be

I in c o r p o r a t e d  i n t o  random n e u r a l - a n a l o g  n e t s .

6 / 4 . I  A f i r s t  a t t e m p t .

C o n s id e r  t h e  sy s te m  b e low  { f i g  6 / 4 * 1 ) .

••t

T h is  sy s te m  comes c l o s e  t o  b e in g  &. s e c o n d a r y  r e i n f o r c e  

ment s y s t e m .  S t im u l i  p r e s e n t  a t  o r  s h o r t l y  b e f o r e  t im e s  

o f  p r im ary  r e in fo r c e m e n t  c a u s e  Net N-II t o  r e a c t  i n  some 

way, and t h i s  r e a c t i o n  i s  r e i n f o r c e d .  B eca u se  o f  t h e  

way i n  w hich  t h e  o u tp u t  o f  N-II i s  c o n n e c t e d ,  i t s  

r e a c t i o n s  a r e  p o t e n t i a l l y  c a p a b le  o f  c o n t r o l l i n g  a se c o n d  

r e in fo r c e m e n t  o p e r a t o r  (Zg) f o r  N-I. I f  t h e  way i n  

w hich  Z2  must be c o n t r o l l e d  r e q u i r e s  n o n - t r i v i a l  a c t i v i t y  

on t h e  p a r t  o f  N -II, how ever , t h e r e  i s  no g u a r a n te e  t h a t  

t h e  r e a c t i o n s  o f  N-II w i l l  be such a s  t o  e x e r t  c o n t r o l  

o v e r
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6 / 4 . 2

There i s  a system  o f  the above sort in  which i t  i s  

f a ir ly  c e r ta in  th a t N-II w i l l  exert co n tro l over 2£ . 

Suppose th a t Zg a c tiv a ted  only when N-II produces at 

i t s  output a s ig n a l o f  large ( r e la t iv e  to  i t s  u sual) 

magnitude. Suppose fu rth er  th a t N-II has the property:

I f  N-II i s  on many occasions presented, with some stim ulus  

3 and then reinforcem ent i s  ap p lied  to  N -II , regard less  

o f  the p a r tic u la r  responses o f  N -II to  th e stim ulus S . 

then the magnitude o f the response o f N-II to  S i s  much 

in crea sed . ( I t  i s ,  in  fa c t ,  d i f f i c u l t  to  construct a 

net with a lo c a l  reinforcem ent operator fo r  which t h i s  

i s  not th e  c a s e .)  Then i t  i s  c le a r  th a t s t im u li ( l ik e  

th e above S)  which freq u en tly  accompany reinforcem ent 

(by Z^) w i l l  tend to  acquire co n tro l over Zg* an(* hence 

acquire secondary reinforcem ent v a lu e .

I f  Zg i s  o f  the (n o ise -e a n e e lla tio n )  nature o f the  

operators o f 6 / l f f ,  then Zg could be r e a liz e d  by a net 

which has th e property that i t  em its n o ise  except when 

i t  r e c e iv e s  a la rg e  stim ulus from N -II. This would 

not be p a r t ic u la r ly  d i f f i c u l t  to  co n stru ct, e s p e c ia lly  

i f  i t  were ad m issib le  to  make the tr a c t  from N -II to  

22  out o f  in h ib ito r y  connection®.

A somewhat more complex, but much more gen era l, way 

o f in su rin g  th a t N-II w i l l  learn  to  co n tro l Z2 can b® 

provided by adding a feedback channel. This w i l l  be
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important in  the event that 2g requ ires more d e lic a te  

con tro l than that suggested in  6 /4 .1 .1 .

2 , and are supposed to  be such th a t ap p lica 

t io n  o f e ith e r  2^ or w i l l  r e in fo rce  N -I. However, 

N -II, and 2 2 are assumed to  be re la ted  so that 

reinforcem ent o f N-II requ ires the (co in c id en ta l)  

a p p lica tio n  o f both and 2^. The square marked nCM 

i s  included  to  provide fo r  t h i s  co in c id en ce-co n d itio n a l 

behavior in  case a sp e c ia l dev ice i s  needed.

The ”feedbackR connection o f Zg wibh N-II has the  

fo llo w in g  e f f e c t ,  whatever the input requirements to  

a c t iv a te  Zg may k®» N-II w i l l  be re in forced  i f  and only  

i f  i t s  r e a c t io n s , during a period  o f concomitant 

primary reinforcem ent, are such as to  meet th ese require

ments. Kence, i f  there i s  a p o s s ib i l i t y  that N-II can 

properly operate Zg, the reinforcem ent stru ctu re , as 

applied  to  N-II i t s e l f ,  i s  such as to  tr a in  N-II to
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6 / 4 . 1 ! .

E

6 - 4 3

e x e r c ise  such co n tro l, arid to  operate as a rea ctio n

to  stim u li which have been tem porarily a sso c ia ted  

•with primary reinforcem ent. -aay he-xoga-rded

as-tfeo~«ain-rret o f  - a n o y s t e r '  i t s e l f ]  ‘the’""V* 

component o f  the reinforcem ent system fo r  N-H i s  th e  

a ^ e m b ly  ■ ,■ Sr x̂V-j-fl y

1 The above system can be r e a lise d  using f - j  n ets

(6 /1 .8 )  and a n o ise -red u ctio n  reinforcem ent operator L

in the fo llo w in g  way:

Md i s  a source o f  n o ise , G'y»G2 an(* G3 are ”gatQS»” or 

d ev ices by which the n o ise  channels can be in terrup ted . 

I f  C-2 snd G-j are operated by the same s ig n a ls , then 

i f  N-I and N-II are f - f - n e t s ,  the system i s  equ ivalent

to  that o f  6 /4 .2 .

The system may be s im p lif ied  by replacing G-̂  and Ĝ  

with u n its  which contain th e ir  own n o ise  source; then

N$ can be e lim in ated . HOTS: 3v wNOISE" we mean, o f

course, ANY fora  o f  a c t iv i t y  which i s  e f f ic ie n t  in  

ex tin g u ish in g  ff-a c tiv e  patterns in  { - { -n e t s .

I f  N-I i s  such th a t r e la t iv e  reduction o f n o ise  acts
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as a lo c a l  reinforcem ent operator, then the system  

may be s im p lif ie d  furth er (provided th a t M-II requ ires  

greater noi3e reductions than f - I  does);.

6 /4 .3  Content o f  th e  secondary n e t .

