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Ie examine the behavior  of  probabi l -
i s t j c  n e u r a l  n e t \  * i L h  t h e  i l c l u s : o n  o l
chemical  nark€rs and { i th  Gaussian f luctua-
t ' 0 n !  0 n  I h F  f i r i n g  t h r e s f 0 l d .  ! e  u \ "  l h e
k n o M  p r o b a b i l i s t i c  i h e o r i e \  a t d  k e  p e . f o m
o n t e - C a r l o  c o r p u L e r  c d - c L  a t  i o n s  o n  :

v a r i e r r  o f  n e u r a l  n e t s  u i l h  a  h i d e  r a l g e  o f
parameters. iie find that the two m€thods
a r e  i n  e i c e l l e n t . g r e e r e n t . 0 u "  r e 5 u l l s  d . 4
both i i  qual  i ta t ive and quant i ta t ive agree-
nent  l { i th  pr€v jous s in i lar  s tudies.

i .  In t roduct lon

over the past  tHenty years n"ura l  ners
lave beer a subject  o '  in tensive studies
f l .on several  d i f ferent  points 0f  v iev.  An
area ! i i th  conside.able i rpor lance 's  that
o r  b i o l o g i c d l  n e t s .  i . e .  n o d e l s  o f  r e l s
l h a t  I r y  ! o  i m i t a t e  t h e  h u r a r  ( o r  o r h e r
I i v i n g )  b r a i n  s l r u c r u . e  d n d  f u n ( i : o n s  i n  a n
e f r o r t  t o  u r d e r s l a n d  s u c h  ! i t d l  p r o ( e s s e s
as learn ing.  rcno.y.  under ' tandi"g,  feol
ing,  etc .  f ide ly  used nodels (n0t  an ex
l a u \ l i v a  I  j s r )  i r c l u o e  h e  e a r l v  p ' o n F e r
{ o r k  ( I c C u l l o c F  E  P i t . s .  r 9 a l )  o f  d s
s e m b l j e s  o f  n e u r o n s  a s  l o s i c a l  d e c i s i o n
e l  e m e n t s ,  t h e  m a t h e m a t i c a l  f o r m a l i s n
( c d i a n i e l l o ,  I 9 6 I l  o l
equat ions" ,  and the probabi l is t ic  neural
s t r u c t u r e s  ( V i l s o n  E  C o l i a n .  l 9 7 l r  C r i r l i n ,

1963;  Ha. th et  a ' I . ,  1970;  Anninos et  a l . ,
1970),  that  moni tor  the act iv i ty ,  i .e .  the
fraction of neurons that become active per
u i i t  t i m e ,  a n d  t h e y  h a v e  a l l  b e e n  q u i t e
successful to{ards our understanding of the
above ment ioned funct ions.  In  these models
a network is  nade of  a large number of
neurons ( ihe e lenentary uni t ) ,  {h ich are
interconnected according to sone ru les.  As
e a c h  u n i t  h a s  s e v e r a l  c o n n e c t i o n s ,  a n d
t h e r e  i s  a  l a r g e  n u m b e r  o f  u n i t s ,  i t  i s
quic l . lJ  real ised that  the nunrber  of  connec-
t ions grows very fast ,  making the task of
c a l c u l a t i o n s  q u r t e  d i f f i c u l t .  B u t  i t  s h o u l d
be real ised that  i t  is  exact lv  th is  conpl i
cated connect iv i ty  s t ructure that  produc€s
the col lect ive propert ies that  neural  nets
0 o s s e s s .  A n  i s o l a t e d  u n i t  ( o n e  s i n g l e
;euron)  is  incapable of  producins any of
the resul ts  descr ibed beloB,  i t  is  the sum
of all {nits ro.king iogether that produce
these observat ions.

The probabi l is t ic  nets in i t ia l ly  were
qui te s inple (Harth et  a l . ,  1970i  Anninos
et  a l  . ,  1970),  but  la ter  got  more involved
(Anninos & Kokkin id is ,  1984;  K0kkiDid is  &
] inninos,  1985;  Anninos et  a l  . ,  1984;  An
ni ' ros & Kokkin id is ,  1987i  Adamopoulos & An,
n inos,  1989) and incorporate today several
advanced character is t ics net  in  neural  net-
l , torks.  Thei r  theoret ica l  basis  is  the b ino-
n i a l  d i s t r i b u i i o n ,  a s  o n e  t r i e s  t o  a t
t r ibute some speci f ic  prope. t ies io  a f rac
t ion of  uni ts  out  of  the tota l  populat ion.
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l f e  n a L h . n a L i c a l  f o " n a t  s r  n a y  b e  q u i t e  i , ,
v o l v e d .  b u l  j t  i \  s t r d i h q t t o r r d r d  ( A n n : n u s
e t  a l . .  1 9 7 0 ) .  A t r e " n a r r v e t r ,  w e  i a "  c o n
s r r u c r  a  c o n D L t e r  \ l r u t d t . o n  r o d e  a l d
a p D l y  s t c r d a " d  r ' l o n l e  C d r _ o  t e . h n i a r F c  i n
our  spa'c l .  for  .he n-r  propart  rps.  ihe .wo

a r r  c d - e s  { h e r e  d i r " c t  . o n p a r ' , i o n  ( d l  L <
naoe rhe aqreenent  is  sat js fact . ry

l r  s e ( t i o r  2  t / e  d e s c r i b e  t ; e  d e t a i r s

r e d t r r e \ :  ( d )  l h e  ( h e n i c a t  r a r k p r s ,  c , d  ( b )
noise r i th  chenical  narkers.  In  sect io ;3
k e  p r e \ e n t  o u r  r e , u l i s .  d n o  i -  c e ( t i o r  .
the conclus ions of  the present  work.

