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Symmetries of Neural Systems
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Symmetries 0f Net Structure

Why Symmetry?

Chapter 2

Nets and their Symmetry Groups
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nedJdrogenes is i these are just a few of the current
concerns of neurobiologists which go far beyond the

highly stylized Formal-—-neuron networks.

Howewver, in historical terms, such networks hawve
playwed a caonsideraboble role, taking on a mathematical
life of their own and gensrating spin—-off. Mo st
profoundly, the initial formulatiom by McCullogh and
Pitts (1943), deriving in pa#t From Turing's work on
automated computation. was. im its turm. a direct spur

tao the creation of abstract automata theory.

fThe extent to which -Hideas clustering around lTogic.
networks and computation cross—-fertilized since their
inception, is ewvident from the introduction to Wiener's
book '‘Cybernetics" (1948) and from a ryrecent joint

biocgraphy of Wiener and Yon Meumann (Heims. 1980).)

It s a remarkable fact that networks of entities as
simple as 2-state Tthreshold devices can perform any
logical computation (see e.g. Arbib. 19692) and. TfTaced with
this univers=ality. two major directions of work emerged.
One continues to pursue the network idea with 1its
neural interpretation but attempts to make the theoretical
"mneurons'" more realistic. The extra wvariety and
complexity thus introduced makes a general mathematical
theory yet more remote and attention s directed, rather,
to the simulation of particular neural structures which

are knowrn to exnibit a good deal of wregularity: the

—B-
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neural

is Still held slightly at a distance by employing the

intended to

IS

This

rather uncommitted word "net".



treating a more abstract systemic concept, of which
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Thus we

treating neuronal states probabilistically.
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concerned with an attempt to re—-work some of the classical

decomposition theory of automata in a way which respects

the tolerance structure. This is followed by a brief

sketch of joint work with Dr Mary kWarner towards

applying homology theary +to the classification of

automata {(Warner and Muir, 1981]). Indeaed, I hope it

is abundanmntly clear ., Ffraom the references throughout

this chapter. that I owe a great debt to this ceol labora-

tiomn.

With Chapter & we- arrive at the lTattice—-walued

relations described sarlier. We now re-work the

homogeneity discussion of Chapter 2 nn this more general

setting. In effect, we hawve come almost Ffull cirvrcls

but have arriwved at a hnigher Tewel, in the following

SENSe. The earlier treatment of nets is. from The

vantage point of Chapter &£, a special kind of lTattice-—

valued relation. But if a nmet s regarded neuromal Ty .

its dwnamics, or more exactly. 1ts equiwvalent auto-

ma ton representation, nmow also appears as a lattio=

valued relation. A good deal of the chapter concerns

the automaton case and we show how the concepts of the

abstract theory Translate into automaton terms . Tinking

the results back Tto the subject mattery of Chapter 5.

Finally., a second Appendix based on (Muir, 1975}

describes a particular nmneural model which ., while not

being concerned with our central theme of sSymmetry .

sheds some TlHight on other parts of the text. and is

= ¥, =
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SYMMETRIES OF NET STRUCTURE
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In setting wup their ejuations for actiwvity of the
cortical surface, considered as a two-dimensional
continuum of points, they express inter—-neuronal
connection strengths >xetween points with positions M "
by functions of the foarm BlX-—X"). This dependence
aon the d4difference A expresses wvery nicely the
independence of cortical inter—-connections under

translations and. indeed. the wector notation also

carries with it the implication of isotropy.

In the T1ight of our enswuing discussion of homogenel Tty ,
this is conveniently seen as a demand fTor inwvariance af

connections with respect to the Euclidean group of plane

motions . This s, of course, a local approximation Tor .,
unless one is really brainy, one's cortical surface s
unlikely to be a Euclidean plane. Still. it motiwvates

our definition of homogeneity. although we Ffind it more
convenient to work with discrete neural networks in the

FiAirst instance.