The connection  scheraetof the system s o f  6 /4 .2  are 

in e f f i c ie n t  to  the exten t th a t N-II does not rece iv e  

the s p e c ia l  sensory s tim u li a v a ila b le  in  the early  part 

o f net N -I. I t  would be u n lik e ly  th a t the secondary 

reinforcem ent mechanisms o f  organisms have th e ir  own 

ex tero cep tiv e  p rocessin g  mechanisms, and a more p la u s ib le  

connection  scheme would be:

tEaO -*

In fa c t  N -I I  could be contiguous with N-I:

1 "V"
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- In any e s s e ,  we- w i l l  assume t h a t  N -II  has  a c c e s s  t o  t h e  

same e x t e r n a l  s e n s o r y  d e v i c e s  a s  d o e s  N - I *. assu m e, fo r  

t h e  moment, t h a t  N - I I  h as  no motor connections*

The behavior o f N-II w i l l  then be composed o f  simple 

re a c tio n s; fo r  ce r ta in  s t im u li , N-II w il l  a c t iv a te  2g , 

The c la s s  o f such s tim u li i s  im portant, fo r  i t  d e fin es  

the V-system fo r  th e  secondary reinforcem ent. There 

are a number o f important questions re la ted  to  t h is  

content o f  N -II; the answers w i l l  be d iffe r e n t  in  

d iffe r e n t  system s, but some general remarks can be made.

1 . I s  i t  p o ss ib le  to  determine th e  content o f  N-II 

by d ir e c t  observation  (behavioral) o f  th e  system?

2 . I s  i t  p o s s ib le  fo r  the "goals" o f the V-system  

d irected  by N-II to  be con trad ictory  to  th ose  

d irected  by the p r im itiv e  V-system?

3 .  ban t h e  m achine a s  a w h o le  g a in  c o n t r o l  o v e r  t h e  

c o n t e n t  o f  N -I I  ( i n  some n o n - t r i v i a l  s e n s e )  and 

t h u s  d i r e c t  i t s  own e v o lu t io n ?

4* That b e h a v i o r a l  d i s o r d e r s  would be consequences 

o f  i n j u r y  t o  N -II?

6 /4 .3 * l«  I f  the only connections to  N-II are those s p e c if ie d  

in  5/4*3» then the content o f  N-II could be determined 

only by prolonged observation  o f the behavioral time 

s e r ie s  o f  t h e  system . No form o f d irec t in terro g a tio n  

i s  p o s s ib le .
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I f ,  however, the ap p lica tion  o f reinforcem ent i s  

a sso c ia te d  with -any behavioral p e c u l ia r i t ie s ,  then 

a routine procedure fo r  examination o f the content o f  

N-II should be possible*. I f  the a p p lica tio n  o f  Z«<C
produces d istin g u ish a b le  neural a c t iv i t y  in  H-I, then  

i t  might be p o ss ib le  to  tr a in  the system so th a t N-I 

rea cts  to  t h i s  d istin g u ish ed  a c t iv i t y  as a stim ulus, 

and the rea ctio n  response to  th is  stim ulus would be a 

behavioral in d ica tio n  o f the occurrence o f In

any such in terro g a tio n , m otivation con d ition s w ith in  

the organism would have to  be considered , and i t  might 

be very d i f f i c u l t  t i  f in d  out ex a ctly  which external 

stim ulus wa3 resp on sib le  fo r  occurrences o f  Zg.

6/4*3*2 I t  i s  easy to  d ev ise  schemes . which the va lues o f

N-II are h igh ly  Mn on -ad ap tive .M The tr a in e r  can 

e s ta b lis h  a ndangerous* object as a secondary re in fo rcer  

by preventing in jury  to  the system during th e tra in in g . 

When re lea sed  from the supervision  o f  the tr a in e r , the  

behavior would become non-adaptive. Any h igher animal 

can be "domesticated* in to  behavior p atterns a b so lu te ly  

incom patible w ith those o f  i t s  p r im itiv e  "drive-reduction"  

re in fo rcers  (or which v/ould be 30 i f  the organism were 

returned to  i t s  tr a d it io n a l environm ent.)

6 / 4 . 3 .3  I f  N -I  i s  able t o  r e a c t  t o  t h e  o c c u r r e n c e  o f  Z2 , th e n

N -I s h o u ld  be a b le  t o  l e a r n  f o r  i t s e l f  t h e  c o n t e n t  o f
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N - I I , i ?  i t  i s  " s u f f i c i e n t l y  i n t e l l i g e n t . ” In  

p r i n c i p l e ,  N-I c o u ld  a l s o  d i s c o v e r  t h e  t h e o r y  o f  s e c o n d a r y  

r e in f o r c e m e n t ,  and t h u s  g a in  c o n t r o l  o v e r  a - I I ,  IF  

TRihh; P .T k .ltr  f fY  V,;? TO TV. t  fOITfVT OF N -II  a f t e r

th e  p e r io d  o f  nirX*mcy • !?/ ' I t  may be t h e  c a s e  f o r  some 

o r g a n i s e s  t h a t  s e c o n d a r y  v a l u e s  a c q u ir e d  e a r l y  a re  

d i f f i c u l t  t o  n i t e r  by any o r d in a r y  for /s  o f  a c t i v i t y .

T h is  w ould be t r u e  i f  t h e  o r i g i n a l  p r i m i t i v e  2 o p e r a t o r  

were t o  d i s a p p e a r  a f t e r  i n f a n c y .

I f  a sy stem  l i k e  t h a t  o f  6 / 4 . 2  w ere c o n s id e r e d  as  

p a r t  o f  human n e u r a l  o r g a n i z a t i o n ,  i t  m ight be n e c e s s a r y  

t o  p r o v id e  t h a t  a f t e r  i n f a n c y  t h e  c h a n n e ls  o f  p r i m i t i v e  

r e in fo r c e m e n t  become weak and t h a t  t h e  s e c o n d a r y  v a l u e s  

d om inate  a d u l t  b e h a v io r .

6 / 4 . 3 . 4  I n j u r y  t o  N -II  -would, have t h e  i n t e r e s t i n g  r e s u l t  o f

MO e f f e c t  on o v e r t  b e h a v io r  in  any s h o r t  i n t e r v a l .  I f  

N -II  war© d e s t r o y e d  a t  t im e  t ,  t h e  b e h a v io r  p a t t e r n s  

w hich  had. been  a c q u ir e d  by 8 -1  u n d er  i t s  i n f l u e n c e  w ould  

rem a in . But no new s e c o n d a r y -m o t iv a t e d  r e a c t i o n s  c o u ld  

be l e a r n e d  t h e r e a f t e r .  1

a n o th e r  im p o r ta n t  q u e s t i o n  i s  w h eth er  t h e  sy stem  

can  e s t a b l i s h ,  h ig h e r  o r d e r  form s o f  r e in f o r c e m e n t ,  i . e . ,  

c h a in s  o f  v a l u e s .  There i s  no p r o v i s i o n  f o r  t h i s  i n  t h e  

sy stem  o f  6 / 4 ;  t h e  s im p le  e x p e d ie n t  o f  c o n n e c t in g  Z^ 

t o  N -II  a s  w e l l  a s  t o  N -I  w i l l  make i t  p o s s i b l e  f o r
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s t i m u l i  t o  p ecm ire  r e in f o r c e m e n t  v a lu e  ’ey b e in g  a s s o c i a t e d  

w ith  a s e c o n d a r y  r e in f o r c e m e n t .  , C* <r<* usMf io4 ' (it j
\\) - i-ii-. . My> Ha tX'pj’i, w :,;7 r

6 /5  In tern a l r e a c tiv e  p ro p erties  o f  n e t s .