2.  Descr ipt ion of  the hodet

E a c h  n e t l e t  , s  r a d e  0 f  a  L o l t e c r i o n  o f
neurors r { i th  a tota l  number A.  Each neuron
a]  \one - insLance nay carr ,  on e] ! ,  I , jca
p 0 ! e 1 r 1 a t .  w h i c h  i t  o a s ( F s  o n  r o  t 1 p
n F L ' 0 n s  L h a t  i i  i s  c o n r e c t F d  t o .  t h i s
D 0 t e n r i a l  i s  o t  t h p  o r d e r  o f  a  f " n  i v  d r d
r t  r s  c h a r a c t e r i  z e d  a s  e x c i t a t o r
( , i n r i b i t o r y )  i f  i t  i r c r e a s e s  ( d e l r e a s e \ j
t h e  n e u r a l  o v e r a t t  p o t e n r j a t  d r e  t o  i t \
conn€ct ions l { i th  other  neurons.  The averaoc
l L n b e r  o f  n e u r o n s  r e c e i v i n g  e x c i r a t o ; y
p o \ r s l n d p r i c  p o i e n L j a t  ( t o s p )  i s } l r ,  k h i t e
t h d l  r e c e i v i n g  i l h i b i j o . J  p o s t s y n a D t _ i L
0 0 t e n L j a l  ( I P S P )  i s  I  t h "  f r a c i i o n  o f
l e u r o n s  l h a t  a r e  i n h i b i t o r v .  o u t  o f  r n e  r o _
l d l  s  h  { 0 ' h < l ) .  A t t  p o t e n r i a t s  a r e  i n _
r t a n t l y  s u m n e o  u p  a n d  c o n D a r e d  l o  d
l h r e s h o l d  v a l u e  e .  I f  t h e  s u r  i s  q . e a r e r  o r
e q r a l  r o  0  r h A n  r h e  n e u r o n  B i ] ]  f i r e  j n  t h F
next  t lne sequFnce.  I {  i t  is  \ ra l le .  than o
t f e n  i l  h ' i l l  b e  . d l p .  T i n e  i s  n e d s u r e d  r l
u n i t s  c a l l F d  s y r a p t i c  d e t d J s ,  I ,  d n d  d
neuron that  is  f i . ing at  a Dart icutar  in
s i a n , e  c a n n o L  t i r e  r n r e d i a t e t y  a f r e r  t o r  .
per iod-  cal led raf racrory per iod.  sh.cn r -
u s u a l l y  a s s u n e d  L o  b e  o n e  t I t  s \ n a D t i .
delay.  l l "e  ! ize of  the psp pro iLc€!  Di  a;
e x c i t a t o r y  ( i n h i b i t o r v )  u n i t  i s  K +  r k - t .
T h e  d r n a r i c s  o r  a  n e t t e t  i "  n o n , l o r e d  b /' n p u r t i n g  a  L e r , a i n  i n r L . a l  \ . q n a t  . t  t i m :
t=0 to some uni ts  in  the net l€ t .  and ob-
serv ing i is  propagatron throuqhout  the neL-
let  and ihe resul rs  j t  prodLrras.

(a)  Neural  Netmrks r i th  chemicai  Harkers

ln ear l ier  s tudj€s o i  probabi t js t ic
neural  nets consist ing of  d iscrete poDula-

t ions 0f  forr ia l  neurons,  i t  has been as-
sJred lhat  a l l  neurons have the sdre prob-
aD rr ry  or  conno. t ion Hi ih  ary other  neuror
' n  r h e  n e r  ( l a , t h  e t  a ] . ,  1 9 7 0 i  A n n i f o s  e l
a l . ,  1 9 7 0 ) .  r n j \  i s  1 o t  t h e  c a s e  u n d e r  c o  -
s iderat ion.  Here,  j t  js  assuned that  the
nerve .0nnet  L i0rs a.e set  up by reans of
Lhemrcat  Farkers carr ied by rhe jndiv ioual
c e r r j .  a c ( o r d j n 9  t o  t h e  t h e o r y  o f  n e u r a l
s p e c i l i '  i t y  ( S @ r r y .  1 9 4 3 ,  1 9 6 3 r  p r e s L i g c .
ry l t r r ,  A.cororng lo thrs theory each neuron
makes synapt ic  connect ions onty | / i th  those
n e u r o n s  i n  t h e  n e t e o r t , h i c h  c a r r J  n a . k e , s
w r T l  l h a  r i 9 h e s t  ( h e m j c a t  a f f i n i l y  ! o  i t ,
okn.  rhus.  the rhole networr  is  d iv ided ro
neural  subpopulat ions.  ea.h of  then chara(-
Ler ized by i ts  own narker .
- .  T h e  b a s i c  a s s u n p t r o n s  a n d  d e f j n i t ' o n !

o r  l r e  r o d e t  d r e  s i r i t a r  t o  r h o s e  o f  D r u _
v i o u ! , , { o r k  ( H a . r h  e t  d t . ,  1 9 7 0 !  A n a i n o l  e t
a l  . -  1 9 7 0 ) .  I h e  e l e m e n L a r )  u n i t  i n  ! h i s
noaFr rs  d9arn rhe nerror ,  kh ich js  a b is-
r a b l e  e l e n e n l .  I t  c a n  b p  e i t h e .  i n  t h e
r e s t i n 9  o r  i 1  t h e  a c r i ! e  ( f i r j n q )  s r a t e .
r h e  r r a n s i r i o r  f r o n  t h e  . e s t i n s  t o  " e

