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Skapter 1
Jutredaction

hm&ﬁu paper is to develop a new appreach
%o the "brainewedel® predlen. The follawing questiens illustrete
%he mest chpertant preblems in this fleld,
(1)e What are the physieologieal precesses threugh
whish animalecbuch sstivities as "learning®,"memsrise=
tien®,"recognition” ,"attention® " reasoning” ,0te,? .
(8)e  Hew san these nokivities of so-salled “seatient’
orgenisws de Guplicated in systems which we san astu~

ally consbruet? Is 1% possible to deseride = sysbem
onpable of behavier of lumaneid esaplesity,yet simple
snough in i%e physical structure that i% can be under~
atoed? Can we desaribe such a system whiek is in ad~
dition,sulficiently n-mm that it funotiening
oan be wadntained in the face of extansive injury,as
in the caze of the animal nerveus system?

Weo k;u‘hy considering the properties of single neurens,and

' of simple sets of intercanmected neurens ("nets"),with the ebjestive

cmmmmwu«hmumm'
2ets and in the braln itselfs The results of this analysis are She
appliod to the study of wery large," n.u.‘.nh.ud finally, %o
cortaln assenblies of very large nets. I8 is these assemblies whieh
-ave suar "brain dedels®, \/

Bach "brain nedel® s formed of & suall mmber of very large
"yandes® ncaral nets with a small mmber of channels senneeting thed
mmmu(w}msmmm:&u-‘me
Spesified nete, In additien bo these senasetions there mat be & seb
of "output® or “moter” shanmsls and & cet of "lapt® or "sessory”




\/ =
channels whieh yun between the brain moedel snd its envirement, :
Now the"pulity” of a brain can kardly be ewaluated exoept
umcu»w-mnumwmmt—

mmW'w model: wust be able %o vaise itself
frea 1%e iAiGia) chactie state be & higher degres of inbermal er-
gantsatien,and Shis organisation wust be measured in tems of She
extent to whieh the bruin can learn te deal with i3s enviremment.
This latter capacity must itself be evaluated by seme measuresfer
animals 1¢ sesus maturul to use aé mensure 4he ability Se malntain
She internal {physielegical) state within seme "nerwal® yange,i.e.,
m.m'uyu-mn. ;

It will be shem that when wur models are placed in an eayires
ment,and assigned (in a way deseribed later) a range of "normal® lnder~
nal Ghates,that they will dmysiisen lovol of erganisetion What oan be
empyed enly to that of the highest saimals. Purthermere,this sapasity
for self-erganization will in general,nct be lest after injury,unless
umumuumumwmewm.w.
Af eae of the basie nets 1s renemed extirely,cr if ene of She gress
MuQuuwmm“o-ﬂ-ﬁ provids an app
preach to the prodlems of (3) sdeve,

In addition,Shess models alse previde an appreash to the preblems
of (1) abeve. For the models are so constiueted that thay resemble
the byain net enly in 188 higher organizatien,but alse en the lewvel of
phyelenl strusturs, Nest of She properties of the “eells® of the
theory are based ea preperties cstablished for neurens in the experimeste
o) literature. A fow of the properties may enly be deseribed as plausidle.
munu-umm‘nummcu@uuw
the nerveus systemswhile same new properties have te be assumednere,they
have been made as aimple,plansible,snd few as seems pessidle. In every
~ such case the sssumptions are besed en a plousible amalegy with ether
Mologioal situations. The gematyy of the sets is alse based an yeal
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i&doﬂqn data,in this oase an the evidence of ncurcanateny. The
muﬂu&uw-nn&-mmumu
mumnu'uw.mmumunuumm‘
The nete of the brain,for the mest part,appear quite diserderly st
the level of interesanectiens m&om.(mnm-‘qu- te
this,but they ave ustially cenfined %o regiens asestated with certan
spocial activithed,and need not be censidered in & theery of this gea~
‘erality,) There is no evidence ammnmmuuuy orderly
" odnnectiens of & moders ommputor. AS the pewer of the mioressomis "
- Mﬂ;uﬂmrnummu.m-t.-n
mcw'wu;mmwumdo—-n
uﬂmummmmmubyumnlmﬂdv
support this ploture. Alse,it can be argued Shat the erganisatien of
um-tmumngmmmumwmm‘
prosess of self-erganisetiensrecent estimates (Quastley 1958, 268 £f)
of tho informatien carried by the genetle deteminere may nean that |
tissues oan be erganised only along general planssthere is not encagh
information $o detormine many individual cenneotians (unless 1t » were
done in regular .nm.-ua 1t 18 note)e Finally,as many of the yesults
em-mmu.nﬂmuﬁmtdm“mu-
styusturs (on the"losal or,'uormqu‘ level within a single randm
m).xtdmmmunomm-omsnnw-w
extents
In erder to analyse the "behavier® of the brain medels,itiis B
nesessary to introduce a mmber of “learning-theeretis” notiens, In -
mm.mmmau-otuumme'w
-n..-w.u"wmv Because these ideas are
basie to the present amalysis,and m.h addi tion,very elesely t:hhl




%o & well=developed body of cembemporary psychelogical theories,
e separate chapter is Wuw,lhdy. In & reinforosment
prosess,the reaetions of e system $0 external stimudi are eriginally

a matter of chanse. But the Tesult,er lmediate oensequense,ef esch
reactian 18 given a valustion,and $his valuation depormines the
form of an sjeToter which i applied to the system. If the walustion
16 "high",the effect s to raise tho dependability of the assocaiated
reactish, Thus we have a sert of "trial and errer” precess,

It Surns eut that cerbtelin sssemblies of yandem nets are capable
of realising this kind ef precess,if the valuatien and reinfercement
operater ave centrelled by an external “tyainer”. Then an impertant
step is taken in showing that in assemblies of a very faw nets,an
“intornal® or "secendary” reinforement system eau be mmde to eveive
entirely within the nefi systempstarting with & very simple primitive
valuation system{sueb as is the basis of simple “W
shhemos of aalmal training) these assemblioes M
mwudannu-wme.m-u eoour, They
‘leara to apply reinforcement alse to bebavier patterns whish lead
te the cosurrence of these stimuli,as well,and ean organise themselves
%o do this en higher and higher levels, It can then be osen that
nﬁi systems,which initially have vu-y little erganisation,evel ve
omplex behavieral zatterns u.;a expledt the strusture of thelr
envirement (or any enviroment which ceatains an appropriate degree

of vegularity) se as %o foree the cocurreace of enviremmentsl events
-nann.uumu-uwmnm-uc structure that

mxvu-sm the system, Thus the systen displays behdvier which
has,undisputably, the chagastoristios éf beth '.-s--nn-f and
*nesd-oricated® motivations, By relating tho initial,primitive,

L
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voluation te the "internal m.hgud state" of the o,-m.u

mh-wutmummm-'ouw soward Lts f

“pnormal® value,the everall evelution of the system will be made to

tond toward tho establistment of behavioral patterns which ave
Mwunmmh'”ldoﬁulw of the systane
In addi¥ionate the highly developed reinfornenent systems
soquired uymmuu.mmnun-uuuun
She features of what might be onlled “simple asseslative learning".
(mommmu--ommwuum'mv '
group of eentemporary theories of leamning,and perhaps indicates
num;mm'mum-uf and "oentiguity”
schools -.ymohbonulvul‘) Assemblies with no more than
m«mmmmuunmmwmmu
inte mudh mere advanced activityjthey are capable of “oensidering”

'dmunuum',ununud-ucmmdc‘,l

Aiternative (asing previcisly seguired informatien abeut the reg:”
larities of the enviyoment) and and prefering or rejesting setiens
-mwcnummuummnuou
mmnoamwcmuuc-y»www!b‘
-m.mmw-xumn-msm-

the environment (1neluding here the physical bedy) in which 1%

is M,wlﬂmm-ﬂw“ﬂduu”
um-uuummnmuu-um

IR <




The paper is organised as follows:

N

The presest chapter is a general intredustion.

Chapter 2 45 devoted be the study of the logloal structure of neural
aoba.The central quastion 1s that of what kinds orb;hﬂlr
oan De sbtained from nets whish comtain enly cells whish
setiafy eortain postulated. "hile same of the results ebtaimed
hnmnmgmnlthmuumuymmﬁmlmd.
they throw semoe light on the questien of msuvel inhibitien, The
bielegisal hﬁ is so sparde in-this ares that 1% seemed appre~
priate to exploit the mathematioal aspests of the preblem,se as
So best utilise the awvallisble information, ‘

Chapter § diseusses the neurophysiolegical dasis for the sysbess of this
theery. Waile there is very little inforation available sbeut
the propertier of the cells of the sentval nerveus system,what
infermation axists strongly indieated that the nerve impulse
meshanism 15 the same as for peripherwl nerve. Hewever,fer
Yeasens diseussed in chapter 3,i% is likely that Shere is o _
large "nolse" semponent for mctivity at the intermsural Junetiema.
Asoordingly,it is assumed that the preperties of the junetims
of wr nets are like the exsitability properties for poriphevel
merve (whish are well-established) exespt thas a probabilistie
uneertainty s attached to the classieal notien of ewolitebility
“thresheld®, Thue the artifieial axiems of chapter § ave replased

‘wumd“ddnnywpl-ub\l;p-hhhl. \,

Chapter ¢ mmmunmm;muucunu
required. 'mwummw

ace defined,and & sot of abetrast "behavieral medels® are emuized.

ok model hma an abetruct"esvivement® aad we doternine Whe esbext ‘
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o which each medel can explelt the strueture of its environnente
The notion ef a simple "gledal" reinforcument predess (which resembles
the systems of contemperary “yelnforcement theeries of leawaing’) and
nnhhd abtian of "leeal” reluferement are sontrasted,and it B
seen ih' the %glebal® notion doss not provide a naturel descriptien
for oemplex mechanisns. Therefere the "leeal" ownmm
Amm,mmmm-ummamunnlmm
forsemment spermber,and 1ts structure and hlum-r is desoribed.
n..mn-nmw-rhuuvsv«mmc "gycles” of
mnuu-mtmummm«ms.
cortain speeial foms of meursl activity,celled Fastive pattcsas, -
will be distinguished,in the behavior or & randem neb,by Shelr pee~
-mr,.mauu;mm In the absence of "nelse” (defined heye
‘upua.muga-mmamr-uunpm)wum-
duﬁnptmumlylmhtuhwol‘mo‘
they are pesuliarly my.lo.udmhlmw mtated
nuuy.xu-mmcm-mumyuwm-tnm
umam‘um-mmu«muuam net, The
‘linking and mutual interference of these patterns are discussedsand
thelr grewth and destructien exsmined. It is shown that if 3% 1s not
assumed that all the solls of the et have the sgss preperties (aad
théy cortainly de not 1a the brais) then the net may be regarded,frem
the viewpolnt of the theery ef Fractivity,ss eempesed of mere or lese
distinet “interval spectrum «-u-' and that an Peactive pattern must
remain in one such desain. Twe Feaotive mtterns in different demaind
motbothurﬂwlfhyh”u»uh_bmdulhnh
The chepter sentributes th the genersl developemsnt of the
theory of neural nets in that the "tine quantisatien axies®,tvaditional

umammuwmmumwnum»‘t

9
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2/1.1

' CHAPTER 2. o

FINITE AUTOMATIC NETWORKS

Terms like “neural network" or "nerve r'x,ot.“ are uged

at pregent to denote 't.ho subjects of a number 61’

theories, each of which represents an abstrastion

of gome of the lnowledge derived from uvont.nporu'y

ncuroptvnioloﬁionl theory. In this ohapt.ir we define

a few Amch objects and establish some theorems on

the equivalence of certain sets of axioms for such

theories. | i

3. 0. Kleene has defined a VINITE AUTOMATON as a

generalization of some present theories. Because

we have a different emphasis his system is presented

in a slightly different form: _

A FINITE AUTOMATON is a collection of elements called

"oells" whose operation is determined by the

following axioms:

F-1: TIME is "quantized" as a sequence of dlscrete
moments (indexed by the integers).

F=2: OELL3: There are a finite number of gells,
each of ‘vhioh admits of one of a \
finite,> 2,_nullbor of states at any
mowent .

F-3a: Two kinds of oolll»m distinguished; INPUT
GELLS and INNER GELL3,

F=3b: The state of an INN‘ER OELL at a time t depends
on the states of all cells at time & = 1.