Mets and their Symmetry Groups

Definition 2.1 A net (K.ib) is a set b and a real-
valued fTunction G b e e e s il o
» is intended —o be a set of neurons. neural

masses, cell-assemblies or what hawve y»ou in the sequel

amnd 4 a corresponding measure of synaptiec strength.

o s
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or EE e = 3t which implies Qg = x pgqg = >x" o e

S n - [ it i SO g = Xxweq - x"w'" by

In either case

stability assumption.
oy o et SO > a2 ) =3 iy is a

tolerance map SEES FE EIES Sm 3R which fTactors to a tolerance

ma T Ed R e R
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A tolerance automaton A = (X,Q)
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In general, we are here encountering a recurrent

problem of this theory, now to reconstruct the tolerance
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, whose underly

on a given space

as part of a Cartesian product, from the given tolerances



on the fTactors. Unlike the topological case, there seems

tTo be mo canonical answer.

Definition 5.10. L1) An auvtomaton ewvery input of

which is a permutation of the state set or maps swvery

element to a FTixed =lement, is called a pecrmutation—

reset (p.r.) automaton.

(i) An automaton whose state space is a group and fFfor
which ewvery input is a right tramnslation by scme element

of that group is called a group automaton.

{a4ia) A p.r. automaton in which the aonly permutation

inputs are ididentity maps is called anm ddentity—-reset (i.r.)

automaton . #

Theorem S.171. Every p.r. tolerance automaton can be

covered by a cascadse of am H.r. toleramce automaton and

a group tolerance automaton.

Prpof. Let A = (X.0Q) be the giwven automaton .
Let Kp = the set of permutation inputs. ®_ = kthe
set of constanmt [(reset]) inputs. Throughout let
x. = Hp x & Ko - Ther KE s a group under concatenation

of strings.

—59—
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<r—
o'

f—

03

03

+->

+->
ore

GJ
€z
4->

-P
03

4>

%
+->
cz
“c
2]

or-
+->

(0)]
CzZ

CD

+->

-73-



decomposing the automaton semi-group into sub-semi-groups

cz

cb
jz
—

£7
or—

rd

CcD

r~>

Cco

-P
(o)

co

or~

co

rd

cz
rd

cD
-P
cD
s

CcD

CcD
i—
<D
-Cz
-p

Xemm -
o—
of—
.p-

co

£7
CcJ

or—

cD
or-

cb
CD

-cz
-P

“U

TJ

cz

4-

cb

or—

rd

CcD
“O

X---X
CD
<0
CD

Jz
or—
Jz

S-

CD
[*h]
co

-p
zJ)

O
CZL
CD
Cd
CJ
CcD
rd
cJ
cd

cD
cd

~U
CcD

cD
czL

[oh]

"
-P
cy
zJ
-u
cz
o

cb
>>

—_

CZL

o
“p
cz

q—

—l

cb
z)

-p

cz

or~
cb
Ccb

Jz

Ccz
rd
CJ

CcD

cD
cb
rd
CcJ

LO

LO

cD

£-

cb
_cz

cb

-p
ch

or—

CD
CcJ
rd
CzL
cb

cb
rd
-P
cD

cb
cD

_cz

U

s of A with function space tolerance

semi-group

cd
-P

cz

CcD



I0N and

t

ITIca

is an identi

of Theorem 5.7

n

Proof,

X—*

P

or—

<4-

cn
U
£7
CD

+->

cD

LO

03

cb

cn

03

s = {A,a,b,a2,ab}

The semi-group



and tolerance

ab

cn
Jz)
Jz)
St.