6 /5 .1  Consider a net h , such as th a t o f 6 /2 ,1 .  This net

has been regarded as a r e a c t iv e  system w ith resp ect to  

a s e t  £ o f  input c e l l s ,  and a se t  F o f  output c e l l s .

I t  might be convenient to  regard the net^wlth resp ect  

to  some other p a ir  o f s e t s  of c e l l s ,  even -chough under 

ordinary co n d itio n s (w ith in  some sp e c if ie d  brain model) 

th ese  s e t s  o f c e l l s  would be considered to  be "inner  

c e lls "  in  so fa r  os a l l  p u lses a rr iv in g  at th ese  c e l l s  

come from w ith in  the n e t .

in  p a r t ic u la r , suppose th a t s. surface D i s  passed  

through the net 90 as  to  separate the normal input and

output channels o f  the net

F S

Let be th e  s e t  o f f ib r e s  and/or c e l l s  th a t in te r se c t

t h is  su rface . Then any form o f motor a c t iv ity  th a t can 

be induced (a t F) by ("normal") stim ulation  at E can 

be evoked by removing the part o f the net to  th e  l e f t  

o f o and in troducing  the appropriate puls© pattern  at  

llD. I f ,  fo r  example, a rea ctio n  S-ft can be evoked 

in  the in ta c t  n e t , then the response It can be obtained
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from th e  m u t i l a t e d  n e t  by in t r o d u c in g  a t  B^ a s t im u lu s  

3 ’ where ;•:» i s  t h e  a c t i v i t y  p a t t e r n  t h a t  a p p ea rs  on t h e  

s u r f a c e  O’ v-'hen ( i n  t h e  i n t a c t  n e t )  t h e  s t im u lu s  3 i s  

p r e s e n te d  a t  3 ,

I f  i t  so  happens t h a t  ( in  th e  i n t a c t  n e t )  t h e  f i b r e s  

c r o s s i n g  D a l l  con d u ct i n  j u s t  th e  d i r e c t i o n  from .S 

t o  F ,  t h e n  * can be produced  by i n t r o d u c in g  3* a t  3* 

in  t h e  i n t a c t  n e t*  Thus, in  t h e  c a s e  o f  a n e t  in  w hich  

c o n d u c t io n  i s  u n i d i r e c t i o n a l ,  f o r  each in p u t  s t im u lu s  

3 , t h e r e  i s ,  a t  each  c r o s s - s e c t i o n  l e v e l  0 ,  a " p seu d o -
jj

s t im u lu s  3 w hich  can produce t h e  same a c t i v i t y  t o  t h e  

r i g h t  o f  .3 a s  d o es  3.  T h is  w i l l  n o t ,  i n  g e n e r a l ,  be 

t h e  c a s e  f o r  n e t s  i n  w hich  c o n d u c t io n  i s  n o t  u n i 

d i r e c t i o n a l .  In  p a r t i c u l a r ,  t o  t h e  e x t e n t  t h a t  seco n d a ry  

s e n s o r y  c o r t i c e s  have a one-way c o n n e c t io n  from t h e i r  

prim ary s e n s o r y  c o r t i c e s ,  i t  sh o u ld  be p o s s i b l e ,  in  

p r i n c i p l e ,  t o  m an ufactu re  a "p se u d o -s t im u lu s "  which when 

a p p l i e d  t o  t h e  seco n d a ry  c o r t e x  w i l l  produce t h e  same 

r e a c t i o n s  in  t h e  r e s t  o f  t h e  system  t h a t  w ould a r i s e  

from a g iv e n  e x t e r n a l  s t i m u lu s .  The more t h e  s u r f a c e  

i s  c r o s s e d  by l o o p s ,  t h e  l e s s  l i k e l y  i t  w i l l  be t h a t  a 

p s e u d o - s t im u lu s  can be found f o r  a g iv e n  e x t e r n a l  s t i m u lu s .

l i m i l a r  rem arks h o ld  f o r  s u r f a c e s  p a s s e d  betw een  t h e  

prim ary m otor c o r t i c e s  and t h e  r e s t  o f  t h e  b r a i n .  To 

t h e  e x t e n t  t h a t  c o n d u c t io n  i 3  u n i d i r e c t i o n a l  from t h e
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nPpre ;o to r '  t o  t h e  prim ary  '.notor a o rta :: ,  a r b i t r a r y  m otor

a c ta  coii.Lv. oe in u u ood  by v i ir e c t  s t i m u l a t i o n  a t  t h e  m o to r  

c o r t e x .  The p a t t e r n s  o f  a c t i v i t y  a t  t h e  p rea io tor  c o r t e x  

co u ld  bo c o n s id e r e d  t o  be f!p seudo-ssot o r ’’ r e s p o n s e s .

T h is  d i s c u s s i o n  w i l l  be c o n t in u e d  in  6 / ? .

* 6 / 6  "C o n t ig u i ty "  o f  s t i m u l i .

Any b r a in  model must i n c l u d e  a p r o v i s i o n  f o r  some 

k in d  o f  " a s s o c i a t i v e ” l e a r n i n g .  An a n a l y s i s  o f  t h i s  

a s p e c t  o f  an im al b e h a v io r  w ould be o u t  o f  p l a c e  h e r e ;  

t o  do j u s t i c e  t o  p r e s e n t  know ledge ab ou t t h e  s u b j e c t  

would requix-o a l a r g e  v o lu m e . The n e t s  o f  th e  ty p e  

c o n s id e r e d  h ere  -would seem t o  show soiae t y p e s  o f  

" a s s o c i a t i v e  l e a r n i n g ,"  e . g . ,  t h e  a c q u i s i t i o n  o f  

s i m i l a r  r e s p o n s e s  t o  " p a ir s  o f  s t i m u l i  which o c c u r  

t o g e t h e r  f r e q u e n t l y ." *  An in fo r m a l  d i s c u s s i o n  o f  how 

t h i s  may come about i s  a p p r o p r ia t e  h e r e ,  i f  n o t  f o r  i t s  

own s a k e ,  th a n  t o  make more p l a u s i b l e  t h e  r e a l i s a t i o n  

o f  t h e  im p o rta n t  s y s te m  t o  be d e s c r ib e d  i n  6 / ? .