: 22
| P<3ct The state of an INPUT CELL at a time t g sald
: to "depend on the environment”, ]
F-3c means that the states of the "input"cells may
be any funotion of time  (of the integers), or be

arbitrarily assigned by an "operator’ of the

automaton,l}

The dependency relation of F-3 is entirely un~
specified. There is one feature of the dependency
relation that is common to all so-called "neural-
network" theories. It 1s expressed by adding the
following axiom to Kleene's ayatem:

F-3n: There are a set of "CONNERCTION3" {0“2. A

connection Oy4 is sald to "originate on
eell 03", and "terminate on ocell 04",
There is.a connection 0” only for

Kleene restricts the input cells to take, at each
moment, one of two states called O (“quiet") and
1 ("firing"). As hs points out, one can always
construct a logically equivalent finite automaton
in which each oell has Just two states, at the
price of a uhiform expansion of the time soale.
However, the present theory iis definitely not
oriented in a logical -algebraic direction, and,
replacing the axioms by a simpler equivalent
aystem in which each cell haas just two states
would be an unnatural impositipn.
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certain pairs of cells (J4, ’OJ). No .
connection terminates on any input oe11,} =
The state of a GeXl C; at a time t depends

only on the atates, at time t - 1, of

those cells 0y for which there exiats a

" @onneation cij. 3

Def. stem_wh F-l, F-2, F-3,
F=3n wil led g "FINITE AUT g
NETWORK" + .

A notable example of a finite automatic network is
provided by the system of McCulloch and Pitta (1943).
Axioms for this syastem are present in a form oonsistent

with those in 1.1 and 1.2.

MP-1: MP-l is F-l, the time Quantization axiom.

NOTEs

~

F-3n states that no connection terminates on any
input cell (whioh follows also from F-3¢, if one
regards a connecbion with no-effect as vacuous).

- However, in the present theory, the "environment"

of a given net will often be another net, and
connections from the environment net vni terminate

on the input cells of the given net.” The distinctien
between "input" and "inner" cells is to be regarded

as a classification of a cell's position in a subnet,
in relation to an observer's specification of which
cells of a larger underlying net belong to the

given subnet, and is not to be taken as a distinction
between inherently different kinds of ocells. At

a later point, certain input cells will be designated
as "receptor ocells" (e.gz., thermal receptors), and
this designation will represent an inherent difference,
or “"specialization" of cells.
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WP-21 MP-2 is F-2 with each cell restrioted to twe
states, 0 "quiet" snd 1 "firing". 4
MP-3t MP-3 is F-3n with the dependency law completely
apecified: The law can be given as |
follows (in a form arranged to matofx the

" axioms)$

Rach connection Cy,4 hags a numerical value
.which is eltper a positive integer of minus
infinity. The value can be denoted by A0y .
Let ﬁcij = 0 in §ho case that there 1s ne
connection ”“313'

Let cj(t) represent the function which
has velue 1 if JJ fires at time t and has
value O Af ¥his 1s not the case. Let Cy(t)
also represent the propesition "Jj fires at
time t".1

Fihally, each cell GJ has a numerical
"Threshold" jécj, which 13 a positive integer.
The dependency law can then be stated as

01(%) - E Oi(t » 1) y ﬁci.’ >/£°J .

Note: In the MP theory, the cells are called

“neurons” .

1

This cenvention will be used throughout thias paper.
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If f044 is positive, ‘we sey that Oy has 40,

“endbulbs" on 0y, If #04y= - ©, we say that
0y has an "inkibitory endbuld" on Cj. An
example is provided to demonstrate the use of
the network notation, and its description
using the propositional ealcoulus.

GELLS: CONNECT IONSt
3 =1 , #0133 = 1
: #oy = 3 Ao = 2
#£05 = 1 Aoph = 1
Mgz =1
ﬂ035 = 1
Al4g = - ©©
DIAGRAMS
cl D-<_—'— W es
¢ l>"
2 Dé%ﬁ
DEPENDEN N
a5(t) = 0y (8-1)voa(s-1)
oa(t) = cl(t.-l)-cz(c-l)
05(1’-) = O}(tol)uvﬂq(t-l)
THEOREM:

o Og(4e2) & /8 (8)v0a(8)T /By (£)0o(8)7
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Noune of the axioms sbove represent mich of eur
real knovledge of meurophysiclogy. Certainly
F-l, the time quantization axiom, is falss.
{In Chapter 5, we will discusa some consequences
of making this false assumption,) The existence
of speecific inhibitor omoot.'ionn hag not been
established within the brain, although there
is some evidence for them in the spinal cord.
2/1.4 The Rasheveky syastem seems, on the r-uxvra«, neore
biological, since it requires cells to fire whenever
local conditions are appropriate. It provides an
example intermediate between the above Finite
sutomatié Networks, and the generalizations below.

R<l: No time quantization. Oells can fire at any
time subject to iho excltation axiom,

R-2: Each @81l can have two states, quiet and
firing, (Note: In Rashevaky's aystem, each
gell has a continuously variable intermal »
state function, "e-)", whose value 1is a
function of time and of the history of pulses
that have remched the oell through its
connections.)

R-3: There are two kinds of comnections, E44 and
Iy 40 called “excitatory” and “inhidbitory”.

The dependency law is somewhat as follows:

B i
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. 2.7
A eell fires when "e-J" exoceeds some "threshold".

The function "e-j" depends on the past stimu-
lation in such a way that "e" inoreases with
excitatory stimulstion, and ")" increases

with inhibitory. Both fcll off exponentially
Let us conasider a more gunern.i aystem (which includes

i NEURAL-ANALOG MACHINE is & collection of cells

A-2 Input cells are fired by the environment.
Each oell has two "external states", "quiet",
and "firing". Hach cell has an infinite
number of internal states, which are~to be
identified with its "pulse history"; the
pulse history at time t, of cell Oy is the
get of times up to and including t at which
Cy has fired. (Firing is instantaneocus.)

A=3 . The firing o{ an inner cell depends on the
pul se hintéxy of all cells. :

with time.t
2/1.5
all thé above):
with the following axioms:
A=l » No time quantization.
) 3

3ee 2/7.2.2 We will not disouss this aystem in detail
because the hypotheses are much stronger than necessary

here.
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Again a specialization is appropriate:

A NEURAL-ANALOG NETWOSK is a ocollection of cells
for which

A‘l ’

A-2, and

A=3nj

NOTEs

There are a set of connestions Cyy. The
The firing of an inner cell 0y depends cn the
pulse history of all cells Uy for which there

&

is a commection gU'
These systems are more general than might appear.
The form of the dependency may vary from cell

to cell, ete. The form of the axioms makes

them appear to contain one important commit-
ment about the dopondonoj, namely an "all-or-
none" law for pulses. For the dependency law
involves only the time-of-arrival 61’ pulses,

and there is no explicit dependence on any other
property of a pulse. However, by allowing each
cell to take one of a large number of states,

and using a aurﬂ.diently ;oonplloatod dopondom;y
law, one oan construct a system equivalent to

one in which pulses have, e.g., several degrees
of amplitude and duration, and in which the
effeot of a pulse dopondl on tbo;o_/"rom"

parameterg. '
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2ﬂ.7

2-9

None of the above systems contains what may be

considered the distinotive aspect of the present

theory; the probabilistic firdng gondition. The
following aystem will provide the structure under-

1y1!is the machines considered in this thesis.

A STQCHASTIC NEURAL-ANALOG NETWORK is a system
whioch satisfies the axioms:

A=l
A '2

SA-3n

(continuous time)

(Pulse-history intermmal state, hence blas
toward all-or-none theory)

For any gliven immer aell GJ' at time &, the

probability distribution for the time of the

na.xt. firine of GJ depends on the pulse history
of each cell 4 for which there 1a a connection
033+ NOTE: This dlstribution 1s a conditional
probability on the hypothesis that the pulse
histories of the 01'5 do not change., Rach

time one of the 31'- does fire, a new distri-
bution for the next firing time of GJ is applied.

DISCU3SION:

n

If, in application of 3A-3n t6 the nervous aystem,

we take the "oells" to be neurons, and the Oyj to

be synapses, then a commitment is made which is

involved with what is probably the most basic con-

troverasy in the field of physiological paychology.
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For the subseript "n"l attached %o an axiom is

used to denote the assumption that the machine's
components are related exclusively throuzh ddscrete
"oonnections", and that therefore the operation of
the machine depends exclusively on this connecgtion
structure,and not on the spatial arrangements of

the cells and aynapses in t.hdr physieal environment.
(For any given nachine, of course, the formalign
could be adjusted by replading anyﬁgoonotraé’ln-
fluences by fiotitious commections with appropriate
dependenasy properties.) :

It is by no means my intention to excluﬁo the possi-
bility that gpatial relations are important in the
operation of the nervous system. There are numerous :
theories that have been formulated by physiological
paychologists in which so-called "f1e1d" effects

are conasidered to be major functional entitles.
(e.g+, Pavliov, Lashley, festalt theorists. Kohler's
field theory for vision is the most developed such .
theory.) In my opinion, none of these th_oorin has
been advanced té the (primitive) level of desoribing
how one such fleld affscts anothar, or how they are

associated with input and output of the machine. Nor

or "net"
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ate the physislogical srguments for thess 24834
theories very impressive.
It is sald that such theories are required to
explain how the nervous system continues to funotion
after physical injury, yet it appears that "fields"
ought to be equally vulnerable to physical distor-
tion; especinlly if they are to have the complexity
pregumably required to explain thinking.
Ir :houo “f1e1ds" are regarded as, say, containing
their structure in topological form, rather than
metrical, and as also having auténonm selfl-~
stabilizing properties, with the physical brain
acting only as a sort of ether, then such a theory
could indeed explain injury mﬁiatanoe. One. cannot
escape the feeling that Lashley (and Pavlev) has
some such model in mind, but nelther a physical
basis is proposed, nor even a formal scheme as to
ﬁov the fleld 1s related to behavior., All that is
expressed 1s the hope that a "fleld theory" will
be eventually constructed.
As for the "isemorphism" approach of Kohlér. in
which the fields associated with sensory events
reflect in some almost geometric m@ogm sensory
events themselves, it 1s hard to see how one can

:',.l .
hope that even ifsensation in the visual areas is
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iln faot associated with "laomorphic" fields, that
this will ald in the understanding of the rest of
the nervous system. There certainly 1s a stage

in brain function where the avénts bear little
‘relation to the peometric structure of sensory
events, e.g., in the assignment of aspoken names

of objects. At the "motor end" of the nervous
system there 1s v;ry, 1ittle "lsomorphism" left,

but there has been a great deal orr“oomputat.ion".
The physleel similarities muet be dropped somewhere
in the process, and it has not been shown how their
preservation can ald in the computation‘. In a
paper on'a possible mechanism for vislon, MeCulloch
and Pitts (1947) suggeist a process involving patterns
geometrically related to the retinal pattém, and
these neural patterns are used in making a computa=
tion about the peometric features of the retinal
ﬁattom. But if this mechanisnm were in fact the one
operating in the human brain, it would not support
the fleld-theorists' contentisn that the brain
functions gonorélly by the-use of such rl.oldu. In
fagt the puroose of such a mechanism ag that of
Hq:ulloch and Pitts is precisely to convert the
input information into an abstract and profoundly

non-geometric form, for the convenience of the rest
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of the brain. Ve will return to this subject in i

jepamie i paper, where the argument san be more precige.
On the other hand it is quite possible that "fields",
and in partiocular electrical, chemical, and mechanical
gradients, do in fact play an easent.ial. role in
brain function, although not necessarily as global
patterns which represent in some way identifiable
mental events. Two such posaibnibief are diascuased
in the present theory.
(1). "Microscopic" fields affecting the excitability
of aynapses, resulting from the metabolic and neural
activity of ocells in the nelghborhood, .~mdy
(2)« Larger flelds affeoting the activity within
whole neta, resulting from electrotonic, chemical,
or electric fields set up by the maassive (or
“synohrouons") discharge of large groups of cella.

(1) 18 oonsidered in the firet part of Chapter 3.
(2) 1s conaidered t.hruugh;:ut Chapters 5,and 6. 3,
The larger fielda plm,' a rather important rold in
these chapters, hence in spite of the combinatorial

" form of the earlier ohapters, the final theory 1is

as much a "fleld theory" as it 1s a "network theory",
to uge terms often employed in the present psycho-
logical controveray. :

The present theory also avoids the difficulties

=
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2/2.1

2/2.2

encountered by those network theories which’use
time quantization, This matter is discussed in
Chapter S.

Some neural nets and their function apaces.