0r  L le neu.on occu.s { fen tFe
su\  ot  pastJ lnapt ic  poter t ia ls  lpsps)  ar. i y i n S - d t  t h e  L a l l  e \ c " e d s  d . e r t . , n  c r i ! , _
c a r  v a i J e ,  I F e  t h r e s h o t d  I  o f  t h e  n e u . o n ,
PSPs Eay be e i ther  exc i tdtor ]  ( fpSp) or  i , l
h i b i l o r y  ( l D S p ) .  s h i f t i n g  r h e  r i r b r a r e
poren[1at  c tosef  t0  o.  fur ther  aHa]  f ror  0,
respecIrvety,  a reuron r4ay be e i ther  ex_
c i t a r 0 r y  r i l h  a l l  o f  i t s  a x o n  b r a n c h e s  q e r ,
erat ing EPSPS or  i ih ib j tory wi th a|  of - j rs
aron branches 9enerat jng IpSps.

l r  a  n e u r o n  f i r e s  a t  I  i m e  t .  i t
oroduces rhe appropr iate pSps af ter  a f ixed
I  ine in l  ervdl  | ,  the synapLic deta! .  psts
arr rvrng at  a n€u.0n are suMed inst . r ! t i ,

t h e  n e r r o n  t o  f i r e  i m e o j a t e t y .  F i r i n q  i s
monenl .a"y dnd causes the neuron t0 De' jn( e n s ' l i v e  t o  f u r t h e r  s t i n . t a r i o n  f o r  a  r i r e
i n t e r v a l  c a l l e d  t h e  r e f r a c t o r t  p e r i o d .
P o s t s y " d p L i c  p o t e n t  i a t 5 ,  i f  b e t o H  0 .  { i t l
p e r s ' s i  H i t h  o r  r i t h o u L  d e c r e m e n r  f 0 r  d
per iod of  t ime ca1led the suMat ion t ine
Hh:ch is  d!suned to le  re is  ,an i r r i :  , * , i j
t ic  delay.  t t  xac a lso been assLmed'he; .
lhat  lhe ref .actory per ioo is  qreater  r ldn
I h e  s y n a p l i c  d e l a y .  b u j  t e s s  r h i n  t r r c e  t h e
s y n a p t t c  d e l a y .  I f  a  r u a o e r  o f  n e J r o n !
t i r e  - s i r u l t d ! € o u s t y  a r  t i m e  t ,  r h e n  a ' l
n e u r a r  a c t i v i r y  r e s u t t i n g  f r o q  t n i s  i n i L i a l
acrrvrry  hrr  I  I  be restr ic ted to t jnes t+r
i + z T , . . . ,  e t c .
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l ' "  a r n a r i c  v a r i a b l e  t h a t  i s  u s u a l l r
moni tor€d in  the model  under considerat iun
i "  l h e  l e v e l  o r  a ' t i v i l y  a " ,  i . e .  r h e  . r d . -
t  0 1  o '  e L . o n s  t h a !  a - e  a i t i ! e  i 1  t t e  n e . .
l e t  a t  t = n r ,  w h i c h  i s  a  s c a l a r  q u a n t i t y . a n d
does not  sp€ci fy  lah ich par t icu lar  neurors
a r e  I  '  n 9  ! n  l h e  . e t l e r .  l h e  a . l  i v  J  c n
at  t ime t=nr  | { i l l  depend exclus ivety on tbe
f i r r n g  . e c o ' d  o '  l h e . e t l e -  o r  ' - ( r . t )
T t p  " r o e l i a t i o n  v d  r e  \ a n - r r  o .  t t e  d . -
t i v i t y  a t  t i n e  t = ( f + l ) r , " i 3  t h e  a v e r a q e
v a - u a  o f  q r  I  q e n d r o l p o  o y .  ( o  l e ( ! i o n  d f
n e l l e r \  ! t t  h  d p n r i c a l  s r . . . t u r a l
P a r a r e t e r )  d n d  l h a  \ a i e  a n .  I  i s  c , o  a
sumed that  a l l  subsystens in  a ret le t  l / ] i th
d i f f p r e n '  r . r l e . s  a . e  a \ ( j 9 1 o d  I e  r a l e
f ract io f  of  act ive reurons an.

I n  t h i s  r c d " l  l h e  n p o . I d n '  c o  \ t . d i
of  narkers,  g ives r ise to ordered pat terns
o r  n a r ! e  c o n l e r r i o n . .  l h e  , n t " .  o n n e c r : o r s
betveen the neurons are assumed to nrade up
a t  . a n d o i ,  .  u \ '  . s  i n  ' L r e  p . e \  o ,  .  l o d "
q o h e , e r  a ( '  v "  i  o - n e ( t  i o n  a . a  c o n  i o e r  u
o  b "  o n l y  r 5 e , e  r h d l  o e l o  s  r o  .  " l  s  " h  1

carry the same type of  marker .  Tbus,  the
tota l  number of  A ieurons is  d lv ided in i .u
several  subpopulat ions.  Neural  conrect ic ' r
€x is t  ar  random l l l i th  no restr ic t ion anorg
a l '  c e l  s ,  o L r  r - e  L P S P  r " n d  . D 5 D l  a , -
carr ied only to the coniect ions that  beton!
l o  r "  r a t e  i r r t e . .  L o n , p .
neurons of  d i f ferent  marker  are inact ive,
i . e ,  t F " v  c o r " r  i o  s  q " o  t r  1  .  1 r , . . . .
r I  a r e  i h e  r . d .  I  r o n \  o t  n p u ,  o  .  :  