«=C

op~

r->

er-

cn
05

uP
ors

o)
-P
—

280 W

ar—

cn
or—

cD

£Z

CD

o
-P
CcJ
05

>>
Jz)

cz
o

05
-P
Jz)

CD

Qi
z5
cD
05
“U

Cz
05

LU

r-t

Jz)

=%
05
cn

LU

<P

-P
cz
cD
()
o)

cz
05

>>

Jz)
-p

CcD
or—

-P
cz
)

.

uP
Z)
cr

CD

cz
05

CcD
CcJ

05
P
cD
-P
CD
CJ
05
cn
Q
Z5
cn
cn

Jz

Jz)
05

™
05

LU

cm
05

Jz)
05

(ab ,ab)



CL

oJ
4->

tn

+->
)
S-
—
<4-

0J
Jz
4->

+J

GJ
Jz

4->
"y

ten
Cz
of—
"y
0J
4->
cz
tn
rd
GJ
cz

or—
tn

GJ
i—

CL

rd

(@]
"CJ

"y

tn

tn
tn

GJ

s-
£71

0oJ
+->
4->
gj

rd
M-

—

+->

tn

CL

GJ
+->

tn

4->
tn
i—
or~
a-
GJ
Jz

+->

>>

GJ

or~

CD
oJ

~a
cz
rd

tn
zJ

or—
-a

GJ
4->

<cr

cQ

Carrying out the procedure of 5.13 on our example

GJ

cr

cQ

con o}
cr cr
co o}
cr Ccr
|
ra.
cn CM
ay Cr i
rd Jz

cz
rd



4->

an

03
-CZ
+->

+>

U
cz
03

>

Ccr

«

>>

cn
cb
cn
cn
03

cn
cz

or—

+->

03

4->
or—

M

—

>>

—

>>

GJ

(D
cD
03

CL
<D

+->
cz
GJ

cz
(D

cz
G)

cn
or—

be the same projection

>>

cz
cD

cn

co



This is merely the First decompositon step. IF

we tryw to impose inertial +tolerances on B Ei e B [

we Find (o) and R are totally connected while

B w C {Qirl,‘- CQLPEJ ferl,‘l [er*z:l EQ3P1] EQJFEJ
Eerlj 1 0 1 O 1 0
(Q r_2 o 1 L &’ 1 o
{Q2P1J 1 1 1 1 o 1
{q2r-2} (0] 8] 1 1 1 o
LRI e 1 1 o 1 1 1
3 K
{Qgr"zj Q (5] 1 (o] 1 1

This cannot be obtained in any reasonanle way as a

product of 5 and R.

Homology of Automata.

A good deal of the theory of topological Spaces can

be carried over to tolerance space theory . The Tullest

account of this can be found in {(Poston, 19688) where,

in particular, he develops a homology theory based on

defining an n-simplex to consist of -1 mutual ]y

near points .

Imi {(Muir and Warner, 12791 a definition by a less

tightly conmected sekt was presented and again a homology

theary of tolerance spaces was possible. Some attempts
were thenm made to build a good theory of tolerance

automatas: particularly to find when [Snput action

— 7o



induced homology morahisms . When a tolerance automaton

is dnertial the tolerance is +Hinduced by the input actions

and this suggested attempting a homology of automata

per sa.

The motiwations for this are analogous to the uses

of homaology theory in topology . Mamelyw .

(A1 to classify automata up to isomorphism or.,

at Teast, to decide when two automata are not

isomorphic by computing some simpler algebraic obiects

which are functoerially related Lo automatas;

LCidi) to establish fimed-simplex theorems fTor dinput

actions .

Actually ., homology theory is a massiwve algebraic

machine which can swing into action once some basic

definitions and relationships have been made. 1t 15

assumed the reader is familiar with the algebraic theocry

as set out in. say. {(Spanier. 1966} .