*The term  ns t i m u l u s M h as b e e n  u se d  i n  a l l  p r e v io u s  s e c t i o n s  
i n  such  a way t h a t  t h e  e x p r e s s i o n  i n d i c a t e d  by q u o te s  w ou ld  be  
m e a n in g le s s ,  f o r  " s t im u lu s 0 has b een  u se d  t o  d e n o te  t h e  t o t a l  
in p u t  p a t t e r n  t o  a s y s t e m ,  and i n  t h i s  s e n s e ,  tw o " s t im u l i"
can n ot  o c c u r  t o g e t h e r .  In  o r d in a r y  p a r la n c e ,  one t a l k s  ab ou t
s e t s  o f  s im u lta n e o u s  s t i m u l i ,  e a c h  o r i g i n a t i n g  from some p a r t  
o f  t h e  " t o t a l  s e n s o r y  f i e l d , "  and e x p r e s s i o n s  l i k e  " t o t a l  
en v ir o n m e n ta l  s i t u a t i o n , "  e t c *  a r e  u se d  t o  d e n o te  t h e  t o t a l  in p u t
t o  t h e  sy s te m  o r  o rg a n ism . We h a v e  u se d  c a p i t a l s  t o  d e n o te
t o t a l  in p u t s ;  lo w e r  c a s e  l e t t e r s  w i l l  be u se d  t o  d e n o te  " p a r t i a l  
in p u ts "  h e n c e f o r t h .
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6 /6 ,1  ” A sso c ia tio n 1* o f  sim ultaneous stim ulus p a ir s .

Suppose t h a t  i n  t h e  p a s t  e x p e r i e n c e  o f  t h e  s y s te m ,  

a c e r t a i n  p a i r  s ,  s ’ o f  s t i m u l i  have f r e q u e n t l y  o c c u r r e d  

t o g e t h e r .  Assume a l s o  t h a t  r e in f o r c e m e n t  h a s  b een  

a p p l i e d  f r e q u e n t l y  f o l l o w i n g  t h e  s t i m u l u s ,  s o  t h a t  some 

r e s p o n s e  R (o r  b e t t e r ,  some ” s e n s o r y  v o c a b u la r y  e le m e n t” 

o f  t h e  s o r t  c o n j e c t u r e d  i n  6 / 3 , 2 )  i s  a d ep en d a b le  con

se q u e n c e  o f  t h e  s t im u lu s  s - t s * .  Wow, a ssu m in g  t h a t  t h e  

n e t  i s  composed e s s e n t i a l l y  o f  m u l t i p l e  t h r e s h o l d  

. j u n c t io n s , a s  i s  p r o b a b ly  t h e  c a s e  i n  h i g h e r  a n im a ls ,  

i t  i s  l i k e l y  t h a t  a t  f i r s t  e v o c a t i o n  o f  t h e  r e s p o n s e  iV 

r e q u i r e s  p u l s e s  d e r iv e d  from b o th  s and s ’ . However 

a f t e r  e x t e n s i v e  r e in f o r c e m e n t ,  t h e  n u m e r ic a l  t h r e s h o l d  

o f  t h e  m u l t i p l e  j u n c t i o n s  w i l l  be lo w e r e d ,  and s  o r  s ’ 

s e p a r a t e l y  w i l l  have g r e a t e r  th a n  ch a n ce  p r o b a b i l i t y  

o f  e v o k in g  R«

From t h e  p o i n t  o f  v ie w  o f  a s s o c i a t i o n  t h e o r y ,  i t  may 

be b e t t e r  n o t  t o  c o n s id e r  t h e  r e l a t i o n  o f  s  and s ’ t o  

any p a r t i c u l a r  R, h o w ever . I n s t e a d ,  c o n s id e r  an i n t e r 

c e p t i n g  s u r f a c e  D o f  t h e  t y p o  c o n s id e r e d  i n  6 / 5 , 1 .  l e t  

D be s o  c l o s e  t o  t h e  s e n s o r y  in p u t  end o f  t h e  n e t  t h a t  

p u l s e s  t r a v e r s e  o n ly  one o r  two s y n a p s e s  b e f o r e  c r o s s i n g  

D i n t o  t h e  main n e t .  Now i f  two s t i m u l i  s  and s ’ w ere  

su c h  t h a t  t h e y  produce t h e  same a c t i v i t y  a t  t h e  s u r fa c e  

D, t h e n  t h e i r  nc o n s e q u e n c e s ” ( t h e  d i s t r i b u t i o n  o f  

i n t e r n a l  r e s p o n s e s  o f  t h e  sy s te m  t o  th© s t i m u l i )  w i l l
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be t h e  sam e, i t  seems s a f e  t o  assume t h a t  in  g e n e r a l ,  

t h e  more s i m i l a r  a r e  t h e  p a t t e r n s  evoked  a t  D by s  and  

s ’ , t h e  more s i m i l a r  w i l l  be t h e  c o n se q u e n c e s  o f  t h e s e  

s t i m u l i ,  and. t h a t  t h i s  ought t o  p r o v id e  some m easure o f  

a k in d  o f  A s s o c i a t i o n ” b etw een  s and s f . Now i f  we 

assume t h a t  a l a r g e  p r o p o r t io n  o f  t h e  j u n c t i o n s  betw een  

t h e  in p u t  o f  t h e  n e t  and D a r e  o f  h ig h  n u m e r ic a l  t h r e s 

h o l d ,  th e n  t h e  a c t i v i t y  evoked  a t  D by p r e s e n t a t i o n  o f  

t h e  compound s t im u lu s  s-J-s* w i l l  be l a r g e l y  d e r iv e d  from  

j u n c t i o n s  w hich  r e q u ir e  p u l s e s  from both s  and s ’ .

I f  s - f s ’ o c c u r s  f r e q u e n t l y  f o l l o w e d  by r e in fo r c e m e n t  

(w ith o u t  r e f e r e n c e  t o  any p a r t i c u l a r  r e s p o n s e s ) th e n  

t h e s e  j u n c t i o n s  w i l l  have lo w e r e d  n u m e r ic a l  n u m e r ic a l  

t h r e s h o l d  and w i l l  become e x c i t a b l e  by b oth  s a lo n e  

and s T a l o n e .  Thus (ev en  w ith  a random r e in fo r c e m e n t  

s c h e d u le )  t h e  a c t i v i t y  evoked a t  0 by s and s ’ w i l l  

become more and more s i m i l a r  i f  s i s 1 o c c u r s  f r e q u e n t l y . *  

(The a c t i v i t i e s  a t  D w i l l  n o t ,  i n  g e n e r a l ,  approach  

i d e n t i t y ,  h o w e v e r .)

6 / 6 . 2 ,  In  6 / 6 e l  i t  i s  i n d i c a t e d  t h a t  s t i m u l i  w hich  o c c u r

t o g e t h e r  may t e n d  t o  a c q u ir e  s i m i l a r  n e t  co n seq u e n c es

* I t  i s  n o t  d i f f i c u l t  t o  e s t a b l i s h  q u a n t i t a t i v e  m easures o f  
t h e  " s i m i l a r i z a t i o n ” e f f e c t  d i s c u s s e d  h e r e ;  t h e  t h e o r y  has been  
o m it te d  f o r  b r e v i t y .  A b a s i c  r e s u l t  i s  t h a t  t h e  h ig h e r  t h e  
n u m e r ic a l  t h r e s h o l d  o f  t h e  n e t  j u n c t i o n s ,  t h e  more marked i s  t h e  
s i m i l a r i z a t i o n  e f f e c t ,  i n  s im p le  n e t s  c o n t a in i n g  one o r  two  
l a y e r s  o f  u n i d i r e c t i o n a l l y  o r i e n t e d ,  but o t h e r w is e  random 
c o n n e c t i o n s .
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I

{and i n  some s e n s e  sh o u ld  a c c o r d in g ly  a c q u ir e  r e l a t e d  

"meaning” }• A nother  f o r a  o f  a s s o c i a t i o n  t h a t  m ight be 

d e s i r a b l e  i s  t h e  f o l l o w i n g :  su p p o se  t h a t  s i s  f r e 

q u e n t ly  f o l l o w e d  by s ’ , and w ith  a c o n s ta n t  d e l a y .