- o  
n a t -

r o r t  o f  \  n a r . p  . . o r r € s D o n o '  q  l o  e a L l
s u b p o p u l a i i o n ,  t h e n  m r + n r + . . . . . . + ; N = l

h e  o - a 1 r ' l y  a " ; i .  i .  ! a l c u t . r " d
. r r ! ' a " l '  t o  p , e v  o  r i  i r - o  p .  t i d ,  L n  € r
d . .  1 9 7 0 :  A l n i n o .  " r  a _ . ,  t 9 7 0 , .  L " i  a " r
b d  l t e  a c r r \ e  - . . ' o n s  a t  t i r e  r  i  d  n e t  d r
{  r L  A  n e u r o - s  a n d  \  n d . l e / s .  l p ,  d ' . 0  r r
h i .  ( j  1 . 2 . 3 . . . . , \ )  b e  1 r "  t . " ,  i o . s  d r
n E u f o n s  a n d  t h e  f r a c t j o n s  o f  i n h i b i t o r y
n e u r 0 n s !  r e s p e c t i v e l y ,  c a r r y i r s  t h e  j t h
mark€r  in  the net le t .  Then,  i t  fo ' t lo | ls  that
d t  i - {  . 1 )  r j r l  a p p e o '  A " " .  { t  r r J q .
L P s P s  a n o  A d " , r ' - r i , i  

' ( D  
. ; - l  : -  ; l ' : l

k j th  j  mar ler ' i  "  "
The exp€ctat ion value of  ihe act iv i ty

f o .  t h a  F t l e i  o t  r i p  . - ( . t )  i .
g i V e i  b y  ( A n n i n o s  8 l o l l i n r d r s ,  1 9 8 4 ) :

N tmax,  j  r t j  I

. a n + t  -  ( l - a n )  I n J  I  { l  I  P _ , 1 ) 0 - ,  r l r
j=1 i=0 L=0

l h : s  e q u a r : o '  r e s . l t s  b r  d d d i n q  . l -  o . o b -
a b i l i t i e :  f o r  a l l  c o r b  n " t , o l s  o l
L h r e s . 0 l d \  a - d  P S P :  t h d t  p r o d u c e  t i ' i ' 9 .
P  L  Q r  L  a " e  t h e  p r o b a b i l i r i e \  l f " r  d
n i a i o n  d f  i h e  j r h  h a " . " .  F j , l  . e  e . v e  -
f D S P S .  d  l - l P S P S  a t  t  t r e  t - ( n r  ) r . . n o
they are g iven by:

P r  . r  =  e x p I  a n p ] - ( l - h r ) i r i l

t a n ! i ' ( l  h i ) m i l ' / t l
( z )

a l ,  j  =  e x p ( ' a n l j ' h j m j )  ( a n p j - h j m j ) ' / I  I

T h e  - p D " .  1 ' n  L  l m : r  i  i n  r 1 e  s u r  i s  .  e
t o t a l  n . 1 b e r  o r  a a l i L [  i n t  i b i t o r y  c o n  e ,  -
t ions of  the net le t  in  the subsystem of  the
j th marker ,  and is  g iven by:

rmax, i  = Aansi 'h in i  (3)

T * p  r i  I n  " "  u o p e r  l i r i t  n
' s  ' r E  0  i " i n u r  n L r b e .  o f  e , c ' L d t o . ,  i n p u I
n e c e s s a r y  t o  t r i g g e r  a  n e u r o n  ! J h i c h  h a s
. " . F ' v € d  I  i . h  b  t o r y  i " p .  \  d n d  .  

" . " i € .narker  j .  l t  is  9 jven by:

n r  =  u I { o r + l K . _ ) / K . + l  l 4 l
- h p  

f r . ,  t i o n  u t \ l  i s  d p  i - e o  " s  
l h "  r . l

lest  jn teger  which is  equal  to  or  greater
than x.  l , i i  th  ihe same considerat ions as in
p r e v i o u s  ! t u d  i e  .  ( H d r r r  e l  d -  .  .  l 9 / 0 :  A n -
n j n o s  e t  a l  . ,  1 9 7 0 )  u e  m a y  s t u d y  t h e
d l a d n i ( s  o ' a  n e r l e t  E i r h  N  1 d r \ e r \  B n i c ,
i  a r l d ! r e d  t 0  a  c a b l e  o '  d i r e r e l r  f i b e r ,
t F c " i / i  9  : u ( L a i - e d  n p u i s .  I l  r s  a \ . u r e d
t h a t  t h e s e  f j b e r s  m a y  b e  a x o n s  o f  A
n e u r o n s  i n  a n o t h e r  n e t r e t  u i t h  t h e  s a m S
s t r u c t u r e ,  a n d  i o r  s i n p l i c i t y  A = A " .  { e
def  ne t . -  ( ! .  )  d  rho urb€r  of  nel r rons
( s a r e  f o a  e d L r  ' - b s j s r e n ) ,  v i r n  k h  h  d 4
e x t e r n a l  e x c i t a t o r y  ( i n h j b i t o r y )  n  e u  r o n
makes i ts  synapt ic  contacts jn  the net le t
i f  i t  c a f f i e s  t h e  s a n e  m a r k e r i  o  i s  t b e
fract ion of  e)( ternal  act ive f ibers,  carr ins
a " ' r o n  p o t e . t ' a l s  d t  d  p d f  . u - a "  i n : r d n c € .
T h e  e : p e c  a r i o n  v . l u e  o t  r h e  a c t i v i t "
a n , r '  d l  ' i n e  l - ( n  . ) r  i s  g i l e n  o /

(Anninos & Kokkin id is ,  1984):

' '  n a Y , J ' m a \ ! t  r t .
( l  a")  t 'nr  t  I  (  I  IP,  : t0r  .R" .

j - l  l1-0 I=0 L=0 (5)
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H e r e  R  i  i s
neuron of thE j th

t h e  p r o b a b i l i t y  i h a t  a
narker $i l l  receive M,

neurons and is given by:

R , j  
= exp(-opj  n j ) (o! ;  n j )n, /  !  (6)

uper l in i t  max, j  is  g iven bJ:

rlmax,j = Aoo!; mj (7)

4 j  is  g iven by:

nj = ut(ej+rK;rxKo: )/Kj+l (s)

dist r ibut ion.  The spontaneous act iv i ty  of
the ret le t  is  then d€scr ibed by a s ingle
paraneter ,  the standard deviat ion 6 of  the
Ga'rss ian d is t r ibut ion.