Definition 5.174. An n-simplex o of an automator
A = (X.,0) is a set of -+ points {qD, ‘__,qn} —
for which tTthere exists g = Q. called the piwot of [
with Q; = Q = Xj For some x; £ K i e S s e

This definition s motiwvated by Dowker's (19527

"homology of relations" in which, for a velatian R

-8g0—



03

cn
of—

4->
cd
cn

03

+->

4~>
CD
cn

03

a4-

cD
03

-CZ

o
-CZ

4->

tn

or~

03

cn
or~

4-

4->

o—
CL
o]
cD

cz

or~

tn

-m

03

(o]
i-

4-

4->

25
tn
cb
s-

>3
CD

03

o—
[oh]
03

T3
03

cz

tn
cb
or—

+->
cz
03

+->

)
tn

S-

Consider a special case.



A pseudo-morphism from an

5.20.

inition

Def

X'.0

+->
e
cz
o
+->
z)
cd

cz
cd

4

X 0]

cz
4->
rd
+>

cd

Co.

+ X!

of—
+->
S

<4-

M-
i-

or-
cd
CL
cd

tn
or-

czr
GJ
cr

GJ

—

cd
s~

<4-

CT

CcD
Jz
+->

cD

+->
cz
cz
c

o]
zs

co.

tn
z)
Jz

4->

4->

4->
CL
cd
<j
cz
cj
tn

o

Jz

+->

4->

or~

cz
CcD
Jz

cd
+->

cd
+->
cd

q-

tn

Jz
C-

cd
S

4>
rd

+->

q—
+->
cd
.”j—
rd

cD
cz

CcD

L-
z)

+->
zZ)
CL

or—

Sz
cd

CL

cD
4->

tn
Jz

+cd
cD

4->

or~

or—

+->

cd

of—

CL

or—
tn

oJ
LO

cz
—
+->

—

cz

—
cd
S-

q-

or—

o

CD

Sz
CcD
+->
+->
of—

»
tn
Z3

zJ
CD

4->

cj

4->
cd

Jz
<
zJ)
tn

< - -r-

cd cr

Jz —
4-> q-

tn

tn
o
Jz
—

tn
CD

CD
—
SZL

<j

CJ

—

+->

cD

CcD
CD

q-

+->
or—

CcD
o’
+->

cz

CJ

In particular, we can consider input strings, or

ia

C

which act as simpl

elements of the semi-group S,

All such elements can be partitioned into classes

maps.

The

iguities.

of maps connected by a sequence 0f cont



using

Again

induce isomorphisms, by Lemma 5.22.

cd
4->

rd
4->

cn

o—

cD
Jz
4->
cn
or—

cz

co
cX j

LO
cD
S-

cb
-Cz

oma %0

k2
[

IN
07T aR ai

cn
CD

rd
cD

JD
rd

r-*-i

co

CcXJ

4->
CD

—

g
cxJ

LD

or—

rd

cxXJ

co

cxJ

co

CXI

rd

=

CXI

cxXi

JD

CD
rd CX
rd
cn  JD
Q- ex
rd rd
E ZD
o
— rd
rd JD
si— cX
o rd
*r~ JD
[— [
cL JD
E CX
oi— rd
cn JD
cD rd
S- JD
rd rd
a
6z CX
CJ rd
o—
-Cz
3z JD
rd
JD
go cx
rd
4— rd
o JD
CX
cn rd
4-> o
cz rd
¢ JD
E rd
cD
r— 7D
Ch CX
rd
CcD n
zz JD
— rd
o
zD
-

rd
CJ

cn
CD
.ji—
4->
oj—
CcDh
.i—
+->
Ccz

cn
or-

f—

cn

ID

"o
Cz
rd

ex

cz

cz

or~
4>
cJ
rd

CD
Jz
4->

CZDb
cz

cz

rd

CcD

>>
JD

TD
cb
cz

-r—

S-
CD
+->
CD
TZ)