Most of the nets in this section can be represented
in the McOullooh-Pnts‘qs;as)tom, exoopt where proba=-
bilities are used. While time quantization is not
imposed, we assume a "unit synaptic delay" which

sexrves much the same purpose.

c

UNARY JUNGCTION, XP'a
. D'R;l‘__,

Two cells Ry and Ry« One connection Cg.
Dependency relation: Rl(t) Ro(t-l)

This loxpnuon the notion of "unit synaptioc
delay". It is used only .for convenience, and
dismissed in Ohai:tor Se

In the probabilistic case,

prob/R (t)7 = a*Ry(t-1). Here "a" 1s the
“transmission probability" or "XP" of the connec-
tion Cn;. ("Ry(t)" 1s used here also as the truth
value of the proposition R,(t).) :

OHAIN OF UNARY JUNOTIONS.,

n + 1> cells; Ro....,%. n connections Gy .3 4.

If the XP of 0'1.1 4 is ay, then -

Prob/R ()7 = n a1 * Ry (t-n).
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N a, a, .
-
This is called a “unary chain of length n"
(n comnlete junctions).
2/2.3  Dis-fungtions.
. n .+ 1 cells; "‘L‘"“"P*n'
: 5 : n commections; Gy 00 320""'5n0'
A prob Ry(t) = r[il(t.).....wh(zy.

' : Ve want to find a probabilistic-analegy of the
MP situation with threshold unity. A cholce that
suits the purposez of this chapter would be
P(Xl,...,)g_l) = a if not all variables are uro.
F=20 oth.cryiue. Then XP = a for the Junctions.

See below; 2/2.5.
2/2.4 JSon- iong.

Same net as in 2/2.3

Let F = 0 1f mot all of Ry(t-1)(1 # 0)
a if they all fire.
This is an analog of the MNP junction with

S e

threshold n.




L

2/2.8 -

2/

2

e

?-16

DI 30U 3SLON

I'he elaments of 2/2.4 and 2/2.3 are rather
implausible ,o}\vsiolonicall;v. The argument in favor
of a probabilistic transmission 1s to be found below
in 3/1. 1In the lipght of the general arguments of
that section, 1% would gseem more natural to assume
that the probability of firing a Jjunction would, in
general, increase with inoreasing stimulation.
Hence, while the values of 7 (of XP) are chosen in
2.3 and 2.4 to be very simple, in each case F should
be thought of as a monotone increasing function of
its (propositional) variables. The following argu-
menta have this in view. Of course, if arbitrary
monotone functions were permitted, then the Jjunctions
of 2.3 and 2.4 would be the same. In order that they
resemble the loglcal functionsg after which they are
modeled, F muat be c~hoaen 30 that in case 2.3 the
value of ¥ 1s close to m&-&y when any one input is
fired, and in case 2.4, the value of F must be low
unless all are fired. For the non-probablliastic
cases, in 2.3, £R, is 1 and in 2.4, ¥R, 18 n. ;
Regponge Functions

\ net isg described by cataloguling 1tsgput
cells 31. its inner cells RJ and its connections

Omn Where m ranges over all the i's and s,
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vwhile n ranges over the j's only.

\ STIMULUS 1s deseribed by a set of palrs
(1,3) where (k,t) ¢ (1,8) Af and only if 3,(t) s e
part of the stimulus, We @i oy Cunche hude

When a stimulus is represented by a single

{ l-gt.t.ox.' 3, the symbel will represent either t.ho set
of index pairs, or the proposition
U ,
(kyt) € 3 dk(t) &
gtimuli will often be assocliated with a time

index. If 3(0) is a given stimulus, then

cdun
S

8lbg) = U 3. (¢ o+ tg).
Jk('.)cs
Changing the time index translates (in time)
the entire atimulus. We will require that

8 (4) & (k) >t e, *

The behavior of a net N is desoribed by its
RESPONSE FUNCTION Res(3). The domain of Res(8) 1s
the set of all stimuli, 1.e., of all subsets of
I x T." Ite range is the subsets of T x T and it

I No pulse of a stimulus can occur before the index time of
the stimulus. =

¢

Txumu‘umamnm«m.amtcmnnrum.
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1a defined as follows: Assuming that the net is
quiet when %<0,

Res(8) = [Tk,t) / 3 = Re(t)7.

THEOREM:  (2/2.7)

If a net is composed entirely of dis-Junctions,
mmm.t_img_g_;_(g),ll

U

,t)es

Res(8) = au(s,?/’(t)).

Proof

Consider any element Rk(t.) of Res(3). Sinoce
Rk(t) is an inner cell, t>1. Now Rk(b) nu-". be
fired by either an inner cell or an input cell.

Hence, ' I i

R (8) @ISR (B0 1 ) # 0 Ryt u-m]vmwmu#o 8 (¢-1))7.
If the second propositioh on the right holds, then
Re(t)  Res(3y). If not, the second must hold, and
Rt (8-1).
By iterating the sameé argument k'T" times,

where [T is the largest integer in t, we have:
if Rk(t.)' is not in any Ru(s,(s__-,n)’. 3 =120, T

;. 1), then

3 x"’)(ﬁ.u).(n) H0oR (nive r)) /
VGS)(# (™) 30 fy(s =M.

T

No pulse of a ptimulus can ocour before the index time of
the stimulus.
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The first proposition is false because
Rl;(x) »x>1., But if the second holds, then by
the ‘inductive argument, there exist conneotiens
OplyesOp2id, 0005013/, Also, 34(t-F/, But
then R, (t) ¢ Aos(3,(4=/F7)), contrary to the
assumption. Jince Rk(t) is any element of Reas(3),
we have

nea(3) C U Res(3, (%))
(1,t '

»b)es
The reverse argument is a speclal case of
theorem 2/2.8 below.
For the probabilistic case we define

Res(3) = [Tk,t,a) 3D probR,(t) = a/.

If R and R' are responses, we say that R'DO R

if, and only if,
Ib>e
(k.‘..) e R é (ib)(k,ﬁ.b) 3 R.)o

Theorem: If s nat is composed sntirely of Junotions
with monotone*tranamission fungtions
(see 2,.5) then
Res(s) D o8 Mma(3, ().
» (4,t)es

In fact, more generally,

By "monotone" we always mean “non-decreasing”.




Theoren: (2/2.8)
2 32032 We(3')D Wmels).

1.e., 4 net composed of menotene junctions hag a
PROOFs OChoose a (k,t,a) ¢ 3. Now
a = prob(R(t)) = "k(cx}*("‘l"""ck@‘“‘”)
~-where the ckg are the cells which comnnect to R, and
P 18 the monotone funetion of p binary variables
which desoribes the Sransmission properties of R, .
Replace M) by the funotiom 'y () (8=1),05(8=1),0e0es0y(t-1))

of all cells whioch has the same values as l'k.

( .

1]
e
is also monotone.

Now Af pmbci(t-l) = a4, then
A= prob(Rk(‘)) =

§ : -,"(1-c,> G200 05 ¢ B ssioha)s
Jl, Q.IO.'Jn = 0

Q-
= .1 ‘ 13." (l.ﬂi) 4 (1’12.000.%)

120°'0.Jn= 0

+(1-aq)2 Tieter s vrertn
= ﬁZi s (Leay)>p

Now, because F' is monotone, sach term ole is ) the
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OOPNlpmdlng term n D> . 2° Hence
ProkR, (t) = ﬁé:l Za) 42 is monotone for
ay, and eimilarly for each of the a,. This proves
that for any 1 and j, increase of px-obai(t-l) caanot
£ decrease pyobCRJ(t.)).‘ By induction, inoreasing
gnb(R,_(i-l)) cannot decrease prob(RJ(t-ud)) for any
d>0; (Xt certainly cannet decrease pnb(RJ(hd))
for negative d4; the causality is always forward in
time,) . ' -
Now, since 3°> 3,
3' = 5803 (vy) LBy (vo) eee LRy (Vy)iee vBug(v,)
where the sui(v,.) are the elements of 3' not in 3.
Let 3 = L (vl), and 1nduot1ve1y. FEogk lumk(vk).
Then 3% = ', and 3 = .
Now Res(8%)D Res(s™), wor ir (x.t..a)mu(s"’l),
the firing of axn(vn) cannot decrease probRk(t).
Hence for some b a, (k,t,b)eRes(3).
Hence -
Res(3) C Res(s') C oo C Res(3'). Q4 E. Du
ZJorp. - If the monotone functions F, are all of the
form: FMyis unity 1f (and only if) any m'rubu';u
not’un. and F) 1a zero otherwise: then w‘bqvo a
net of (determinate) &og-junot.lons, and the theorsm
in this case completes the proof of theorem 2/2.7. ==
NOTEt Theorems 2/2,7 and 2/2.8 ars of particular

- interest bescause there is no restriction made on
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the topology of thée net, nn& cyclea with infinite :
responses (see Chapter 5) are ndmitted, Thoorem 2/2.7
can be réad; nets with additive Jjunctions have
additive response functions. Theorem 2/2.8 states
that not.rs with monotone Jun‘otlons have monotone
response i‘unot.ioul. -

i & 'i'! 5 PUT j L .

In this section we examine the question of which
functions can be realised by nets of given composition.
} We Alstinguish three varieties of cells:

input, Iy imner, IJ, and output R . An gutput
function is like a response function except that it
desoribes only the activity of the' output cells, and
not the immer cells. £

Let T, be the time of the firet pulse in stimulus 8.

N r‘ " w " woon last " “. " "

wigre » oo N firgt " ' output P,
" ,’ woon " noon '1ast " " n .
Definition: An output function P(S) has delay > if
for all 3,

Tr(s) > Tg+ 4 \',mm B
Definition: An output function P(3) has duretion<i
if for all 3, :

” rP(3)< ¥ a :
Definitieni A simultaneous input velley at time %,
(an (3.-I.V.)‘°) 18 a gtil\mu 8 for which Ts'g 3,
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_ Note: Vhenmever 1t s to be shown that a Net N

realizes a given output function P(3), we will use
the symbol PN(3) to denote the output function of

- the net N, and show that PN(3) = P(sS).

Theorenm (2/3.1)
et \P be a fungtion an sle

dait s nite durati a

- ¥hioh P(0) = O. xnan_z1.1.9:9.9:.::.&31:5.!:.5

(] d _en £4d t i

Proof:s Let Tg=0 without loss of generality.

Represent 3 = U 34 (0).
11(0)(3

Let 34 and Rx be input and output cells for N.

For each nk(l) in P(si) oonstruct a chain of mnor
gells starting at .31. with t.-l inner cells and
terminating on’ Rt'

A1l junctions are dig-junctions (M-P junctions

with threshold unity). Then for each R, (%) in P(s‘)

there ia a path with delay t from 8 to Ry, hence
m(s,) D P(3,)

and since these are the only paths from 31. to any !

output oells, PN(3;) = P(3;). Also, by theorsm

2/2.7, PN(3) is additive. Since the values of

P¥(3,), and the fact that it 1a additive, determine

a unique additive funotion PN(3), it must be

1dentical with P(3) which satisfies the same conditione.

/

U]
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NOTE., Without the restriction thet $(3) have
finite duration, some Ry micht need to have an
mflnlto.number of endbulbs. The condition P(0) = 0
is a orroperty of any realizeble response function
for nets not vwrwevmursiy active. -
THEOREM 2/3.2

Using only con- and dis-junotions, a net can
be_constructed to realize any monotone cutput

function P of am 3,I.V. for which P has finite ;
length, delay > »(0) = 0).

Proofs Let Tg = 0. Construct the net N as
follows: Let A be the index met for the §,'s.
for sach subset b of A supply an intemediate cell
Ip, and a connection Oy from s, te Gy for each
1 eDb. Let I, be a con-junction, (I, ie a MP
neuron with threshold £I, = E;bl.) Then

(s=21,0)).5.3° U3 (0).
21, )) 1¢b1 )
Let 3.(0) = U g, (0).

sb ‘ ieb -1

Now for each b and each (J,t) for which

Rd(t) e P(3,(c)), construct a chain’ of oon; of
total number t, the first of which ig I, and the
last of which 1s Ry Let all jumotions in such
chains be ét'nﬁ-.)nnouenn eaol; RJ will be a lul}tplo .
Junction with thresheld j!ﬁj = 1. Now the plﬂl'/"l
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we have constructed insure that :
‘ PN(Sy) D P(8y). (1)
On the other hand, suppose that R, (%)ePN(3,(0)).
Then, ak(t) was fired by a pulse arriving along a
chain which originates on either I, or on some Ic
for which CEb, For all chains originate on some
I; and only the above ones can fire in responge to
3,(0)s Now sinae P is monotene, R(sb)a R(sa)'
honoo‘ngch a chain can eoxist Aif, and only if,
e Rk(t') e R(Sb). Thus
P(3p) D PN(3,). (2)
Henoe the net N realizes the funsction P.
2/3.3 DISCUSSION: Serious diffioculties appear when
generalization of the above theorems (8/3.1 and 2/3.2)

-

is attempted rorvnn general inputs. This is due

s - partly to the fact that, as the nets have no
internal clock, their responses to time-translated
inputs must have time-translated outputs. Thus one
cannot aonstruct arbitrary monotone functions over
any- class of inputs which eontains any two patterns
which are time tranglates. Theorem 2/3.4 below
refers to n’olau of inputs which sannot have any
such pairs.

the superadditivity of nets of monotone junstions
might be expressed by saying that a prineiple of

The faet of translatior in variance plus —
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superposition oppn_tn in these nets.
Definition: An admiseible class II of stimuli
1s one which is finite, and contains no pair of

‘time~translated stimuli.