In th is  nodel  the basic  assur ipt ions
about  the st ructure -  inc luding the concept
o f  c i e n i c a l  n a r k e r s  -  a n d  t h e  u n i t
propert ies are s in i iar  to  those in th"  pre
v i o u s l y  d i s c u s s e d  n o d e l .  T h e  d y n a n i c a l
var iable of  in terest  in  th€ nodel  is  again
the leve ' l  o f  act iv i ty  a i .  The act iv i ty  of
lh"  neLlet  an . t  t ine t rnr  wi l l  dppend noH
e x c l u s i v e l y  o n  t h e  f i r i n q  r e c o r d  o f  t h e
n e t l e t  a t  t i r e  l - ( n - l ) r  " n d  o n  t h e  l e v e l  o t
ihe spontaneous act iv i ty  in  the net le t .  In
the case of a neural netlet of N narkers

{ h e r e  m r  i s  t h e  f r a c t i o n
ol  nei ro. i  l i i th  l le  j th  nafke. ,  the neurons
i n  e a ( h  n a r l e r  h a v e  C a u s s i a n  d i s t r i b u t e d
thresholds Hi th s tdndard deviaLions 6
{ j = 1 , 2 , 3 , . . . , N ) .  I n  s u c h  a n  i s o l a t e d  n e t l e l
w h i c h  i s  c o r p l e l e l y  q u i e s c e n !  a t  o n e  i n -
s l a n r .  t h e  a c t i v i t y  i n  e a c h  s u b p o p u l a t i o n
o a e  s l n d p r  i c  d e l a y  l a r e r  w i l l  b e  e n t i r e l r
d l e  t o  s p o n r d n e o u s  f i r i n g  0 f  t h e r e  n e u ' o n s .
T h e s e  : p o n t a n e o u s  a c l  i v i l i e s  a n i
(  j  -  I  .  ?  .  I  .  .  .  .  .  N )  .  accordinq Io th is  rodel
t { i ' l ' l  correspond to the f ract ions of  neunons
o f  e a c h  s u b s J s t e m  n j , ( j = r , 2 , 3 , . . . , N )  l i h o s e
threshold at  t=0 is ' less than zero.  Thus
they are g iven by ihe equat ions:

aoj =

{ h e . e  € i  i s  t h e  , v e r a q e  v a l u e  o f  r h e
threshold of  the j th  marker .

T h e  e r p e c r a t ; 0 1  ! d l u F  o f  l h e  a ( L i v i t J
o f  s u c h  d  n e r l e l  a t  t - { n ' l ) ' .  i s  g i v e r  l "
( A n n i n o s .  K o l k i n i d i s  &  5 k o u r a s ,  1 9 8 4 ) :

' -  -nax,J -nax, l
< a " , r > = ( i - a " l I  i r ,  I  I  P '  , 0 r  , T : r { € , )

j=0 I=0 L=0
( 1 0  )

T n i s  e o u a t i o n  r e s u l t s  b y  a d d i n g  a l l  p r o b -
a b i l  i t i e s  f o r  a l l  c o m b i n a t i o n s  o f

The

(b)  Noisy Neurdl  Nets ! l ; th  Cheni .at  tear(ers

c o r s i d e r  a  p . o b a b i t  i  s t i c  i e t t  e t
s i m i l a r  l o  L h e  o n e  p r e v i o L s l y  d i s c L s \ F o
{ h i c h  r a y  b e  i s o l d t e d  o r  a t r d c h p d  l 0  d
cable of  aI f . r "n l  f iDers.  IL  has been snokr
in the past  that  such a net le t  may exhib i t
susta ined steady-state act iv j ty  even j f  i t
i s  i s o l a t e d .  T h i s  a c t i v j t y  i s  s o n e t j m e s
referred to as endogeDous or spontaneous
d , t i v i L y .  P e r p .  l l . e  t e r m  s p o r t a n e o L .
act iv i ty"  is  rsed to descr ibe the f i r inq of
netr r0ns occur in9 independent ly  of  the ac-
t i v i L y  o r  o t h e r  n e u r o n s ,  i . e .  r i t h o u t  t r i q -
ger ing by the act iv i ty  of  other  neurons.  I t
i s  c l e a r  n o h l  r h d t  i n  a n  i s o l a t e d  n p r  t " l  e x -
h i b i l i n g  s p o n l a n e o u :  a c l i v i t y  t h e r e  a r r
9 e n e r a l l y  t ' { o  c o n p o n e n t s  i n  j L s  s t e a d v
s t a t e  d (  t i v i l y :  r h e  s p o n t a n e o r s  a c t i v , r y  o ,
" n o i s e " .  d n d  t h F  a ,  t i v i t y  o r  n e u r o r s  , i  q
g e r e d  b y  l h e  p r e c F d i n g  a c t i v i t y  o f  t h e  n e i

T h e  r o d e l  f o r  r h e  o r i g i n  o f  " - ( 4  s p o r -
t a n e o u s  a c t i v i t y  i s  m a t h e m a t i c a t t v  s i m o t e' lhe 

PSP, whiLh in  the prev:oJs n;d€t  ker"
a s s u m e d  t o  b e  z e r o  i n  t h e  a b s e n c e  o f
presynapt ic  act iv i ty ,  are nol {  a |owed tu
undergo spontaneous randon f l  uctuat i  o is
sore{iaL sir irdr u" t '"  