CD
JD

q—

4->
«“y

cz
D

cn
or—

+->

ICO
a4-

cn

cz
CcD

cb
(o]

aq-

CcD

rd
zz

CcD
cz

—

GO

=4=

“U
CD

q—

IcCo

i
co



LATTICE-VALUED RELATIONS

or~

+->

cD

CJ
or—
4->
4->

05

—1

4->

“O
S-
05

“C5
jz
05

+>
cn

>>

05

4->
Jz
cb
or—
CcJ
or-
H-
M—
25
cn

“U
CD
4->

25
cn
jz
cJ

cD
Jz

>>
05

co

4->

cn
or~

Vi

”

cD
.i—
4->
+->

05

o—
+->
or—

Jz
or—

Ccz

Py
05
CcL
>)
cD
cD

JC
cJ

Jz

Vi

Jz

or—
4->
05

CD

05

>>

Jz

13
cb
S-
cb

-a
S~

=y

cU
o—
4->
S-

CL

Jz

05

“u
CZ
25

Jz

S-
cD

4->
cn
cD

+->
05
o]
CD
05
cn

Jz

Jz

05

cn
+->
Jz
CD
cb
cD

q-

Jz

05

“cJ

05
“CJ

05

“O
CZ
05

Jz

05
Vi

Jz

05
Vi
Jz

Vi

Jz

05

f

>>
Vi

Jz
05
CD

ors
Jz

Jz

05
\}

=

Jz

05

—
4->
CcJ

CL
cn
CcD

»
Jz
*r=
o

-J

“cJ
cz
05

+->

cb
cb

cD
c~
4->

“CJ

cn
“CJ

25

Jz

aAb e an

3’

inclusion relation Q

the set



) The set of functions from a set x to a lattice

(

ifffx) <90, f g =fx) - g

where fS g

X e X. #

and f v g(x) = f(X) v g(x), for all

2

or—

cn
cD

+->
rd

o~
£ZL
$-

co

o

+->
or”
cz

q-
dJ

cz

r—J
U
rd

+->
CD

</)
CcD

S-
cu
cn
CcD

CL

W

orée

or”

+->

+->
+>
cd

+>

+->

TZJ

r

JD
Vi

rd

An

x a Set.

L be a lattice,

Let

6.5

Initon

Def

x 1S

(L v r for short) on

L valued relation



cz

cz
o
—
-P
05

CcD
i—

>>

4-
05

in

cb
tn
cz
cb
in

cb

P

or—

-P
CcD
cz

05

-u
cz
05

CT

or~

sC

lled an isomorphism; equality

IS Ca

(B»y)

morphism then



co

co-
cb

refer to

we W ill

dentity,

and y =

L

When

cz

tn

-J

q-

03

cO

cD
JO

-P
o)

0o
LO

cz

-p
i

cz
e

<D

c0
a-

cO

cD
JO

-p
[oh)