Ocngider the olass IXI(a,b) of stimuli,
defined by the relations 3 ¢ II(a,b) if, and only Af

1, 8(8) €3 = astid

2. (Hy) 31(‘) s 3
3. (33)' 8,(b) ¢ 3
It may be seen that II(a,b) cannot contain a pair
of translated patterns, and is an admissible class.
Definibignt am cutput function P of stimuli
in IX{a,b) is sald to have delay 4 if
Re(t) s P(3) = saw
THEOREM 2/3.4 mww.
net congtructed to realize monotone
gutput fungtion o~ which ! 1s dafined only on :
b finit and has d > bvlq.
Proof: It 1‘| suffioient to prove the theorem
for the cases II(0,b). Other cases are time-translates
of these. :
Jonstrudt a net with the following cells and

connections:

1

For IIb(b) the delay oan be > 2+b by thecrem 2/3.2




SELL3: :
3)se0s8, are the given input cells.

Inner cella: IlJ and 3“; 1 =1,200000 J=0,1,000pb
Two additional inner cells Io and I,.
SOINEGTIONS:
34 —Iy, all 4.
,11'101—-—‘1“ all 1, all 0gJ<b.
all 1,).

111‘_‘?313

xb%fsu all 1,].
I°—> 811 all 4,].

—>
1,9 IO 1.

Tals net iz represented on the follewing

poge, using the MoOullesh=Pitts (1943) symbelism
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THE NET OF TTECREM 2/3.4
Now Q t) z Qi) . 10(t-1) P (t=1)
and s}'(e) o TE(bx=1) o 1°(t=1) o I°(871)
Alse, IP(t=1) & (F1)(S¢(t-2)) and
1(t-1) % (T 3)(s4(t=b=2))s Thess two conditions oan hold if and

only if t = b + 2. Hence,
si(t)ﬁxi(bu; Sy(x)e

-
-3
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All cells are dis~-Junctione (threshold 1) except for
the 31‘1 which are con=-junctions with thresheld ,458“ = 3.

From the given net, we can sgee that
9yx(t) = Ty, (twd) o Io(8-1) « 1,(t-1), (1)
fo:' 345 has threshold 3, and Igxe Igs Ip are the
only qells which connect with 34+ Furthemmore,
Iy(t-1) g (3 4)3y (t-2) ()
and ’ )

Io(t=1) g 1(31)14, (t-2). (3)
But
Ti0(822) = I,o(8=3) = seum Igp(tab-l) g 34 (t-b-2), (%)

and (3) and (4) imply

Io(t=l) = (34)8y(b=d-2). | (5)
Gonditions (2) and (5) @an be simultancously satisfied
(as is required for (1) to hold) only when & = be2.
And the fact that 3 ¢ IXI(0,b) insures that this will

be the case. Hence

(%) 5 & = be2 o 1. (8-20)7 (6)
Alﬂo. 3
= 94 (t=dex=2)
Hence ;
3yx(t) =0 1f ¢ £ b2 (7) =
and

31x(b+2) = 8, (x) )
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EQuations (7) and (7") express the important

feature of the net. At time t = bs2, there is
digplayed on the cells 31.] a slmultaneous volley
which contains all the information about the
atimulus 3. To complete tha proof of the t.ﬁ.omn.
ono& nqods only to adjoin a net of the type desoribed
in theorem 2/3.2 using the 344 as the input cells
of the new net.

A mhotior\ of elements of II(0,b) is a
function of sets of pairas (1,)).(1 = 1,...,n)

\J

Replace the sets of palrs by sets of the corres-

Opssialil)

ponding events 3 ,(b+2). Ary monotone function

on II(0,b) with ;:m >4 can be realized by a
monotona function on sets of the 3“(h2) with
deley >2, 3ince any monotone function of sets
of the 313(t¢2) with‘ delay 2 can, by 2/3.2 be
realized by a net with the 3“ as input cells,
the adjloining of such a riet to the above will give
a net which realizes the corresponding menotone
funetion of II(0,b). '
NOTE. The necessary conditiom P(0) = 0 must
hold, but need not be stated, since neither
II(a,b), nor any other sdmiseible class,
gontains the 0 stimulus.
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2/4.1

oA
2/4.2

INHIBITORY CONNECTIONS -

inhibltor-y connections of the HeCulloch-~Pitts Sype

vere described in 2/1.3; in inhibitory conneotion
Iy has the property that Af an inhibitory connes-
tlion ‘originates on a cell Gy and ben:lnntpa on a
cell 7&1 then 04 (t) :awcj(ul) regardleasa of what
other connections may terminate on GJ.‘

For reasons that will be clear in 2/5, we
have a specisl interest in binary inhibitory
Junctions (b.i.)'s):

DEFINITION: A binary inhibitory Junction

(b.1,3s) 48 a cell P on which terminates exaotly

one exocltatory E; and one inhibitory conmection Ils
F(t) g By (b-1). ~I, (b-1). Drk Db
b___/'——-. F

I,
Given nets with inhibitory connections, as

well as with con- and dis-Junctions, one can
conatruct a larger olass of response functiona.

DEFINITION: Let 31....,3n be the input ocells
of a net N, The oclass IIg(b) of stimuli is

S & Ig(b) = 33(8) e 3oL t<d « (I1)(3(a) ¢ 3).
(This is tho class of stimuli whioch begin with one
or more pulses at § = a, and for which firing
ceases after t = b, It iz an admissible class

(see 2/3.3)2) Nibe Mowns e T wa T k)
: Se Moo s b




THECREM 2/4,23

0] gon=tuncgtion

PROOF: fHecause any such net must be Lt me-
tranglation-invariant, it le sufficient to prove
the theerem for the classes IIo(b). There are two
casea; b = O,b>1.
Cagse 01 The procedure is like t.hat in Theorem 2/3.2.
Let A = (1/4 = 1,.40yn) = the set of indicns of the
S4« or eaoh subset xC A supply three cells Ego
I, and Fee Eglma mjnncci;n with threshold

%:1. and on B, terminates a connection from each
ex 4

9 for which 4 ¢ x. I  1s a dis-junotion (threshold 1)

on vhich terminates a connection from each 3‘ for

which 1 £ Xx. Fy 1s a b.i.J. on which terminates
one excitatory conneotion from E, and one inhibitory
eonneation from I, Then, 1if

\

A = (31(0) (48x), then,
(2) 2 [F x(1)e ~ 1,007 g Mex 5 8(0)7 & 8,0

or

Pe(2) 5 8.
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Now, for each '{x(t.) e P(3,) construct a
chain of dia._}unctibns beginning with 7., ending
with a conneation on R and containing t-3
intermediate cells 1‘x,Lqu(m = lyeet=3), This 18
possible/ AT £ >3 and this will hold Af P(3) has
delays3. :
Now,
LR (8)eP (37 > .
i ® Bel2) 224 (3) DPo(A) Dese
Doeee DPy g3 (b=1) SR(L),
Hence
P(3e) C Mi(8g), (1)
On the other hand, Ry(%) & PN(3,) means that
Re(t) 1s fired by a pulse from 3‘x(:z). since pulses
can- get to the R,'s only through the intermediats
chains which originate on the r,'s, and PR(2) = 850
But then .{k(t.) ¢ P(3,), by conatruoction of the
chalns.
Henoe ,
L-Rk(t) & PN(3.)7 g[ﬁk(t) g P(‘JX)_Z, or
PN(S,)C P(3,). ' : (2)
NOTE: If free 1;30 of inhibitory connestions
are permitted, we can replace E,.Ix. and F,
by a oon~junction G, with threshold fex 1l om
which terminates an excitatory connechtion
from each 3, for which % ¢ x and an inhlbxto_ﬂ

i
gonnection from sach 34 for which i £ x.
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Then Gx(l) = 8,» The remainder of the net

ia eonstrueccd as above, but due to the
removal of one computation level, the func-
tions may have any delay >2.
This concludes the proof for cass 0.

JASR 2.
“or b1 we construat a net in two partas;
the first part sonverts the sequential stimulus :
into an eguivalent simultaneous vblloy, much
as in the proof of theorem 3/2.4; the second
éart of the net 1s a copy of the nel of case O,
which converts the simultaneous volley (at
time b+l) Into arbitrary outputs, The

gsecuential net is constructed as /follows:

’JELLJ, ‘1’. 1 = 1'20.000.n
L= LsBysansatt
11 J: O,l......l’?
T i= 1.-..,!1
XF 3% Beianpd
NOTE: le = 31.

Vk k!:o'uo.’b"lo
RXCITATORY COMHNZOTTONS:

8 — Vg all 4
Vo 8 all 1,J.
T4y %1 all 4,J.

>
TIJ——)TI.J‘I all 1’ &11 1/1-
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INHISITORY OONNECTIONS
VO—;o '1‘1.“ all i, al)l J<Dh.

Note that there ia Just one excltatory and
one inhibitory fibre on each of tLhe
;‘1: (§< b), hence they ‘are all b.i.J3"'sa.
"HABSHOLD 33

Ay =1

#ryy=1

#3353 =2 Thua the 334'a are con-

U}

junetiona, the othera are dis-jinctions or b.i.)'s.
lemma:s If 3 & IIO(‘.J),
fhen,
31(J)£) B Jij(b;l). and }13(?) =% = Dale.

2roofs The conneotion scheme reveals that

= (3 k) (3p(b=b-1)

D> 0St-b«lg<D

» t<bel
(2)1 3eIIy(b) & (31)(3,(0)) D Vpoy (1) eaed Vi (b)
(38)1 Sy3(8)3 Tyy(E=1)D coup Ty, (t-841) (O<agDd=])

(3b) BTy = 5y (Jet=1-D)
(h‘no. OSJOt-I‘be)a 2
Now, let x = t-b-2. Juppose that x>0,

: -
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I E Then, 3,,(8) (vy 3b)
JL3x = (J+t-b=2)<b or 0<x<b-]  (4)

Hence by 3a, &
—\-Tix(t-ubﬁ-l) = ‘rix(bd) (5)

: However, by (2), and (4),
RS e (6)

(5) and (6) are a contradiotion, implying that

it is not the ecase that x> 0. Henoce x<0, i.e.,

c

t-b-2 <0.
- But by (1), t 2> bel,
Henoe t = bl
and by (3) 3,(J).
Hence, _aumg t=bsl o 33(1). (7)
Also,
5 31(3) 2 Ty .‘2:1“‘“ DTy pp(itial) 2 e 3
> 1y 4(b). (a) '
and

9e11,(b)> (3 1) (34 (0))= Vg ()= Vyyp(2)50 « o3V (D) o (B)
ir ﬂi(j) e ¢ IIO(b), then (A), (B))and the
faot that ﬁsij = 2 imply that
8(3) 3 3y,(ba1). : -(8)
Henoce the elements 3,(J]) of a stimulus g11,(b)
are digplayed, at time t = bel, ag pulges s

33,01}, (By (7) ama (8).
Now let A = (1..’) i= 1,....! J:o.oo-.bo
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Then each subset x of A, for which there is

an (4,0) in x, corresponds (naturally and
uniqueiy) to an element 3 of TIO(b). For
each such x, supply three cells, Egolys and
Ty With the followihg connectiona: For

( each (4,3) e x a comnection from 3“ to By« For
each (1,)) £ x a connection from 'i“ to I,
Also run an inhibitory oconnection from Ix to
FA nnci’ an excitatory connestion from B, to Fge c
Let L, be a disjunction and con-Jjunction,

and ¥y be a b.1.J. By an argument .parallel

to that of omge 0, F = One may then

=
conastruct chaina of oroper lengths from the
Fe's to the output cells Ry, as in case 0)

and as in case 0, show that the net roalizes

the given function P(3). P muat have delay > beé-¢
since no Ry can fire before this time. If free
use of inhibitory connections is permitted (or