Then, s ’ w i l l  o f t e n  o c c u r  a t  t im e s  when a p s e u d o s t im u lu s  

( 6 / 5 . 1 )  o f  3 i s  i n  t h e  i n t e r i o r  o f  t h e  n e t .  Then 

by a mechanism p a r a l l e l  t o  t h a t  o f  6 / 6 . 1 ,  s ’ and t h e  

p se u d o s t ir s u lu s  s u o f  s w i l l  t e n d  t o  a c q u ir e  s i m i l a r  

c o n se q u e n c e s  and i n  e f f e c t  s lJ w i l l  become l i k e  a 

p s e u d o s t im u lu s  o f  s ’ .  T h is  ’’s e q u e n t i a l  a s s o c i a t i o n ” 

wil'i be d i s c u s s e d  f u r t h e r  in  6 / 7 ;  i t  w i l l  be s e e n  t h a t  

t h e  o c c u r r e n c e  o f  a w i l l ,  i n  a c e r t a i n  s e n s e ,  s e t  up an  

" e x p e c t a t i o n ” o f  s ’ .

6 /7  P r e d ic t io n

6 / 7 . 0  A s t o c h a s t i c  n e u r a l* a n a lo g  n e t  i s ,  i n  g e n e r a l ,  c a p a b le  

o f  many r e s p o n s e s  t o  a g iv e n  s t i m u lu s ,  d ep en d in g  on i t s  

i n t e r n a l  s t a t e ,  and beyond t h i s ,  on a p r o b a b i l i s t i c  

b a s i s .  The a d a p t iv e  c a p a c i t y  o f  a sy s te m  depends on 

i t s  a b i l i t y  t o  e x p l o i t  t h i s  r e a c t i v e  f l e x i b i l i t y .  The 

f o l l o w i n g  scheme seem s ( i n t r e s p e c t i v e l y ) an im p o rta n t  

a s p e c t  o f  h ig h e r  i n t e l l e c t u a l  p r o c e s s e s :

G iven an e n v ir o n m e n ta l  s i t u a t i o n ,  one " c o n te m p la te s ” 

a p a r t i c u l a r  " p o t e n t i a l ” a c t i o n .  One t h e n ,  i n  some 

way, makes an e s t im a t e  o f  t h e  c o n se q u e n c e s  o f  t h a t  

a c t i o n ,  i . e . ,  o f  what ch a n g es  w ould  o c c u r  i n  t h e
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e x t e r n a l  s i t u a t i o n  were t h e  c o n te m p la te d  a c t i o n  

raa.de o v e r t .  Then a v a l u a t i o n  i s  made on t h i s  

e s t i m a t e ;  i f  t h e  e s t im a t e d  c o n s e q u e n c e s  a r e  deemed 

a c c e p t a b l e ,  t h e  a c t i o n  i s  p er fo rm ed , i f  n o t ,  t h e  

a c t i o n  i s  r e j e c t e d ,  and th e n  s d i f f e r e n t  a c t i o n  i s  

• c o n te m p la te d .

In  t h i s  s e c t i o n  u- sy stem  o f  random n e t s  i s  d e s c r i b e d ,  

and an a t te m p t  i s  made t o  s h o w .th a t  t h e  b e h a v io r  o f  t h i s  

sy stem  w i l l  conform ,' t o  some e x t e n t ,  t o  t h e  above schem e.  

( I t  i s  n e c e s s a r y  t o  e n l i s t  t h e  sym pathy o f  t h e  r e a d e r  

in  c o n n e c t io n  w ith  th e  u s e  o f  some te r m in o lo g y  o f  

i n t r o s p e c t i v e  p s y c h o lo g y .  I f  t h e  r e a d e r  r e j e c t s  t h e  

p o s s i b i l i t y  t h a t  a n e t  may have an a t t r i b u t e  l i k e  

" f o r e s ig h t ,* '  l e t  him i n t e r p r e t  t h e  argu m en ts  a s  a t te m p t in '  

t o  show m e r e ly  t h a t  th e  sy s te m  may a c t  * a s  though, i t  h a s  

t h i s  a t t r i b u t e . r‘ }

6 / 7 . 1  h o t o r  r a t e s .

The f i r s t  p r o p e r ty  r e q u ir e d  o f  t h e  sy s te m  i s  t h a t

i t  have i n  some s e n s e  t h e  c a p a c i t y  t o  c o n s id e r "  a

r e s p o n s e  b e f o r e  a c t u a l l y  t r a n s l a t i n g  i t  i n t o  a c t i o n .

How t h i s  can be done i s  i n d i c a t e d  b r i e f l y  i n  6 / 5 . 2 .

A s u r f a c e  i s  drawn c u t t i n g  a c r o s s  t h e  n e t  n e a r  t h e  o u tp u t

t r a c t s .  I f  t h i s  s u r f a c e  i s  r e p la c e d  by a " gate"  which
»

ean be opened  and sh u t  t o  p u l s e  p a t t e r n s ,  th e n  t h i s  

g a t e  can be u se d  t o  c o n t r o l  w h e th e r  o r  n o t  an o v e r t
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a c t i o n  w i l l  t a k e  p la c e  a t  any t L s e .  C o n s id er  th e

I
Pu
4;,\;i
V.-$
I

Ivi:
i&

fo l lo w in g ,  sy s te m :
'fyremoior "-frad: PM I

'T

The s y s te m  i s  composed o f  t h r e e  n e t s .  Met I

c o r r e s p o n d s  t o  t h e  N-I o f  e a r l i e r  s e c t i o n s  o f  t h i s  chap

t e r ,  e x c e p t  t h a t  t h e  f i n a l  o u tp u t  t r a c t  i s  rem oved.