mo
cz
co

Jo

e}
CD
i

"o

to

cz

“U
cd
cJ
Z3

«“O

%=

ors
05
cr
CD

-P
tn
co
cb

cD
Jz
-P

tn

or~

tn

Jz

f—

a-
£0

-P
o
cz

Ccb
S-
c0

cz

-r

o>

o)
-P
cD

CL
cJ
cb

JO

-p

*
{—

q—

co
Lo

tn
cb

El

cO
LU

CD

CcD

co

Ccz

n—
tn
05

CJ
Cz

cD

-p

JO

cz

S-
q-

>_

-P
cD
tn

co

cz

cz
co

=0
cz
co

-p
cb
tn

>3
cz
co

£Z
.i—
-P
c0
03
c0
cb

cD
Jz

>3
Jo

0°Q

ZL

£Z
oj—
cJ
cz

05
q-

c0o

tn
£Z

-P

£0
03
<4-

snl

Jz
F—



Inition

larly to Defi

Simi

we could define coinduction

cn
cn
05

CcJ

zJ
o]
CD
Jz

cn

<

cd

5-

CcD
Jz

cn

cb
cz
cD
cn

Jz

i—
cD
£X
05

Jz
cj

cz

CcD
cn

JZ
mp

cn
05

cb

05
cn

ort

a-

“U

C\J

S-
I
-P

05
Jz
cj

cn

i

Jz
CL

o
cJ
s
-P
-P
05

CD
Jz

4-

cz
e
-P

zJ)
mu

i
-p

cz
ar—

cD
Jz

cn
or~

cn
-P
(o)
cz

cn
or~
Jz
cJ
q—
Jz

»
[
Cco

cz

—

Throughout the sequel we will denote an isomorphism

|| be

X by e and any gec WI

on

X

A VT

group Of an

(B.y)s when we wish to refer to the = or

a pair



—X
XX

1 CD

rd

[oh]
—

1

or—

cD
CcD

@

CD
CcM

+->

1Z)

Jz

+->

“o
QJ

rd

CL
cD

Ko X
X—X

X_X
CD

1 CD
caQ

CD
| CD

<4-

4-J
CcD
4->
rd
cD

4>

4>

CD
cQ

1 CD
cQ

CD
1 CD
caQ

Noam

CcD

rd
Jz

£7
cD
Jz

+->

Cz)

or—

£7
rd

or—

1 CD

CcD
cJ
cz
or-
ua

ider the subgroup

, we can again consl

Chapter 2

As 1IN
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“re 6] - ([O])us

Ag 4 <4 8 guljap ued am

((( wuly u s -B)a) |-



visa([9]) sac(]) - pllggl, [99])

= Ygg(ch v(9_19 1991))

"o
cD
o—
Z)

cr
cD

cD
Jz
4->

cz

or—

S-

ové

cz
.j—

o
or-J

cD
Jz

—

<4-

cb
4->
cz
cD
CcD
cD
cD

Jz
4>

cd
cz.
.j—
LXEN ]

05

>>
Jz

“u

cJ
oJ

Q_

cD
Jz

cD

JZz
+->

>>

E

cD
u)

1 CD

el
4->
or~
[—
05
Z)
cr
cD
cz
or—

CD
Jz
4->

"0

Jz

so the right-hand side of (*)

’

h e

join over



(*). #

This establishes

cn
S-

cn
rd

03
+->

03

4->
ZJ

+->
03

4-»
ZJ
03

"o

o—

+->

+->

4->

aj
cn
aj
Jz
4->

Cz

or—

gntomgiog moe

A
o

cn
GJ

ZJ
"U
cz
o—

Xewe *
Cco
co
cr>

—

gj
p4
4->
4-

cn
or~

CL

oot

O »

Jz
4->

cn

X=X

4->

ot
4->
cJ
GJ
cn

GJ
4->

or—

03

Jz

z)
cn

QQ.

”»

--X

nv

pra—

1—X

r<

in
cz
03
aj

cn
o—
jz

|—

X
X

"

cz

03

03
aj
cn
cn
o—
4-»
zJ)

GJ

be obtained by the point-wise application of some function



X e X y induces

qus

for all

3(9") = 3(a) -y(x)

for which

P(X) = P(X )

a lattice morphism y

¢l

r<

Ccr

cr

cd
S-
cD

CD
cn

+>

a>

=
Lil

«+-

cD
cn

M—
cb
cn
rd
cJ
cD

+->

o—

Tao

CcD

>

for all

B(q - x) = B(q)- x



the action of

this defines

ive,

ject

b

IS

3

Since

co

cr

cz

zJ)
co

>>

rd

+->
>
rd

CD
cz

+->
+>

zJ)
caQ

4->
cD
co
>»
+->
cD
(D
I
i-
+->
CD
co
cz
4->
cD
cz

o
in

>-

*4—

>>
4->

ojm
o—
+>
cJ
cb

or-J
or~

cz co

cz
rd
cJ

Now

co
q—

czL
s>
CD
cD

4->

cr

r—>
CD
ca.