Af one allows an arbitrary number of inhibitor
connections to terminate on what would otherwise
be the con-junction Fy) then the delay ean ve

cut to b + 3, as in case 0O, ~

2/4.2.3 However, if we permit the use of inhibitor

—

connections as above, the functions of delay > be2 —w_
(on 11 (b)), can alao be realized, by the :




following net. In this construction one

level is eliminated; that of the "display”

eells S'U. (Begause this level is not present
in the 0 onse, there is no opportunity for a
further cut in delay there.) donstruet the
&net. as followst
ORLLSS 31' 1 =),00ey0
Ta 5t L =200 J =04.00,Dd
NOTE: Tyqp, is 344
Vit kK = Bel,eee,2b
F ! X ranges over all stimuli
for which chIIO(b).
QONNEGTIONS:
(EXOIT.) 1J TR for all T suoh t.hat (1,3) & x.
(INHIB.) TyyoFy . R R W R g
(BXCIT.) T“—’Ti,j-l (J=1,e0eyb)
(BXOXIT.) Ve ——>v]“1 (k=bal,ese, 2b-1)
T Vb (a2l 1)
(INHIB.) Vy—OF (all x, all k=bsl,...,2b=1)
THRZSHOLD3: A1l thresholds are 1 except for
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Operation of the net is described by
1,4(t) £ Ty g ltel)meeom Typ(Bated) = 8y (ta-d) ()
or 3,(3) = Tqy(b).
Fe(t) 2 (4,3) & x » Ty4(t-1)
o(1,)) £ x =§~T“(%~1)
: ¥y (te1) R = Dal,eees2be
(1) follows from the connection scheme.
(2) follows from the comnmeotlon scheme and the .
definition of £Py.
- Now x ¢ II(®) means that for some 1,(1,0) 1s
in x. Henoe by (2), 7x(t) implies that for some
1 Tm(t-l), which in turn, by (1), implies that
g4 (t=b-1). Hence Fu(t) = bals & $2bed, (A)
Mso, [Relly(b)7 = (F1)(34(0)).  (Def. of IIy(b))
270(b) (by (1))
= Vp,q (bel)
évb‘a(l»2) =N e e \[ab(ab).
Henoe,

bel < & < 2b4d éu.’x(t)n (B)
Af = ¢ IIo(b).

(A) and (B) together show that if x ¢ II5(b),
Eelt t=Dbas. ~ AR

(1), (2), and (3) combine to form
Pe(t) g (b = b & 1)e(3y).




Using this faet, and constructing the chains
from the ¥, to the Ry, one can show, exactly
as in the two previous nets, that the complete

net realiszes the given funstiom P. And, while
the 'Fy eells wers at the t & b+3 and

‘a »+2 time levels in the previcus nets,

they are om the d+1 time level for the

preseat aot'.' hemce we oan realize any Mu
definwd on IIO('D) whose delay is b+2 or greater.
This completes the proof of theorem 2/4.2.

(SIESSATUTT.

ard res
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2/5 Non-monotone elements.

Definition: 4 "finite network element" J 1s an objeot
with a set e, of imput terminals, a set £, of output :

“terminals, and a nuponu‘ r\mot.ion_ J(X) with the
'pnporueu*
10 J(O) = 0&.

2. J(X) opemi'os within the fixed synaptic delay
scheme. ‘ :
'3, J has a "finite recovery time" L. This means
: that for any stimulus X, if the last firing of
any ey ocours at time &, , then the aotivity of
the f, ceases before t 4+ L, and J has its
original response properties (tranaslated) at
times e_,“-» L or later. -/ £
Definition: A network element is non-monotonie’if
for some pair X, ‘x' of atimuli, XcX' and J(x)¢J.(X').

7

2/5.1  Lemma (2/5.1): Given an twor
element, a net Q7 ocan be conatruoted, usine only

MM ;
(for_seme 4,(3) and 22 t)hes the property

£3) (), 35(8) = (a<t-a,) (8 = ¢), (8>044)7
= [R,(t+4)) £ 1 (4) e 35,(L)7.

PROOF: Let X and Y' be such that XCY' and
IR)L IMx). |

J, oen-junotions and dis-junotions, which has bwe
. — ' .
\ - ' : . :

% Thy it*lulhOA s uk h\l(M.‘v\»v\/x’_ ngol \‘Ou\'.w(u pwﬁ\ct \eve -
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Jonneot a cell By to each input terminal ei of Js.

Y,et#‘fl = 1., Por each e, (%) ¢ X gonstruat n

1
ghain from 3 to By having t intermediate cells.
Then
(1) 3, (8) = X(ke1). (1)
Do the same for ays.}av#h\len
(2) ‘ 3,(%) = Y'(b41). (2)
Note also that 3, (t)e3,(t) = Y'(8s1). (3)
Yow aince ‘T(";)-¢\T(*{") there muat be a (%,n) for =

3,0 V6D =545y (P
which ’!T(n}-‘;fk(h) and 12(0) r)ka('a). 1ot I,

be the. recovery tine of J. Let O be the length
of the lonrest chain from an 3; to an e (If a
gchain has x intermediante cells, its lensth 13 xil).
Then 1f either ‘!l(t\ or '32(?,), the net will be
retumed to 1tas resting state before time %+484L.
Cal-p-l
n a chain from fk to Ry with £=7=1 intermediate
cells, and nlso run a chain from & to Ry with
G+L-1 intermediate cells, and let f£R, = 2. Then
10') do E :J‘.o
Ro(t) = fk(t*""’g)'g’l("'di‘_.) (4)
The condition 5
3 (8) = (sst=d)) (s = t)y(e>td;)
implies that
fk(!‘ + 8) = sl(t) . v 32“‘) (5)
The reverse implication follows from the constructiom,

the forward direction follows from the conditien
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on &, since 310,) and sa(t) and 31“)‘32“) are
the only stimull that could have caused f. to fire.

(Otherwise the met would be in the resting state of L
tine t, by definition of 4 ). (4) end (5) imply ;
the sonclusion of the lesma. 0ail the whole ned s

= 35 —>

e "
T IIEY
CHNAINS E REE T | _g_‘:LD—J—

s

\
|
{
|
J
i R R R 2. 3 3 e R

DEFINITION: A nournl et rates in the gxpanded
time goale T, ir n].l p:;‘us oocur at tices mh.
DEFINITION: A ﬂ.inulu- S is in n‘(b) 1f, and
ouly 1if

3 (¢) ¢ 32 (Ix)(t = k)~ (agksd) and alad

(Tt T3t e 12536 €5

This class is I!.(b). oxpmdod"

Theoren 2/5.2. MW

otions, and copies ©

netwerk element J,
; ]

1z9 tput functi £1




v

: @-a,w)b
delay (biA)s (9:‘ (d+3)3. in the case I_Ig(an and

operating in the sxmanded time saale T .2 _for any

a (J).
PROOF: Renlase each cell 11 in the proof of nart 1
and part 2, theorem 9,’4.2,'2;3' a chain of cells
stnrhism- with ':l and having a-1 intermedlate
cells, oxgent that each b.1.J. should be replaced
by a aopy of the net 7Y (of lemma 2/5.1) followed
by a chain of s-d,-1 intermedinte cells. This
process converts those nets for operation in the
time scale ‘l‘a- Lerma 2/5.1 shows that 27 aots
like a b.1,.3. 4n Tdo’ and. wvith the extra chain,
like a b.1.3. in '1‘3. Part 2/4,2,3 of theorem 2/4.2

does not apnly asince it uses other network &) sments.




:
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I :
|
|

'
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2/5.3

2/5.4

o 2-Us
Definitions An element J is "II-potent” (for an :
admissible Glass II of stinmali) if coples of J,
con=junctions, and dis-junctions are sufficient %o
construot a net to realise any given function on II
which hes delay equal to or greater than seme time
NILI).

Hote: In the following sections, no effort will

be made to determine the minimm delay times realiz-
able for apoc_h'll nets. For any particular J this
might be worth while.

Definition: A II-glock is a net C(II) with the

following propertyl C(IX) has input celis 81 and

an output cell gﬂ For any stimalus 8 in II, R"'

fires exactly once, and at.a time ‘1'5 which 48 ine

dependent of the stimulus $, provided that S € It
Theorem: element J is Il-potent

d 8 Il- constructe

1. The forward direction of the theorem is
trivial: If J is IX-potent then a net can be cone-
constructed using J; con, end dis-junctions to
pealize the function P(8) = R®(T(II,J)). This net
s a IT-clock with T° = T(II,J).

2. The reverse direction requires a con-

struction which is a Tvnrah;}‘!;'or those in Theorems ”

2/3.} and 2/h.2.

l.

|

i

i

!

1

i

|
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The first step in the c onstruction is to deseribe {

a "display" net, D, with which the stimuli may

i
|
3
i
§

be converted.into simultasneous voileys. (The net
of 2/h.2.2 is a special case of this netd

‘Let 5T be the time of the latest pulse in

any 8 of II. Let = = max (Tc, 'l‘n). Construct

the net D as followsi
~ CBLLS: 81

Iy

1]

CONNECTIONS:

(L =1,. . « on) (mpﬁt cells).

‘(1.1.000")'

‘J = 0,0 o o .l) o

Note: Cells S, and cells Iis
are 1do&tioc]..

Cells 8, are also the
input ¢ of G(IX).

(1 = 1.‘ o o ,E)
(J - o.o e e .‘)
(k = 0.. e o 8 = T

Note: Cell Bo is identical with
Rc. There may be no other

B.'Io

P

Iij — 11’-1. (‘11 1’ J = 1'...‘ ..n)

Iij

— 8y (a1g,an 3e)

‘k — Bk*l (k = 0,0 o -.'_-Tc"-)o

B.-TO — 811 (lll 1, all .’0’

Thresholdss All cells have thru_hold ity

except the 81 ] which all have threshold 2.
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It can be séen, by an argument
similar to that of 2/3.l, that for this
net, irs €II, Then,
'““),!.[t = 541] . [8,()]
To complete the proof, & net is ad-
( Joined of the type censtructed in 2/4.2.1
and 2/h.2.2, In !ﬁ;.!.ﬂjx.{uh subset x of
the 'N'l' there was adjoined & subnet of
three oells E , I, end P y(vhere F_ was &
b.t.J.)in ruch & way that there was & ocone
nestion from s“ o Ex if and only if su o x,
and one from 811 to Ij if and only if 8“ x,
(with B, a con-junstien, and I_ a dis-junotien,
For the present proof, instead of using a
b.i. §,Fy, supply, for sach x, & copy of the
net Q7 as construsted in 2/5.1. Let R, be
the output cell of the QJ assotiated with x.
Let d(J) be a8 defined in 2/5.1. Then it is
easy to show that if x(8) = {su/st“) o s}.,
then for any S e II,

R (%) = (Sl.t =3 + 2 + &J)]
Thulfornnyalnn,omtlyonoaxﬂu :
fire, and at time = ¢ 4 + 2, m-x,unbo
the ocell ‘3(8) as defined above. The last
step is to construot chains of the proper lengths
from the Rx's to the output cells, as was dome
in 2/4.2.2.
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Proof: A II{a,b)-clock is constructed as follows:
i Cellst 81, EIwi, .

OJ J' Q, .*1' .‘02’ T T ) ’b.

R°., (an output cell)

ﬁ.’ =1 Ac = 2,
Gonneotions: 8, — G,
CJ —_— Gé‘*1
€aian
§ et
[ .
Then R (t) = c. (t‘l)oqb‘t‘l)o
0 (t=1) = G (t=1-b).

(1) and (g) tmply

RO(8) = O (t=1-b). Gg(t-1)
Also a;(‘) = F”(stlt"ll)-

(3) and (vh.) imply that

R%(t) = (F2)(24)(B, t-2-D).8(¥=2)

all i,
alla< j<bd

(1)
(2)
(3)

()

(s)

Because the stimulus is in IX(a,b), the event
on the right side of (5) ocours if and only if

t=2b = 2 and t=2 = b,

Hence the cell ’® fires exactly once, and at

the time ¢ = b+2, and the net iz a II(a,b)-cleck

with ™ = pe2,
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Note: The above net was constructed without
using any non-monotone alements. A similar con=
struction was employed in the proof of theorem 2/3.h,
but in that construction, there was no isolated
"gating" cell Rc, and the Su's with threshold #3
absorbed this function. This technique oould also
be used in the proof of theorem 2/5.4, with the
saving of ono“unit of delay time.

" The definision of IIeclock can be weakened
somewhat and still be adequate for the truth of
theorem 2/5.l.