Two t r a c t s  em erge from t h e  r i g h t  o f  N e t - I ;  one o f  

t h e s e ,  K'-T, w i l l  be  u n te r m in a te d  f o r  t h e  moment, t h e  

o t h e r  g o e s  i n t o  a s p e c i a l  n e t  w h ich  we c a l l  th e  "motor  

g a t e ” iMG. (The tw o t r a c t s  em erg in g  from t h e  r i g h t  o f  

N -I a r e  su p p o sed  t o  have t h e  same o r i g i n ,  and c o n ta in  

e q u i v a l e n t  i n f o r m a t i o n . } . G i s ,  a s  i t s  name i m p l i e s ,

a d e v ic e  w hich  can  e i t h e r  s t o p  p u l s e s ,  o r  t r a n sm it  them  

t o  th e  f i n a l  no u tp u t  n e t ."  The g a t e  i s  c o n t r o l l e d  

th rou gh  a c h a n n e l  G by a s i g n a l  ’ g ’ ; i f  g ( t )  -  1 th e  

g a t e  i s  open ( t r a n s m i t s ) ,  i f  g -  0 t h e  g a t e  i s  c lo s e d  

( b lo c k s  p u l s e s ) .
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Now i f  t h e  ch a n n e l from N -I t o  i'G c o n d u c ts  o n ly  in  

t h a t  d i r e c t i o n ,  th e n  e v e r y  m otor a c t  must be p reced ed  

by a c t i v i t y  a t  t h e  r i g h t  end o f  N - I ,  and in fo r m a t io n  

ab ou t t h i s  a c t i v i t y  w i l l  be c a r r i e d  a lo n g  t h e  a c c e s s o r y  

t r a c t  KIT* I f  t h e  g a t e  G i s  c l o s e d ,  t h e n  t h e r e  can be 

no o v e r t  motor a c t i o n ,  but a c t i v i t y  may s t i l l  appear a t  

t r a c t  7 7 7 ,  duch a c t i v i t y  may be r e g a r d e d  a s  p o t e n t i a l  

or  n o n -o v e r t  a c t i o n ,  w h ic h ,  i f  t h e  g a t e  were op en ed ,  

would becoma o v e r t .  I f  t h e  scheme o f  6 / 7 . 0  i s  t o  be  

r e a l i z e d ,  t h e r e  must be some way o f  u s in g  t h e  ou tp u t  o f  

PMG a s  an in p u t  t o  some k in d  o f  Jlhi.OICTOP mechanism  

w hich i s  t o  make an e s t im a t e  o f  t h e  c o n s e q u e n c e s  o f  t h e  

pot o n t i  a 1 a c t i o n .

6 / 7 . 2  The p r e d i c t o r  i s  t o  make an e s t i m a t e  o f  t h e  ch an ges

t h a t  would—r e s u l t -  i n  th e  e x t e r n a l  s i t u a t i o n  i f  t h e  

p o t e n t i a l  a c t i o n  i s  p erform ed . I t  w ou ld  seem n a t u r a l  t o  

a rra n g e  t h e  sy stem  so  t h a t  t h e  o u tp u t  o f  t h e  p r e d i c t o r  

p r o d u c e s  a  p s e u d o - s t im u lu s  ( 6 /5 )  r e p r e s e n t i n g  t h e  changed  

s i t u a t i o n .  (P resu m ab ly , t h e  p s e u d o - s t im u lu s  w ould  be 

in c o m p le t e  a n d /o r  t h e  sy stem  would have o t h e r  ways o f  

knowing t h a t  t h e  a c t i o n  had n o t  y e t  b een  p e r fo r m e d .)

Thus t h e  p r e d i c t o r  c o u ld  be i n s e r t e d  a s  shown ( F i g .  6 / 7 . 2 )
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The p r e d i c t o r  n e t  h a s  PMT a s  in p u t ;  i t s  o u tp u t  t r a c t ,  

PST, e n t e r s  i n t o  t h e  main n e t  c l o s e  t o  t h e  in p u t  end  

o f  t h a t  n e t  and s p r e a d s  ou t  o v e r  a r e g io n  D o f  t h e  s o r t  

d i s c u s s e d  i n  6 / 5 . 1 .  The jo b  o f  t h e  p r e d i c t o r  n e t  N-P 

i s  t o  c o n s t r u c t  a f u n c t i o n - w h ic h ,  g i v e n  t h e  f?c o n te m p la te d H 

a c t i o n  a t  PMT a s  dom ain, h a s  a s  i t s  ran g e  a s e t  o f  p a t t e r n s  

w hich a c t  a s  p s e u d o - s t i m u l i  f o r  t h e  c o n s e q u e n c e s  o f  

th e .se  a c t i o n s .  T h is  mav seem l i k e  an u n a t t a i n a b l e

r e q u ir e m e n t ,  s i n c e  i t  may seem t o  im p ly  t h a t  JS-P con 

t a i n s  in fo r m a t io n  ab ou t t h e  r e a c t i v e  p r o p e r t i e s  o f  th e  

e n v ir o n m e n t .  {N ote: i t  i s  t r u e  t h a t  N-? may have t o  be

s u p p l i e d  w ith  in fo r m a t io n  about t h e  p r e s e n t  s t a t s  o f  t h e  

e n v iro n m e n t;  t h i s  can be in c lu d ed , by a l l o w i n g  PfT t o  

t r a n s m it  in fo r m a t io n  i n  b oth  d i r e c t i o n s .  N e v e r t h e l e s s . 

I t  a p p ea rs  t h a t  i t  may be s u f f i c i e n t  t o  1 s t  B-P be a 

random n e t ,  and PffT and f-ST random c o n n e c t io n s  t o  th e  

a p p r o p r ia te  r e g io n s  o f  K - I I
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6 /7 • 3 Behavior o f the system with & randon. net for  N-F.

re su lt  in  d e f in ite  sensory con sequence s . How i t  i s  

c lea r  that in  order fo r  a p a r ticu la r  action  ( i . e .  

pattern  o f Muscular movement) to  hove a d e f in ite  sen

sory consequence* there must be -■ corresponding  

reg u la r ity  in  the rea c tiv e  p rop erties o f the environ

ment, There i s  one c la s s  o f  such r e g u la r it ie s  q u its  

independent o f  most o rd in a rily  v a r ia b le  fea tu res  o f  

environment: i f  wo regard the physical body o f an

animal to do part o f t ’no environment o f i t s  nervous 

system then a l l  a c tio n s which produce s t im u li by 

in te r a c tio n s  between p art3 o f the body have h ighly  

regular consequences. A. sim ple example in  man i s  that

receptors in  the palm and f in g e r t ip s .  (Any muscle 

contraction  w i l l  produce dependable e x c ita t io n  o f re

la ted  jo in t  and tendon r e c e p to r s .)  *ihst does t h is  mean 

in  terms o f the in te rn a l behavior o f the system o f 6 /7 .2 ?