".""" i- i '"1'p; i i ip o t c n l i a l s  o r i g r n a r i n g  f r o n  r h e  s p o n t a i e o L :
r e l e a s e  o f  s y n a p t r c  L r a r s n i t r e r  s u b . t d n ( e
i n  n o L o r r e u r o n s  ( K a t r .  i 9 6 6 ) .  p s p (  g e n
e r a t e d  b y  p r e s y n a p t i c  d ( t  i v i t y  k i  t t  b e
added I  inear ly  to these f luctuat ions,  the
tota l  PSP detern i i inq aqain whether  or  not
a  n e u r o n  r i l l  f i r e .  T h e  r a n d o n  p S p s  a r e
funct ional ly  equivalent  to  f tuctuat ions in
the thresfiold of the n€uron. Furthermore,
i t  ls  assu'ned that  these f tuctuat ions of
the neural  f i r ing thresholds may be posi -
t ive or  negat ive,  and they have a Gaussian

) - e x p ( ' x ' / 2 ) d x ,  U = 1 , 2 , 3 , . . . , r 1 )
ojl6j

(e)

I

;
l2n
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threshoids and PSPs that  produce f i r in9 '
p ,  . .  0 r  r .  a r e  t h e  p t o b a b i l  i L i e s  t h . l  a

" i ld^ 
n i ,u |$n of  the j rh marker  wi l l  reseive

i  IPSPs and I - lPSDS. respect ive lv '  aL I  ine
L - ( n r l ) r .  l h e y  a r e  d l s o  9 i v € n  b v  e q u a L r o n s
( 2 ) :  T h e  u D p e r  l r m i t s  i n  l h e
are g iven by ( l )  and the Lnax, j  DY:

Lmax, j  = Adnf j  \ ,  - " j / { j

l h e  T , , l e , )  i s  d e f r n e d  a \  I h e  p . o b d b i l i l ,
I  ra l  f ie  lnstanLaneou:  neurdl  Lhreshold is

" o u d l  o .  l e s '  L h d l  t h e  v d l u e  0 i  i n  t h e  \ u b
sysien of  the i th  narker :

- |  ",p1-,2P1a*
{zn 

'16'.,+itzo.;

ag f t
{  l ? }

l h p  p l o l  o l  < a ^ r r .  v s  a "  l o r  d  a e l l c l
, i th  four  markers,  fb l lo{ inq equ. t ion ( l ) '
i s  9 r v e "  i r  f i g u . e s  I  a n d  ?  l o r  a . e . l d i n
L o m b i n a L i o n  o f  t h e  r F l t e t  p a r d m e l F r s .  l h p
curves in figl'lre I represert the total ac
r i v i t v  o r  r h a  n e l l e l .  U e  i n c l u d e  a l l  t h r e e
( d s e s - 0 '  d ' r i v i l i e \ ,  i , e .  c l a s \ e s  A .  B  a n d
C. Class A refers to nets for  which an ac
t i v i i v  e o u a l  t o  / F r o  i s  n o L  d  s t d b l e  s L a l e .
b u t  l h e y  p ' o d u c e  . ! : t . i n e d  a c r i v i t y  l o r . n v
in i t ia l  act iv i ty  a"<1.0.  They exhib i t  one
s t a b l e  s i e a d y - s t a t e  \ l i q h t l y  b e l o {  t h e
value a-=0.5.  Class S inc ludes nets that
h a v e  a  i h r e s f o l d  a L l i v i t v  a " > 0 ,  l o r  v h i c h
a r y  i n i t  i a i  a L l  i v i r y  a b o v e  i t  c a u \ " s  t h e
r p t s  l o  p r o d u . e  s u s l d i n e d  a , l i v i l r .  t x . F p l
t h e  c u i e , c e n l  " l -  ? e r o  a c l i v i t y  s l d b l e
c l e d d y  s i " l e  t h e v  i n L l u d e  o n e  u n \ t " b l '
s t e a d J  \ l d t e ,  a n d  d b o v e  l h i  a n o t h e r  \ i a h l p
state.  Class C refers to nets rh ich shol r
nonotonical ly  decreasing act iv i tJ  for  a l l
in i t ia l  act iv i t ies.  In  th is  th i .d  case the
{ h o r F  ' u , v e  i {  l h e  a " ,  r .  v s  d i  d i a g . d m  i s
b e l o {  r h e  4 5 u  I  i " e .  I F i  s o l L l  i o n  o r  € q u a
t i o n  1 { s o l i d  l i n e s )  a n d  t h e  c o n p u t e r
s in l la t ion data (crosses)  are in  excel leni
aqreement ,  as expected.  F igure 2 shows the
a; t iv i t ies for  each narke.  and the tota l
. ( L i v i t y  o t  t h e  n " l  l e t  l o r  d  n e t  o t  c l d ' s
B .