Definition: & weak II-clogk W(II) is a net which
has the following properties: '

W(II) has input cells S, and an outpﬁt cell

2.  Por any input S in II, R" fires exa€tly

once, but the time of this pulse R‘[(s)] is

not necessarily independent of S,

m: One can either show that J is II-

potent directly, or that a strong II-clock, can be
constructed. The latter is done belows

- Let '1" be the time of the latest response of-

|
:
|
3
3
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WII) to sny stimulus S of II. Tet 711 pe the time

of the latest pulse of any stimulus of II: Construoctv
s net exactly as in the first part of the proof of

theorem 2/5.l, except with J = 0,...,'1“ + Tn, and
{
e I o
'T'*T“u“’ in \...‘-vh d

. ’ ; T olbs in onqth commmm— r
l—_.b—vl;- L ow
Then it is 6a-y to see that for each stimulus
S of 1I, the Sule can fire only at some time A8)
for which .
oIl < 7(8) _<_rn + T+ 1, \ H
s Let the pattern which appears (as a simultaneous

F3
volley) at the Sij at time T(S) be called Sé. Then,

(¥ =s=5')
$,S' o II ,(:é/s"—ﬁ‘. (e X

The reverse direction ’or (1) is trivial. To prove
the forward implication, note that for any S in
II, and at any time t for which .

TII _<_’t < il . Tw, ‘ t2)
the display net I1J contains a pattern which 1is
a comple te spatial display of  the stimulus Se
Furthermore, any such pattern determines the stimulus
uniquely up to time translation, for stimulil in II.

Purthermore, for stimuli in II, the patterns s* on
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the Su at time T(8) will be in one-one corres-
pondence with the patterns on the I, ] at time T(8)-l
(which is in the intervel defined in [2]). But
since 3 and 8! are both in II, if they are distinet
they cannot be translates, hence s® 4 8®,

Teo c@loh the proaf, the net iz completed
in a manner similar to that of the proof of theorem
2/8.4. For each 5 e II, adjoin cells Eg, Ig and
nets Q'Ts as in the preof of theorem 2/5.4. Then,

Qdit) = 8(0).(t = T(s8) + 1 + &)

(where d(J) is the delay of the net Q’). Then if

pom eV 41 414 ad) + 1), 4t
follows that for a given stimulus S, the only Q?
that cen fire is QJS, and that QJs will five at
exactly one time () and that for all 8,

P{8) + 1 + 4&(J) = £(8) < T,

Let R be an additional cell (with threshold 1), For
each S, run a chain of length T - ©(S) from the output
sell of Q% to R. Then for 211 S e II, R will fire
at time T end only then. Thus t.ho. entire net is a
strong II-clock with input cells 31 and output cell
Re

Hence II-potency is equivalent to the con-
structabllity of a weak II-clock.
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The DURATION of a stimulus is 1 plus the dif-
ference between the times of the last and first

pulses. - .
IEMMA 2/5.7. Let L be the duration of the longest
t 1f an element J is II (L)=

potent, it is II-votent.

Progfs Each element of II is a trenslate
of an element of II( L). Hence any net which 1s
a strong IIO(L)-e).ook will be a weak II=-clock.
Then by theorem 2/5.6 a strong II-clock can be
constructed, snd by 2/5.4 J is II-potent.

It follows from 2/5.7 that if an element J
is no(h)-potont for each b, it is II-potent for
every admissible olass II. (Note: It is okvious
thet if an element is IIo(b)-pount, it is IIOQQ)-
potent for all ¢ < b. For then IT,(e) is a subset
of IXy(®).) '

P C ON~ OTONE E 8.
Re t ' ods.

Let us consider an element K wiich has the
following properties:

1. K(t) )~ K(s+l)e

2., Except for (1), K has the properties of
an ordinary cell, (In the theorem below, K will be
used only as a junction with one endbulb snd thres=
hold #K = 1.)
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Property (1) above is read: "K has a refractory
period of unit durlﬁtion". In the general o ase, K‘ e
has a "pefractory poriod of duration d", and this is
expressed formally by

Y MO R(5), ~K(542) 0 ous o ~RIEH),

Theorem 2/6.i.1
e t Kis I A5 for al ssible
elasses II,
Proof: Oonsider the olass II (b), OConstruct the
following net,
Cells: 81 1 =1, 2,...1»
Ny (3=0, . o «sb)
Ko My, Mg, 0, Mg, Mg, Mo, Mg, K.
K, and K, are Kvelements, M, has threshold 2.
All others are disejunctions with threshold 1.
Connections: lo —_— llj (3> oi
N, -—--'»nj’l (] <0b)
L S | ‘
g ed Tpoc,
5oy
B ey
. St |

8y — Ny all §




w

T
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Now consider any S in IIo(b). We know that
for some i, S,(0). ILet t, be the time of the last
pulse (or pulses) of 8. {Then ty = b).

Now 5,(%) => Nj(t+1) (1)
And, Ny(t+l) = l,(t*a) (3§ >0 (2)
Also, u‘j(«z) = N, ($42¢0-]) : (3)

(1), (2), and (3) twply that

8 () = Hy(642) 0 (543)0 oo JHy(t4b41). (W)
Then
31(0).8J(t°) - ('b‘Z). s olb(b"l)lot.b(t°¢2)o eee

oHy(to#del) ],

These two sequences must cover the interval

m(2). ... N ($5-b=1), since ¥, < b. (s)
Furthermore, the pulses at N, due to any othex Sk(’!)
must lie in this time interval, since S,(0) 1= the
first pulse and SJ(to) 1z the last. (By theorem
2/2.7, () gives the complste responee at N, ). Thus,
8(0) = lb(Z)a!b(B)- e o ® .lb(t°+b¢1) and only
these.

Now K, will fire first at time & = 3, and
at odd times thereafter, Let T be the last me
that K, fires. (T = toﬂ if this is odd, toml
if not.) LN will fire three units after K, fires,
so ¥y fires first at ¢ = 6, and at gvep timea there-
after wp to and not after T+3, . (6)




- Beocause of (%a), xz fires at all odd times 5 and
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Mg fires two units later than W, so ¥
fires first at t = 8, and at all even times up
to but not after T4+5, (7
NowMgl®) = My (t-1)\/ (ky(8=1)s From (6) 1t
is seen tha‘t IB fires at
8.) all even times between l and T#l. (8a)
b.) =all odd times between 7 and T+, (8b)
ween
TH8. (and each firing at an odd Hime in this interval
prevents a pulse at the susceeding even time)., But

then, because of (8b)) K, fires also at time T45,.

t t is (2] t
which K, fires. ' (9)
Finally, because ﬂ., -2, :
l.rtt) = Mo (t-1)Ey(t=1). (10)

But My fires only at even times (including T+5),

by (7). And K, fires only at odd times, except for

the sven time T45, by (9). Hence condition (10)

is fulfilled wben and only when t-l = T+5, or

t = T+b, ) 1 "
It follows that the net constructed above is - i

a weak IIo(b) ¢loock, for when presented with any

element S of IIo(b), it responds with a single output

pulse. Hence the element K is IIo(b) potent for

each b, By 2/5.7.1 K is Il-potent for every admissible




class II,

. H' kl-
Note: It fia possible to comstruct a net with

similar properties in which all ocolls

hiave a refractory period of unit durution.
Theorem 2/6,1,4:

'rhe'ormn 2/6.1.1 holds for elementa K with

arbitrary refractory periods d.

Prooft The proof 1= like that »T Theorem
2/6.1.1, except that botwean oells K, and ¥, ene
must insert a chain of del intermediate cells,

The remainder of the proof is essentially the same,
if for "odd times" we ure "tiress lmod(d)" and for
"even times" use "tines = 2 mod(4d)", ‘

Thus all elementa with refrastory periods

are IT=-potent over all admiscible classes of stimull

II.
Inhibitors,
Theorem 2/6.2. Any element with one or more inhibie

tory conneotions is II-potent over any admissible

class II.
Proofs Let L be the slement, OJonstider the olass
IIo(b). Construct the net:




Note: If L has threshold AL greater thar one, rul
AL rivres from each Iy to Lin (L <h)s It is

aasy to séo that Lb firat fires at time t = b+2
{since same Si anet fire st time 0). However, when
L fires at time b+2, 1t prevents any L1 from firing
et t = b+3. Thus at time b+3 there are no‘ pulﬁon
in the net, cince none can enter from the S, after
t = b, Since thers is now no sourcs of pulses,

the net will remain ailet. Hence the net 4is a

( strong) IIb(b) cleck, The theorem follows now
from 2/5eTeles

NOTE: Theoren 2/6.2 is related to 2/lL.23 4t asserts
that with inhibitors one can sonstrust any functlon
on any edmissible class #atch has sufficient delay.
Theoren 2/l.2 asserts the constructabllity of
arbitrsry funections on & amd ler set of stimulus
classes, but 1t specifies & minimum delay.

The olements K and L of 2/6.1 and 2/6.,2 are

the only non-monotone elements of immediate interest.

It was shown esrlier that my non-monotone element
J is II-potent for all II in an appropriltoly ex-
 panded time scale, but I have been unable to establish

the corresponding pesult in the unit time soale.
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Nelther have I found a ceunterexamplie, but I ineline
toward the belief that there is one.
Physioclogical note.

We cannot remain restricted to monotone nets
and hopé to cbtain machines of much intevest, :Theorem
2/2,8 sows that in both probabilistic and none
probabilistic gases, a net which has a naon~monotone

output funetion must contein one or more non-monotens
almut;, in addition te the (given) clements of

the threshold type. In mections 2/6,1 and 2/6.2 it
was shown that either "inhibitory" or "refractory"
elements are adequate for the construction of funce
tions which are arbitrary, except forthe restrictions
to sufficient delay end to domaina of "admissible
classes of stimmli, (It should be noted that the
restriction to "admissidls olasses" i.e., those
elasses of stimuli whieh are finite and contain no
palr of time-translates, refloet the finiteness of
the nets, md the manner in which they are usod,‘
rather than any coarse limitation of their functional
capabilities; If part of the net were to ba set into
operation at the origin t = 0 of time, before the
presentaticn of external stimmli, thus setting up

a sort of absolute clock with r eference to a definite '

point in time, then some Wranslated stimuli could be
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distinguished, Lven so, there wuld still have to
be some restriction on translates, since the clock,
being finite, would ultimately became perdodic, and
stimall ‘trlnllnted by this period would be functione
ally indistinguishable, (The same argument wonld
hold for the brain, in so far as 1% were regarded
as a finite networkj however, the period of that
clock need not be sherter than a lifetime, and what
might be oglled the problem of "dating" events need
not avise,)

The origin of the e vident nonemonotonicity
of the central nervous system is far from cleoar ab
present, but it is nppropi-tltc, at this point', to
examine 8 few possibilities, snd ineidentally to
discusa the evidence for the existenes of the mono=
tonie elements that have played a basic role in
seations 2/2 %o 2/5.

Oon=functiors and disejunctions.

The existence of these basic monotone elements
as relatively diserete entities within the brain
soems to be ;;norauy agcepted by physiologlsts. The
ovidence seems to be of two kinds. In experimental
studies on spinsl rellexss the svidence for "gpatial
summation" is generally oondidered to reflect the
presence of junotions whichr equire a mintmm of more
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then one impulse for trensmission. Secondly,

oach of the major theories of interneural transe

mission prediet such offectis, and the anatomy

of J\motiofu appears to be such as to make it

plausible that such effects can take place. The

elestrical and chemical transmission theories

sach require & minfwum densi ty of stimulation at

the surface of the efferent eell, in the one Z
ease & minimum cufrent density, in the other 2

minimus coneentration (er quantity, in Rashevesky's

 ghecry) of the exeltatory chemioal, If a single

endbullb can supply the minimm, we' would have a
disejunction; if the firing of several endbulbs
1s vequired, & junction with threshold higher than
uniby results. (The possibllity of variation of
threshold is discussed later.) Anltuic;l photo-
graphs support this pri.nolﬁlo, in that they reveal
terminations . from geveral cells in any small surface
region of a given efferent cell. { Generally -poﬁk-
ing, most of this type of evidense is derived from
studies on large motor gells, where & good deal of
gtruoture may be discerned.)