Let ft* be any a c t iv i t y  p attern  at K (in  the ’'premotor" 

area) which, i f  th e  gate wars opened, would r e su lt  in  

c lo s in g  o f th e  hand. Suppose th at R# occurs o fte n , and 

i s  follow ed by reinforcem ent, and that the gate i s  in

6 /7 .3 .1  Consider f i r s t  the case o f a c t io n s  which u su ally

w i l l  (almost always) cause a t a c t i l e  stim u lation  o f

fa c t opened on many o f t h e s e  o cca sio n s, bow R * ( t } i s  an 

input to  N-P, hence (assum i/i.; th at N-P does not have any
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a p a t t e r n  (o r  more l i k e l y  a 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  

p a t t e r n s )  "ffr'O ( t -M ) * I The tin -e  q u ? n t l z a t io n  i s  u sed

t o r  c o n v e n ie n c e  o n l y ; • Tov; l e t  s 5  u im U j.U S

r e p r e se n tsn .y  c o n t a c t  w ith  palm ami f i n g e r t i p s . n n en

; finct F '' -l~} o c c u r  t o g e t h e r  f r e q u e n t l y ,  and w i l l  be 

‘a s s o c i a t e d "  in  t h e  manner d e s c r ib e d  i n  6 / 6 . 1 .  I t  may 

d.en l e  s a id  t h a t  t h e  n e t  N-.1 becom es m o d if ie d  in  such a

. r- .. x  y  j. 
V V -3 . v  t i i r *  O ( V~*) b e c o m e s  a  i ; s e u d o - s t  - i  r a i d / u s  f o r  a ,  In

t h i s  s im r le  r-anner, i t  may be tv-iif t' a t  f - F  becomes a 

p r e d i c t o r .  For ev er  1 ‘‘ th e  y o t e  " l a  c lo s e d  when H* 

o e o a r s ,  th e  p s ©u d o - s t im u lu a ; .ver. t h r o n g ! e n d  a

p sc u d c - a o n s a t io n *  o f  h a n d - c l o s i n g  i s  e x p e r ie n c e d  by 

th e  sy s te m .

The same - rgu n en ta  ap p ly  t o  more c o m p lic a te d  

e n v ir o n m e n ta l  r e g u l a r i t i e s ;  m otion  o f  t h e  hand w i l l  

become a s s o c i a t e d  w ith  t h e  v i s u a l  s t i m u la t i o n  co n seq u en t  

t o  t h e  m otion  o f  t h e  hand a c r o s s  t h e  v i s u a l  f i e l d ,  e t c .  

Ft seems t o  me t h a t  t h e s e  r e g u l a r i t i e s  co n se q u e n t  t o  

p h y s i c a l  body s t r u c t u r e  a re  r a t h e r  w e l l - d i s t i n g u i s h e d ,  

by t h e i r  d e p e n d a b i l i t y ,  from o t h e r  i n t e r a c t i o n s  w ith  

most e n v ir o n m e n ts ,  and t h a t  th rou gh  such a p r e d i c t o r  

mechanism a "body image* can be c o n s t r u c t e d .

6 / 7 . d »<£ fne sy stem  a s  d e sc r x b e d  xs  nob ad eq u ate  xo r  p r e d i c t i o n  

o f  e n v ir o n m e n ta l  e v e n t s  which do n o t  depend o n ly  on th e
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im m ed iate  m otor a c t i v i t y  o f  t h e  system * The sy ste m  

sh o u ld  be a b le  t o  p r e d i c t  t h e  b e h a v io r  o f  t h e  en v iron m ent  

W where vv h a s  t h e  form i n d i c a t e d  i n  4 / 3 . 2 . 2  o r  e x h i b i t s  

r e g u l a r i t i e s  o f  t h i s  form , ( i . e . ,  w here t h e  change o f  

s t a t e  o f  v depends on t h e  a c t i v i t y . o f  t h e  sy stem  even  

i f  t h e  s t a t e  i t s e l f  d o es  n o t . )  To some e x t e n t  t h i s  can  

be a c c o m p lis h e d  by a l l o w i n g  t h e  t r a c t  P J l t o  t r a n s m it  

in fo r m a t io n  b o th  w a y s ,  o r  o t h e r w is e  p r o v id in g  N-P 

w ith  an in p u t  from th e  s e n s o r y  end o f  N - I .  Then s t i m u l i  

f o r  N-P w i l l  have t h e  form s*  w here s*  i s  t h e  image  

atTD o f  a s t im u lu s  s ,  and 4? i s  one o f  t h e  s e t  o f  o o s s i b l ei
r e s p o n s e s  a t  K t o  t h e  s t im u lu s  s .  I f  t h e  g a t e  i s  o p en ,

R* r e s u l t s  in  an o v e r t  a c t i o n  w hich  in d u c e s  a t r a n s i t i o n  
i

i n  t h e  s t a t e  o f  4 and p r o d u c e s  a new s t im u lu s  s T̂

V*(s,R*^) (d ee  4 / 3 . 2 . 2 ,  (1 )  and (2 )  f o r  n o t a t i o n ,  and 

o v e r a l l  s y s te m . The t im e  i n d i c e s  have been  d r o p p e d .)

T h is  e v o k e s  an image s ’ ^  a t  u, and t h i s  i s  accom -  

p ie d  by t h e  a r r i v a l  from N-P o f  t h e  s t im u lu s  P (s *  4*^)«

I f  t h i s  o c c u r s  f r e q u e n t l y  w i th  r e in fo r c e m e n t  (random  

r e in fo r c e m e n t  w i l l  do) t h e n ,  i f  t h e  c o n t i g u i t y  mechanism  

o p e r a t e s  c o r r e c t l y ,  P {s*  1 ^ )  w i l l  become a p se u d o -  

s t im u lu s  f o r  s 1^ , and N-P becom es a p r e d i c t o r  f o r  t h i s  

t y p e  o f  e n v ir o n m e n t .

6 / 7 . 3 . 3  A llo w in g  N-P t o  have l e a r n i n g  p r o p e r t i e s  y i e l d s  a

much more c o m p lic a te d  s y s t e m .  S u p e r f i c i a l l y ,  i t  m ight
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spp-er.r t h a t  “"good p r e d i c t i o n ” would t e n d  t o  le a d  t o

p o s i t i v e  r e in f o r c e m e n t  s i t u a t i o n s ,  and h en ce  t h e  l e a r n i n g  

c a p a c i t y  ought t c  te n d  t c  i s p r o v e  K-h i n  i t s  p r e d i c t i o n  

r o l e .  . o v e v e r ,  t h e r e  i s  t : e  a a n g sr  t h a t  t h e  p r e d i c t i o n  

c a p a c i t y  o i  a - ‘: i s  t o o  d e l i c a t e  t  t o . e r a t e  i n t e r n a l  

2 I t e r a t i o n s ,  and th a t  i f  H-. i s  a l t e r a b l e .  i t  n ig h t  

t e c o s e  s h s s r t e c  i n t o  t h e  s-ir.ple r e a c t i v e  s t r u c t u r e  o i  S -I  

_n tr .s  o t h e r  ;..ar.d, i t  i s  perhaps vfc-rtr n o t in g  t h a t  

i f  c a n  .r.:-ve t h e  s a u t e  K i t e ,  c: s t r u c t u r e  a s  d ees  h ~ I ,

ther. t h e r e  i s  t o  teed  t c  d e l i n e a t e  h - “ as d i s t i n c t  

s t r u c t u r e .  3 or  i n  t h i s  c a s e  a - 1  r a y  ~ e  s e t  l i a r  a c r e  

t h a n .  t  c i s t i r g u i s r . a d  sub n et o f  h - I ;  f o r  exam ple K-r 

u i . - n t  l s  s i s  p ly  t h e  s u n s e t  o f  c e l l s  end f i b r e s  o f  H-I 

which c o n d u c t  p u ls e s  p r i s ^ r i l y  fros, r i g h t  t c  l e f t  I