J h e  F \ p e c t a L i o n  ! a l u e ' d . * r >  v r  a n  f o r
L h e  c a s e  o t  T e r o  r e l r d c t o r i n F \ \  r s  g i v e n  i n
f igure 3 for  a net le t  r i i th  tHo markers '  in

teue t p"u-or valF or ra lolal ̂pt dl d' ' v5

n;.adino aclL!4l! a lor 50ared nelels sh lournarreBn.-01
t r ^ 0 2  ; - 0 I  n ^ - 0 {  *  1 5 . r . l  l " 0 u . - l d  ! .  ! .  2 0  x - j

"i'" 
r* o. # . "- 1.-i iri .ri n.-r"-1 a" I B B

da q t , . l  n -  4 - rL  ?  i . i . . ; , . ,  4 . .n "n .  n . - r  
-1 " .0 'd  T '

aeour : .edry"e .  o teq la lo r  . l J .  w \e  e r  f6  .o@ e '
' resuhs ol mmpuler slmuLaton ol a ie{et ol 1000 neuons

Fqu@ 2 .a-,> s a"lor a (Lass B 1rl,=rb'n,-li=anetler -dilh bu
mrrleE a. b. cand d wlh lhe same paranelersas n menq r ne

o'€ a d reoreeenl lhe adLv I es oi each marls sirerers T qives he

robLa(iv yorhene[Pt sDldiresa€ob amed bY equarion 11) {hil€

nr-" ..osses arc rceLts oi cmpu€r sinulalion
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rqLrc ' :  a- .  {sa. !o rodps* i  r ' {ora '^€G.n. .0.7,nh-03,uth
'r. 1!-0 r,.20.!"-65 0.-9 0"-j.( 1.?iict]yperod. t r"-0
6 - 0 ll e ,aes o &o o rper. rT acli{des ot edo no:[e
wheeasTlheloklaclivityonhenellet Sori{dtinesEpeserltterclj*l
varu$, while die co$es are esults ol cmpulel simu alim o, a redet

the same nethod as the previous t t ,o
f igures.  l le  observe that  because r=0 the a
and b marker curves do not cone to zero at
an=1.0.  As a cons€quence the curve for  the
si j r  o f  a l l  narke.s Fay shoH up to the nLr-
b e r  o f  n d r l e r s  { h e r "  2 )  s L a b l e  s t e a d y -
states.  In  the above three f igures there
ras no addi t ional  ex lernal  !usLained inpur
in the nets.  l lor  $e exanin€ the case of  a
susta ined input ,  o .  Simi lar  p lots  can be
obta ined (not  shoyn .  here) .  The condi t ion
< a n , t > - a n  f o r  s l e d d y  s L a L e  ( H a r L h  e t  a l . ,
1 9 7 0 i  A i n i r o s  e r  a l . .  1 9 , f 0 )  a l s o  a p p l i e \
h, re.  leading to phase d iagrams and nul
t ip le hyster€sis  loops as shown in f igure

0n the basis of the above formatisfl
v ie  n0N exal ine the t ime dependence of  the
neural  act rv i ty .  Thus,  here ee moni tor  thc
tota l  act iv i ty  of  the net  as a funct ion of
t ine,  for  several  t ime uni ts  (here t=15)
At time t=0 the net is presenled vlith some
i n i t i a l  a c t i v i l J .  F i q u r e s  5 - 7  s h o v  t h u
r€sul ts  for  nets belonging to c lass A,  I ,
and C.  respecLively .  rach nel  inc ludes fou '
markers, and the values of paramet€rs are
the same as in  f igure l .  In  each f igure re

Figue 4:Phaediaqcmadhyssedsdresto.a'€del litht*!
manes, a and b, lih susrdied inpuhFarrmdssjn {7_
mha.3, h,=\=0. t! =20. L!'a5. q,9, 0J, I,rja K.=1(f€ w€
asin l'9 3) qr=01 A:=10 Sotkllh6 EgrMt sbble s'eadv sbae
{h@s dolbd lires hsEblelm.

- o - 5

@ . 3

a 2  8 1 0  1 2  1 4

'  t="r

Fiqu@ 5:ImedependEoiblalacliuilyqld ll'e A das{0=1)
ne{el{it'lherdrmad@6a,b,canddolfOOe1, aorinifal&iirid6
001,01,0.401,0.d05,0q07,  08,ad03.

p'lot ten differ€nt initial activities. a..
in the *ole interval a0=0 to l, resurliig
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FiOUrc 6:'Iihe dependence or lohlacrvity ai lor the B class(e=2)
nellel vrilh the lour ma*e6 a,b. and d ol llgure 1, lorlntialaclivties
0 .02 ,0  05 ,0075,0  T ,0  2 ,0  5 ,0 .6 .0 .7 .0  3 ,  and 09 .

t -10 synapt ic  delays.  This r 's  because th is
c a s e  ( c l  a s s  A )  c o r r e s p o f d s  t o  a  s t a b l  e
steady state.  In  f igure 6 l l /e  not jce that
t h e  f i r s t  t h r e e  i n i t i a l  a c t i v i t i e s  a f t e r  d
l e k  -  n e  s l a p \  b € c o n e  e v e n t " a i l y  z € ' o
r h i l e  t t s e  r e : l  r e a ( h  a  . l a D _ e  s r p d d y -  d  e .
Ih is  is  because the f i rs t  three are belo!? d
t h r e s h o l d  v a l u e .  a s  t h i s  n e t  h e l o n q s  t o
c lass B.  F inal ly  in  f iqure /  l le  not jc i  that
a l l  e n  ( " . v e s  ) F a d  t o  a  / e r o  a  i  : v  _ y  a
t h j s  n e t  b e l o n g s  t o  c l a s s  C .

l ie  now t reat  the cases of  neural  nets
r i t h  n o i s e  ( f l u c t u a t i o n s )  i n  t h e  v a l u e  o f
the threshold.  The behavior  of  a ret  wi th
L u ^  n d i l e . s  d n d  a  G a . s s i d n  ' l L , l u d ( r 0 n  , i t h
6 = 1 . 7 7  i s  s h o x n  i n  f i g u r e  8 .  A  p l 0 t  o f  t h e
e x p e . t a t  i o n  v o l u e  i .  

9  v e n .  o
s e €  t h a -  t h F  . 6 \ L l r s  l o r  t h e  h o  n a - , 6 . ,
a r e  s i m i l a r  t o  t h o s e  v i t h o u t  n 0 i s e ,  a s  i n
f i g u r e  3 .