The nature of nMotenio jumetions is not
nearly so clear. We shall discuss a few possibilie

ties,.
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2/7+2410 Inhibitory connections,

The axiems of 2/1,3 admit the possibility
of a connection cij for which fc“ = o, Thus
01( t-1) »NCJ(t).‘ This may be called absolute
w,’a the ¢ ell C e

T¢ this ideal connestion were a realistie
model of a blological entity or prosess, 1 would
mean that the firing of cell Cy had un errooﬁ on
cell Oj which would prevent it frem Iiring in a
{definite) laver interval, no uatter what the
stimilus to cell Og. However, since in any fixed
situation, there will be only & finite number of
terminations on any cell, and the activity of each
téuinntion will also be bounded, the stlmulus %o
cell OJ will always be bounded, in sous biologlcally
appropriate sense. The notion of abaoclute inhibi-
tion, s then not essential for any biological
model of 1r{h1b1tion, for there is no need for a pro-
vess wherein the cell C g i3 rendered inherently
unable to fire at time t3 4t 1s sufficient that
the sffect of the firing of C, render C, wnrespone
give to any stimulus that 1t can possibly encounter.
For prectical purposes, it would be suffiecient %o
allow ﬁ‘a“ to take on only finite negative values.
This is essentially the approach in the Rashevsky




thoory, where imhibition 1z "pelative". It is

nevertheless perfectly possible that a resal absolute
inhibition ocours in the central nervous system,

Chemical theories of imiiibition.

If 1t 18 to be postulated that certain cone
nections \;xxdnr proper conditione release an "inhibie
tory substance" J, then J must sct in ene of two
wayss

Ay J in a&ne way directly neutralizes the
excitatory stimuli, B.g., if excibation wore
mediated by an exeltatory subatance E, J could form
an inert chemical sombination with E, or otherwise
insctivate it. i

B, J in some way protects the cell surfece
from the effects of B, This effect could be &bso=
lute or relative. )

Rashevsky does not expliecltly choose any
one mechanism, but he does vpoatul&te that E and ¢
behave in such a way &s to resemble a quantitative
neutralisation.

Electriocal thedries.

If it is postulated that exeitation takes
place due to the passage of a sufficient current
density in the proper direction through (a suf=
ficiently large area of) the efferent gell membrane,
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then there are a number of possible inhibitory

mechanisma.

A, Inhibition could be produced by an
opposing electric fieldy such a fleld could oecur
by the firing of fibres so placed ( geome trically)
that thelr firing potentials oppose the excitation
potentials, This effect could be loeal, confined
to the noiglxborhéod of the junotion, or could de
due to largsr electrical fields covering relatively
large neural subnets.

B, An electrical tranmmission theory is not

" incompatible with a chemical inhibition theory. The

2/7:2:4

inhibi tory subastance could act to ‘render the membrane
unable to five. (It is conceivable that the imhibi-
tory substance could affect the dielectric or reais-
tivity properties of the junction to an e xtent sufe=
ficient to prevent threshold stimulation of the
efferent cell.)

Anatoiiocal theoriest

It is conceivable that the axon hillock could
be so affected by nou-_l_! exoitation as to prevent
later excitation from reaching the axom. (There
is no ovlduﬁ for this.) In fact, any process by
which retrograde conduotion 1is established from
the axon, or axon hilloeck, without simultaneous
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initiation of forwird conduction, would put the
cell into a refractory phse, and thus act as an
inhibitor.
Location of inhibition.

'm? location of the non-monotone processes
of the nervous system is also a matter of specula-
tion., All neural elements have a refractory period,
hence every net "1; potentially capable of nommotone
activity, including bshavior which r esembles inhibi-
tory., Nevertheless, there may be more specialized
forms of inhibition than this distributed local
type. We shall later consider more global forms}
suppression of activity in the "final common path"
or motor tracts, and processes which extinguish, or
greatly modity the activity of entire nets. -Sa;t
of the machines to be described will contain subnets
which exercise a oalpmt;voly large control over
inhibitory processes in other mbyta.

The basic physiological faect that all neural
elements have appreciable refractory periods, coupled
with theorem 2/6.1.d, will justify our subssquent

lack of concern with the problem of non-monotonicity. -

There is far too little real physiological mrorf
mation available to justify the assump tion that

any other particular non-monotonic element is present

"

L ¥ ot

-
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in the nervous aystem.

Little ia lmown &out the anatomy of inter=
neural junctions within the central nervous system,
The best information is to be found in mierophoto-
graphs of the ihrraoo of the glant motor cells of
the ventral columns of t he spinal chord. Fibres

"touinnu, on or near the dendritic or poriku-yoﬁ

surface with distinguishable "endbulbs", and 1t
is believed that these represent the anatomical

site of the interneural junctlons.

Whether the same structures exist throughout the
CNS is not clear, and there is no reason to beliewd
that the endbulbs are the only possible interneural
June tion.

There is another possible site for trans-
migsion of pulses, and in order to deseribe 1it,
it i= necosnry'to suggest & modification of the
ususl view of the role of neurons in the functioning
of the nervous system, It is unnatural to regard
the neuron as the basic unit of activity, inasmuch
as a single neuron usually has more than one June=-
tion associated with its dendritic and perikaryon
surface., ~ If the nerveus system is to be dosorj.bod

i
§
i
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in terms pr;per ‘to a neuralesnalogue net, and the
neurons are taken to be the "gells" of the axio=
matic theory, then the condition for firing of a
neuron will be a dis junctive e xpression where each
term ls&thq firing condition for one of the junc=
tions on the neuron. It is more natural to regard
each junotion as & basic unit of activity, gnd to
regard- the nou:rbn as an "identification" of the c
output fibres of each of the junctions on the neuron.
This identification can be taken to be a mul tiple
junction with threshold ode (with probability one)
and Wﬂm . Let the

symbol }rcpreunt ‘such an element.

Thus, suppose a neuron N has three juncticns

on its surface 80O that its firing oon&ition is

N(t) = (8, z-l'n\,[szu-n.'%z-m 3
V(sk( t-1) .ﬂs( t=1)+8¢( t-1)]
Ir————o Ne (following locullgg(l}_-ntta.) ,, c
s’j : It is more natural to regard
AN the junctions as functional .
sl unitss:
Jy(e) = (t-1) I
Iplt) = S, t—l).SB(t-l)

JB(G) = lh(t.1»).ss(t-1).$6(t-1), and

/
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Sl—-ob_ll‘ " then to introduce the neuron as &n

element
J Y
5 :2"" 2 L —>
b S
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sion has no synaptic dslay. S8uch an element cannot

B OREATRPE A RVENS D

Note that the element N in the above expres-

be represented in the PittseiicCullooch axiom system.
The reason for this is that the firing econdition for
¥(t) has a computation time of just 1 time unit. A
Pittas-MoCulloch net having one output fibre and time
depth 1 can only be a single cell with a definite
Threshold, T. Each of S,,se.5; oan have any number
" of endbulbs on N, say 5, has by, ete. Then
fv, 2 T).[B, ¢b3 > T],[bh + bs + o 2 Tele
In this case, one of by or b, sust be > T/2, and
one of(bh + he,' (bs + bb)}h - bbmt be > 21/3.
Let, e.8., by = /2, and wﬂ,gg&; Then
[bz*bh+b51é.l‘1‘/2*2‘l'/31>?
hence the oonbi.nation(bz * bl& + bs)omndl the
threshold, and ;
Bgl t) o8y () Bg(t) = N(t+1). This contradicts
the original firing gondition.




Note: If elements of the form d N are permitted,

then minfmum delay may be cut by 1 unit in several
theorams :x 2/3 end 2/h.

Now if the biological neuren 1is regarded
only as an association of junetions, with an element
N, nets can be o'ogntruotud without any biologieal
neurons &t all, at loast in the axiamatie framework,
simply by not using any elements of the N-type. In
fact all previously described nets may be regarded
. 4n this way. This could conceivably have a direct
physiological parallel, as follows.

Consider a branch point of an (actual)
nerve fibre. ' The branch can be regarded as an ;

entity from whieh ox_-iginato
;‘-\<ﬁ three nerve fibres. The firing
€ of any of the fibres is soms
function of aarlier firing of the others. In the
usual case (anatomicaslly), one of the fibres will

be larger than the others. For each fibre is
part of a tree terminating on some neuron, i.6.,
of the axonal or dendritic tree, and that one of
the three fibres which 1is nearest (topo].ogioallf)
to the neuron will usually be larger. Now it

geems plausible that when an impulse arvrives at
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the branch point_rru the larger fibre then both
of the smaller fibres will be fired, with high
probability. For the amount of electrochemical
activity at the junction is thon relatively large.
On the other hand, wheh the input pulse comes
along one of the smaller fibres, or even both,

4the smount of activity may not be enough to fire

the larger. Certainly the probability of firing 2
Libae (s 3 '}’4

P
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the largor' n both small ribres .('ix-o/.s than %hen
just one fires., Henee the branch point has to
some extent the properties of a binary junetion.

In the absence of a well-confirmed quantie
tative theory of nerve fibre condluouon, there is
no way to estimate the plausibility of 2/8.31¢
It is possidble that all of these probabilities are
so close to 1 that whole synaptic and dendritic
trees fire as one, but to assume this to be the
case is not less reckless than to assume that
the probnbiiitin are such that summations con~
ditions are necessary for firing a branch, at
least n-en'thn smaller fibres to the large énoa.

There 1s one 1ikely socurce of asymmetry
between the small and large fibresj for all peri-
pheral fibres, the refractory period is longer
for smaller fibres, and the relation is qu;n
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marked. Thus, if we have a small brench snd two

large ones, as in the figure, and F, is fired
twice, with an interval
i petween which is less than
the refractory period of 13,

* then P, will fire twics, but
P3 only once., This would seem very likely, physio~-
logically., I point it out, not to use it in any
essential '!-ny in the theory, but to indicate that
the branches may ultimately have to be regarded
as funetional elements,

Another fact bearing on this bransh theory
49 that all kmown cases fibres conduet equally
well in vither direstion, It is generally believed
that anatomical synapses (with endbulbs) oan only
eonduet in ocne direction; from axonal tree to den-
dritic tree. If this is true, and if there are the
only interneural pathways and 1f the neuron must
fire to initiadh axonal setivity, then the neurons
play an essential role in the netj for then a
neuron must fire Mvcr sctivity -prud-’coin-
volve the fibres of another neuron.

Ir, how‘nr, there is any way in whigh
sotivity may be oondusted from one tree to another,
without firing of a neuron, then, at least in the
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axiom system, the neuron loses its special impor-
tance and becomes mereély a convenient logieal
agjgnot:l!' connective, Such conduction might
oxia\t in the nervous system simply as a property
that if twp fibres cf.no sufficiently olose, sross
trensmission is likely., Thus the close proximity
of two or more fibres might have firing conditions
entitling it to the olassification of function.
If there are sufficlently many of sush pathways,
then the neural net can be regarded as a huge
network of fibres in three dimeneions, in which

‘junctions occur in the form of brenches, contiguities,

and classical synspses, and which the neurons have

a role of coupling the firlng. eonditions of lai'go
numbers of fibres. The neurons probably also have

a role in that they set up relatively large fields
when they fire, affecting the transmission probabili-
ties of all nearby junctions. It is conceivable
that the neurons will not play a fundsmental role

in & neurological theory (at least in the cortex) i 4
and that thelr proux;u is largely & nttjcr of

biological necesszity, since the neurons are the

metébolic center for the Fibres. One conclusion . |
would be that, if the neurcns are regarded as the

primitive element, there are only about 1010 of »
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them, while if the branches and other junctions
are regarded as also primitive, then there are at

least 1°12 , and perhaps 1013, elements in the
human brain.

it o
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PROBABILISTIC ASPECTS OF NEURGLOGY
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3/0

In this chapter we attempt desoriptions of two
upoct..- of the.eentral n;rvou- ay-tém The behavior of
ocentral ‘.ntornoural. junctions, and the structure of the
networks of the sentral nervous syatem, In each case
the amount of real experimental .nnd theoretical informa-
tion is =0 @mall that any such discussion must be
regarded as hié;bly speculative.

One thing appears fairly certain, however, In each

 oase the system 1s almost sertainly so conplicaiod that c

an exact deseoription is not feasible. Interneural trans-
mission probably depends both on highly fortultous geo-
metric contingencies, and on highly complex neural events
ocourring in the nedghborhood of any given junction,

And the structure of the nets, i1.e., locations of cells
and connections, probably depends on a tremenéous number
of biological variables.

In regard to the possibility of determining experi-
mentally the quantitative laws involved here, there are
serious difﬂog}tion both in practice and in prineiple.
The practical diffioulties are due, in the case of the
behavior of junctions, to the ﬁ-u;iiity and’ n;nheonou_
of the junctional structures, and the consequent obstacles
to isolation and extended study of single or small numbers
of junctions. (Note: This does not apply to poriphenl
fibres and junctions; for this reason most information is
derived from study of peripheral (end invertebrate) nerve.)
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In the case of the structure of the neural nets, techniques
for visualizing neural dnterconnections are as yet incom-
plete and undependabie. There seems to be no technique ;
at present which o;.n provide reasonable complete informa~
tion about all the comnectlions in a volume of nervous
tissue.