" e s t i t t a t e  t b s  o c n s e c u e n c e s  o f an a c t io n " ;  i t  d oes  n o t

a c t s  by e v a l u a t i n g  th e  ou tpu t o f  K -i but t h i s  output, i s  

so a n i.n u .leas e x c e p t  in  r e l a t i o n  to-the oseudo— s t iK u .l i  i t  

p r o d u c e s  a t  _ .  h e n c e ,  i t  wc-uld sees ,  that- th e  e v a lu a t o r  

Y» has t o  have i t s  in p u t  to k en  f r e e  1 o r  I s  t e r  in

d iseris .i3 .cd -5  betw een r e a l  and p s e u d o - s t i s u l i • I. i s  *©&&s

6 / 7 . u= ifee d i s c u s s i o n s  o f  7 /3  i n d i c a t e  now m e  sy stem  sa y

c o sr n le t« th e  soh e r e  c f  c/7«C • n oth in g  has t e e s  s a id  

ab ou t c l o s u r e  c: th e  g a t e ,  and «*a.t i s  t c  c o n t r o l  t h i s .  

Ho* t h i s  g a te  i s  to  he c o n t r o l l e d  by a d e v ic e  T* w hich

n e t t h i s  i s  th e  c a s e  th e n  t h e  e v a l u a t o r  cannot
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t h a t  i f  a c e r t a i n  a c t i o n  co n seq u e n c e  i s  e s t i m a t e d .

a c t i o n  ta k e n ,  and t h e  p r e d i c t e d  co n se q u e n c e  r e a l i z e d ,  th e n

t h e  g a t e  w i l l  rem ain  open and th e  f o l l o w i n g  p a t t e r n  a t

:< w i l l  go th ro u g h  t o  a c t io n *  I do n ot s e e  any p a r t i c u l a r

d is a d v a n t a g e  t o  t h i s  e x c e p t  t h a t  t h e  a b i l i t y  o f  th e

sy s te m  t o  e v a l u a t e  p o t e n t i a l  a c t i o n s  i s  su sp en d ed  f o r  a

s h o r t  i n t e r v a l  a f t e r  a s u c c e s s f u l  a c t io n ^

N o th in g  h as b een  s a id  about t h e  n a tu r e  o f  t h e  a c t i o n

e v a lu a to r -V * *  One p o s s i b i l i t y  i s  t o  u se  t h e  o u tp u t  o f

t h e  n e t  M-1.L o f  6 / 4 . 3  t o  c o n t r o l  d i r e c t l y  t h e  motor

g a t e  4 0 .  (N ote t h a t  t h e  o u tp u t  o f  t h e  N -JI o f  6 / 4 . 2

w i l l  n o t  work s i n c e  t h e  in p u t  t o  t h i s  M-II d o e s  n ot

have a c c e s s  t o  t h e  p s e u d o - s t im u lu s  o u tp u t  o f  n e t  N -P .)

The g a te  TO must have  c h a r a c t e r i s t i c s  o p p o s i t e  t o  t h o s e

o f  t h e  g a t e s  o f  6 / 4 . 2 . 1  i n  t h a t  s i g n a l s  from N - I l  which

have a p o s i t i v e  e v a l u a t i o n  sh o u ld  open TO ( w h i le  in

6 / 4  such s i g n a l s  c l o s e d  g a t e s  and G - . )  I f  t h i s  i s£ 3

d e n e ,  th e n  V* i s  b '-II p lu s  t h e  c o n n e c t io n  from N -II  t o  

.'G, For t h i s  V*, t h e  e v a l u a t i o n s  on p o t e n t i a l  a c t i o n s  

w i l l  be c o n s i s t e n t  w ith  t h e  g o a l - s t r u c t u r e  o f  th e  

se c o n d a r y  r e in f o r c e m e n t  s y s te m . The sy stem  i s  a d m it t e d ly  

in c o m p le te  i n  t h a t  t h e r e  p rob ab ly  must be o t h e r  ways 

o f  o p e n in g  g a t e  4 3 .

* 6 / 7 • 5  The a p p ea ra n ce  o f  a p se u d o s t im u lu s  a t  D sh o u ld  have

a s p e c i a l  e f f e c t  on t h e  f o l l o w i n g  r e a c t i o n s  o f  th e
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s y s t e m .  Suppose t h a t  s ’ i s  a p se u d o s t im u lu s  o f  s  and 

a p p ea rs  at. '0 j u s t  b e f o r e  a s t im u lu s  s - ,  an in c o m p le te  

f r a c t i o n  o f  s ,  i s  p r e s e n te d  t o  M -l.  Now s ’ w i l l  (by  

i t s  d e f i n i t i o n  a s  a p se u d o s t im u lu s  o f  s )  send  p u l s e s  t o  

many o f  t h e  j u n c t i o n s  t h a t  would n o rm a lly  be e x c i t e d  

by s ,  and s -  w i l l  do t h e  same, h en ce  t h e  r e s p o n s e  t o  s* 

can be e x p e c te d  t o  re sem b le  th e  o r d in a r y  r e s p o n s e  t o  

s  t o  a g r e a t e r  e x t e n t  th a n  would be e x p e c t e d  i f  s ’ 

were n o t  p r e s e n t .  A nother  way o f  p u t t i n g  i t  would be 

t o  sa y  t h a t  in  th e  p r e s e n c e  o f  s ’ t h e  sy s te m  w i l l  te n d  

t o  r e a c t  t c  p a r t s  o f  s a s  th ough  a l l  o f  s  were p r e s e n t ,  

or  t h e  sy s te m  a p p ea rs  p r e d i s p o s e d  t o  r e a c t  t o  "weak” 

p r e s e n t a t i o n s  o f  s .  I t  c o u ld  be argued  t h a t  t h e  s y s t e s i  

m ight be d e s c r ib e d  a s  b e i n g ' i n  a s t a t e  o f  " e x p e c ta t io n ®  

o f  s .

I t  would be f u t i l e  t o  a n a ly z e  t h i s  a s p e c t  o f  t h e  

sy stem  w ith o u t  a p r e l im in a r y  a n a l y s i s  o f  s e n s o r y  

m echanism s, a s u b j e c t  w hich has been  e x c lu d e d  from t h i s  

work, f o r  .reasons m en tio n ed  in  c h a p te r  I .

6 /S  Remarks

A c o m p le te  d i s c u s s i o n  o f  t h e  b i o l o g i c a l  e v id e n c e  f o r  

th e  o p e r a t io n  o f  t h e  s y s te m s  d i s c u s s e d  in  t h i s  c h a p te r  

would c a r r y  t h i s  work beyond r e a s o n a b le  l i m i t s  o f  s i z e .
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