A ,  i n  t ! e  p r e v i o L \ ' /  d i 5 c r : s e d  1 o i . p -
less model ,  | te  nay a ls0 study the dynamics
of  a noisy net le t  wi th N narkers {h ich is
a t t a c h e d  t o  a  c a b l e  o f  a f f e r e n t  f i b e f s
receiv jng through i t  susta ined inputs f rom
another  ret l€ t  | { i th  the sane st ructure.  I f
o  i s  t h e  f r a c t i o n  0 f  e x t e r n a l  a c t i v e
i r b e " s .  i . p .  l h o " e  c d r r y i r s  a , r  i o n  p o  a n
t l a l s  a -  a  p d ' l r L u l d r  i r s l a r r ,  r " e  F ' p e . L a
t i o n  v a l u e  o f  t h e  a c t i v i t y  < a " , 1 >  a t
t . ( n r l ) r  i s  g i v e n  b y  ( A - n , n o .  " L  a  l  l 9 8 a ) :

<an+t> = (  1-an)

' '  '  m a x ,  j  - m d x , t  _ n a \ , t
' n .  I  I  I  P  r Q -  r R r  r l r r / 0  )

j=0 H=0 r -0 L=0
( t  l ,

H e r e  R  i  ( t h e  p r o b a b i l i l y , h a l  a  9 i , " n
neLron i i i " r l -e  suosvl ler  of  lhe r r '  rd . ' " r
B i l l  r e c e i v e  P S P s  f r o r  e \ l " r n a  n " u ' o n . l
i s  g  v e l  b )  e q " a t i o r  ( 6 ) .  . n d  I h e  u p p " .
l i n i t  i n  t h e  s u n  f i m : !  i  b y  e q u a t i o n  ( 7 ) .

l h e  { o r d ' r ' o i -  ? d ' " . r >  a n  l o r  . l a a o y
s t a r ' ,  o f  a c t i v i t y  r i y  a l : 0  b e  a p p l r e d
h e r e .  l e a d i n g  t o  p h d s e  d i a g r " r s  a n d  5 v .
teres ls  curves of  the type sho{n in  f igures
9 and 10.

I n  l h i s  p a p e '  { e  u s e d  n e u r o l  1 e r -  i

Fiqur€ 7:Tinedependence ol lola aclivily4ior lhe C class(0=3)ielel
wih lhe lor mdke6a, b, c and d ol lig!€ 1, id ln lial aclvids 0.02,
0.1, 0.2, 0.3,0-4,0 5, 0.6, 0.7, 0.3and0.9.

in ten di f ferent curves. l , le observe that in
f igure 5 al l  in i t ia l  act iv i t ies col lapse to
the same value, a=0.48, after approximately
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Figue S: <aEr>vs4lornellols{ilhlwomaiie6,m,= 0.7.'h =0.3,
{ih h, = 0.0105, hb = 0, u:l6, 

"i'=65, 
q=7, 0b=3, iEr, rclEl!ry

pedodsf , -L=0,o=0,6= 1 .77 .  Thecunes a  andbep@nrhe
adrrresol each mads *hd$Tlhe loh aclrv N ollhe ne el
solid lines rcfl*ir hsrclicdvalws, vhile fie coss€s ae rcsulls
ol cohpulq simulalion ol a nellsl ol 10C0 heuons.

1 1 . 4  2 . O
6

Fiqure 9: Phae diaq'am and hlslercsis cu@s lor a nedel {ih lw
narkeB a and b. The sleady-slalos oi aclilily 4 ha!€ b@n dored
agaiBl5. PaEmeleB:mi-0-7,m!-0.3,h,=0.0105,\=0, !t+16,
rL'=65,0.=7,0b-3.K€1,reftaclorypedods.,=rj=0,d=0, solidrines
€prcsenl slable sleady - shE6 *hem dolled lires unslablo ones.

FiO@ I0: Ph* diaqm dd hFtGisdrcs tia rcdslih Mo
mnkm a aid b. @i!i|a sBlaired inpuls' IIE sready sralesol
acljvilya-hareben doned aoainsl d. q=0-7, nr4 -3. t!=0.0105,
\ = 0, 4:=16, !r.=65, 0,=Z qj, K!t, K:i{5 l\qq €tracby
pedods...r,=0,6=1.77- S.tdliEEFeslda8e$€dy shles
{h@s doted lines urerable oB

t h e  s p i r i t  o f  n a t h e n a t i c a l  F o d . j l s
frequ€ntly reported in tfte litemture. te
rent b€yond the sinple pictrr€ to include
expl ic iL ly  separate domains of  srbpopula
tions characterized by chenical narkers. as
intracellular comnunicaiior is restricted
to occur  anons n€urons that  exhib iL s in i l . r
chemical affinity. The calculations in this
mrt, as they are exhibited by a series of
figures, shor similar behavior as in the
c a s e  x i t h  n o  n a r k e r s ,  i . e .  d i t f e r € n t
classes of nets are nlso observed, cl.sses
A,  B,  and C.  according Lo the response of
the in i t ia l  va lue of  Lhe acLiv i ty .  the t i f t
evolut ion of  the act iv i ty  is  fo l lor€d,
again leading to siriilar tJpe of behavior.

t ina l ly ,  He ut i l i red a nodel  that  in-
c ludes f luc l .uaLions r i th  a nonnal  d isLr ibu-
t i o n  o n  t h e  L h r e s h o l d  f o .  L h e  f i r i n q
mechanisn of  l .h€ neurons.  Aqain.  t le  ob:
serv€d sinila. behavior as rith the cases
of  constant  f i r ing threshold.

Ackno{ ledEnemt:  This pro j€ct  sas sup-
por ted by srant  No.  E5l3667r989 by the
ilinistry of tducation (Atheos).
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