4->

O

o~
cz)

(0]
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automaton as a self-conjugate subset of the permutation

»
CL
z)

S-
cn

Z)

cn

nJ

@)

e
+->
tn

z)
cn

+->
co
Jz

+->

—

o
$-

cn

cz

+->
nj

+->
z5
nJ

cD
4>
«“u

cz
nJ

4->
nJ
cn

—
cD
cn

4->

+>
cn
zJ

o(->

cn

Jz

™

nJ

+->
cD

co
CcXJ

<0
cb
CL
nJ

LU

Cz
o
q—
4->

cz
zJ)
4—

cz

—
+->
—
cn
cz
nJ
S-
4->

co

<C

cJ

co

cz

nJ

cz

co

Jz

cz

co

cJ

co

o

cz

-0

00

yields

X)

X

(which we can denote by vy



(a,b,c,d) - (c,b,d,a)

cD
cb

co

or~

cD
“—
-CZ

+->

<

co

Co.

co

Cco.

rd

cQ

00.

or—

+->

JO,

h

rd

CD

LxJ

Jz)

T

CD

CD

cD

>»
cz
rd

M—

cXxJ
cXxJ

co

so we easily find that

{b},

g}
u(e,b2a2y = {d}, p(e,g) = ~for all other ge

u(e,b)

uie,g) = {x e x

n(e,a2b2) = {c}>

p(e,a) = {a},



=
(o}

choose

To Verify the isomorphism Theorem 6.17

co

CcD
Jz

f—

cD
cn

Ja

-
CXI
JQ

cn

cD

cn

cd
jz

JQ
oxy

o
CM
rd
CXI

JQ

cXj

—rJ

C\

cd

r—
U

(o)
-P

rd
JQ
rd

rd
cxj
JQ

JQ
oxj
rd

come T

rd
Cz

-P
rd
(o4

—
| —
rd

cn

rd

"U
rd
cb
S-

"y

ZC

JQ

CD
cz
or~
>>
CL

CL
rd

Ccr

00



“u
ot—
cn
cz

<

>3

“cD
CcD

4->
cn
oJ

in

or~

cn
cn
CD
cz
CD
zJ

or~
cz
zJ)
TD

cz
03

Cz)

CL
zJ

CcD

or—
03
CcD

G-

—
C2z)

—<*

CL

05
cD

4->

cz

o~
4->

4->
z)

CL

03

cD
iQ

4->

4->
Cz
CcD
cb

CcD

~0
cz
05

+->

03

4-»
zJ)
03

Cz
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SOVE COMMVENTS oN GRIFFITH'S APPROACH TO NEURODYNAMICS
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For a general net we can consider a Markov process
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inhibitory cell is firing times the conditional
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Wilson and Cowan (1972; 1973) have argued that the

columnar organization of the primary sensory cortex is
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Here T = synaptic delay , r = refractory period,
a = membrane lTeakage time—-cowurse and Tthe
coefficients e

describe awverage conmnnectiwi ties

from the excitatory and imhibitory to the excitatory

populatians ; E and I are the mean firing rates of

those populations . P is the external input to the

former and = is a threshold function described

more Tully below.

£y is a measure of the total depolarizatiaon

current of tThe excitatory population caused by

inputs from the two populations and Trom external

SouUurces . Past effec-s persist but are discounted by

the decay fTactor oL S{x) is the proportion of cells

which fire at excitation lewvel e =0 S can be

regarded as a cumulatiwe distribution function for The
threshold of the excitatory cells. Wilson and Cowan
assume 1t o be sigmoidal — that 1=, the distyribution

of thresholds is unimadal . S{AD then expresses tLthe

propartion of celis which are de—-polarized to threshold

by The {inputs . OF these., a Turther proportion.
expressed by the integral fFrom =i Lo pleas aw e
been actiwe within a Tims sharter tham The refractory
period so are not available for actiwvation. FPos tu-—
lating a delay T s before pre-synaptic events

result in a cell Ffiring, leads to the stated

equation {1).
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