In the case of the intermeural junction, it seems
that even if the transmission laws were completely known,
they may be so complex that a precise computation of
neural activity in a net would still be impractical, e.s.,
1{ many of the variables indiocated below play an important
role.

For these reasons it would seem appropriate teo
attempt to replace thoge laws whose form is unknown but
which are suspected to be dependent on u;any fort.u;toul
variables, by simple statistical hypotheses and pm;
néf.orl. and attempt to find theorems which have a minimum
dependence on the exact form of these laws.

This approach geems at least as sound as that of
those models in which complex and unimown dependencies
are replzaed by simple deterministioc funotions, and the

conclusions are expected to have some validity by “analegy".

It may seem proper, €.2., to assume that en unknown
monotone deonnlng function asymptotic to zero 1s
approximated by, say, xl.'kﬂ’. but At is not proper te
assume that the derivetives of the unimown and the hypo~
thetical functions are then also approximations,
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[Rashevsky's extensive use of differential and integral

equations geema to have 1ittle -Justification in this
mgaxd_.]

The statistical .npproaoh also avolds gertain 4Aiffi-
-oulties attendant on the use of the discrete models of
-the form of 2/1.1 ~ 2/1.4, 1In net.'s composed of these
disorete elements, the behavior geems often to be deminated
by special combinatorial artifacts, e.g., periodicities,
wh»ioh cannot be expscted unerdtiocally, in the bieological
Bystems, !

3/1 The concept of oxoitatory Shreshold.

3/1.1 If a nerve fibre is isolated and maintained under
congtant laboratory conditions 1t will exhibit certain
uniformities of behavior over relatively long intervalas.
A notable such uniformity 1s that of "threaheld" fo

: glectrlcal excltability. lLet a fibre be stimulsted hy
/panarre of a measured eleotrical current for a conatant
time, It is observed that, if the excitations are spaced
apart by a sufficient intervel 7 then the fibre will fire,
(a propagated impulse will arise) if, and only if, the
stimulating ourrent exceeds a certain value T (whioh
depends only on the length of the applied stimulus, for ]
a given fibre and experimental set-up).

R may be called the full recovery time of the Fibre.
If the fibre 1s stimulated at a time closer than R to

the preceding excitation the minimum current required

)
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for firing may be greater or less than T, Ue will discuss
thege fluctuations in 3,277,

The value T so obtuined is called the (exoitatory)
"threshold" for the fibre (and for the experiment),
Presumably the exlstence of such a threshold reflects
-some property of the exoitable tiém which is common
to all nervoug tissue. (Musocle fibre exhibits the same
property as well.)

However, even if we were to accept the proposition
that essentlially tha. same procegses ococur at the AM‘

neural Junogtion; and that firing there tuo dependas on

the stimulation exceeding a definite threshold, there are

some considerations which make it appear that the situation

may be more complicated., Both the motions of "intemeural
Junction" amd of “etimulation" require clarification.

3/1.2 The question may arise as to whether there is
/
Juatification for the bellef that there exist distinguishadle

Junctiens; 4.e,, that the nervous system has an acoceptable
model in the axiom systems of the networks 2/1.5 or
2/1.6., If the comnections 0yj are identified with ana-
tomically discernable fibreg originating on neuron 01' and
termiinating near or on neuren Cy» ‘then the axlomatio nodo;l
i3 realistic if, and omly if, the firing (or for 2/1.6, the
probabllity of firing) of C 3 depends only on the activity
of those 0, for which there are fibres 0, ,.

But this is certainly not true in the brain. The
firing of a given cell will depend on a number of factors
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which are nmot so direstly modeled in the abstract network.

With any theory of mtqmouul transmiesion involving

electric '1nt.onln_10-, chemigal oonoont'utionl, and looal

membrane thresholds, the firing conditions at the junotion

will, slmoat ocertainly, be a complicated function in-

volving the spase-time distribution of activity over the

surface of the cell. There 1s no evidence that any of

the following features can be completely ignored:

a). Metabolic products of nearby cells. The coneentrations

and gradients of such' substanoes VAL depend on the o
sotivity of all nearby cells, and may be expected to have

an effect on the excitability of any given cell. Sub-

atances directly involved in nerve transmission may be

expected to have important effeata. The distribution

of eleotrolytes will affeat the geometry of elestrie -

fields.
4

b). The electric fields incidental te nearby activity
will influence the activity at a given junction,

). Activity of nearby cella will be reflected in thermal
changes, which may have an appreciable effect., Thermal
changes in the gehcml eirculation cannot be ncslocm.
d). Even local mechanical, effects nqubo considerable,
There are distortions due to ciroulatory pulut.&apa.
variations in mechsnioal strength of structures with

any metabolic change, osmotic forces changing with re-
distribution of metabolites, and variations of the local

()}
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‘geometry due to ameoboid activity of supporting ulﬁu
cells. Fimally, there 1s reasen to believe that the:
endbulbs themselves may undergo changes consequent to
recent activity.

@). Bach ocell and fibre involved will itself have a

fluctuating intermal etate, causing varlations in the

magnitude! of excitatory pulses.

' £)e Humoral ‘substances in the local and general cirocula-

] tion will affect firing conditions locally and generally,
(and not_nooenearily uniformly, eince there is considerable * .

= differentiation of nerve sells). It is known that certain

nervous genters are especially sensitive to the concen-~
tration of apecial substances.

. @), Pinally, the structures that are observed mioro-

scopioally and believed to be "interneural junctions”

are small, near the limits of optical resolution, (and

these may not be the smallest). Littie is known about

their structure, and there is no reason éo believe that

they are the smallest entities involved in interneural

transmission. For structures of this size operating at

biological temperatures, thermal agitatilon effects

may be appreciable. (Not kmowing the magnitude of the

—E. processes essential for transmission, I cannot compute

: the importance of thermal effects.) :

Note: In recent years it hﬁs been discovered that the

gentral nervous aystem is provided with an
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effective shield from the large concentration
fluotuations of most substances in the general
ciroulation, If a teleslogioal argument is
permitted, this may‘bo taken to indicate that
the nervoﬁa gystenm is eépocially sensibtive to

- chemigal changes, hence such prﬁteotion is

neceagsary. | 3ut there is ne evidence that the
same probeotioﬁ is availlable for local fluctua-~
Ulons within the nervous tlssue.

We have no way of evaluating the importance of
these effects,. Hénce it would seem that 1f any theory
i3 to be consbtructed, the firing conditions at a Juna-
tion must be expressed in probablilistic terms. We will
progeed on the asswaption that the firing aondition at
a Jgnobion 13 is a probabilistic dlgtridbution which ie .
a tugotion of the aotivity of those cells for which
there are fibres 013’ as in axiom 3A-3n (2/1.6). This
means that in spite of the posslble non-net influences
of 3/1.2, we commit ourselves to thé belief that the
visible natwork structure of nervous tissue ls of
essential 1mpor§anoe,'§nd that the other aspeats of
neural activity may safely be oonaideﬁd aé contribut ing
indeterminagy to the network structure, In the final

chapters we shall returm to this discussion.

¥
W
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3/2 Elestrical exeitability in nerve fibdres.

3/3.1 contains a general description of sertain
fluotuations in the eleatrical threshold of some nerve
fibres. 3/2.2 discusses the question of which fibres
behave in this manner, and 3/2.3, the oxtont. to which
Anterneural Junctions may be oxpeotcd Lo behave in an

analogous manner.

3/2.1 We consider the behavior of a nerve fibre under

the same conditions as in 3/1.1. Assuume that at ¢t = 0
the fibre is in its “resting state”, @.e., it has not
been fired or stimlafed for a sufficlently long time
(esggey "R" of 3/1.1) that its properties are constant,
or nearly so. Let the fibre be fired at ¢t =0 by a
sufficlent stimulus, i.e., an olaot.riulaurmnt of
amplitude exceeding T (3/1.1) of standard duratien.
It 1s an experimental faot that the exoitability of °
the fibre st & later time 4 is substentisily independent
of the glze of the astimulus at t = 0, provided that
pulse 1s mroater than T and not so lujso as to per~-
manently injure the tissue. But the excltabllity does
depend on the time d. In fact, suppose that the fibre
s fired first at t = O by an adequate stimulus, and

next excited at time d. Then the threshold F(a) at time

d depends on d in the following mammer: T(&) varies
gcontinucusly and may be sald to pasa succeassively (in
time) through five "phases".
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/0/. (04a<¥r) an "absolute refractory period”
during which, i.e., no stimulus
g : can initlate a pulse.
/A/« (¥éidd{s) A "relatively refractory periocd",

or, to use another equivalent
expression, a peried of "sub-
normal exeitability", during
vwhioh a stimulus greater than 7
1s rejuired to initlate a pulse,

/2/ (scd <8') A period of "supernormal excita-
bility" during which the fibre
can be excited by stimuli smaller
than T.

/3/. (8'<d<a" A period of “subnormal exoita-

N bility" lsdn. |
7 /4/. (8''<d) an indefinite perdod of resting
or normal threshold T.
Figure 3/2.1 illustrates a typical curve of "exoita-
5 bility" as a function of d. ("Exocitability" is the in-
) verse of “threshold”; E(t) = 1/T(t).)

/31 yan
EQ AV /24 ' /
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The curve does not ascurately represent the propor-
tional duration of the phases, (or the acsurate values
of E(d)) for uny particular experiment.

The relative lengths of the phases 1s of importance

in the later chapters. For peripheral fibres, these
;mnnuuol vary irn different specimens, and thig is
net the place for a detailed study of the experimen-
tal results, Inasmuch as our real interest is in
intermeural Jjunoctions, details of the properties of
perdpheral fibres are vlmportsnt. only insofar as they
;upply a model which the juncotion may resemble in some
respects. Although quantitative data is avallable as
to the relative lengtha of the phases in fibres, these
data are not directly applicable to our medel of the

. interneural junotion. ' '

3/2.2 For the theory of the later chapters, the most

important aspeots of the excitability fluctuations are
the existence of phases /0/ and /2/. The existence of
phase /0/, the refractory perioed, is dertein for alli
exsitable tissue, musele and nerve. For nerve fibres,
the absolute refractory period has duration .5 to
2.0 milliseconds, in general. rhage /1/ may llut
longer.

Phaass /2/ plays an important role in the theory,
and without it the chapter on the "theory of oycles"
wbuld be empty. In the mammalian nervous system three
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types, “A"; "B", and "0" of nerve fibres are distinguished;

of these the "A" and "G" types exhibit a well defined
/2/ or /supernommal/ phase. (Fulton 99ff) In the “"B"
fibres, there 1s no supernormal phase;:recovery is
th;ough a continuous subnormal course. However, “B"

fibres appear te be confined to the autonomic nervous

. aystem; (and t.hosn to postganglionic fibres) and 1t

is plausible that the fibres of the gentral nervous
syatem generally have a pupomoml period. This ls.
true of all somatic nerve.

A possibly important feature of the supernormal
phase is the fact that if a fibre 1! stimulated re-
petitively at very short intervals, the supernormal
phase will shorten or vanish. (See agalrd Fulton p 105.)
Under the same oonditions, the subnormal phases will
lengthen,

Junctions.

If the recovery oycle of 3/2’.]. is assumed to
reflect a basic process in the surface of the fibre,
ao is generally belisved by those who hold to a "mem~
brane" or equivalent theory of condustion, then it 1s
plausible that the same process takes place at the
surface of the efferent cell of the intermeural junc-
tion. At such a junotion, it may or may not be the
case that the excitatory stimulus 1s an electric our-
rent (as it was in the experiments on isclated nerve

fibres). But in any oase it is stdll plausible that
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tho‘ inhmourd. Junetion goes through a similar excita-
bility oyole following stimulation. If we define a
transmisglion probability for interneural conduction,
as vwas proposed in 3/1.3, 1t is reasonable te expect
t;har. the fluctuations of the recovery cycle of the !
efferent oell surface tiasue will be reflested as flue-
tuations of the transmission probability of the junotion.
Let ua oonsider a'u!.np.'l.o case.

Let J be a Junotion formed by a number of endbulbas
from a fibre £ hemmn‘t.ll_ng on the surface of a cell 0.
For simplicity suppose that these are the only endings

on N.

Then at any time t, the Junction so formed will have a
certain transmission probability XP(t). It is plausibdle,
by all the arguments above, tha§ under circumstances
like these in 3/2.1, the Junction J will pass through
corresponding phases of exeitability, or with the
probabilistic interpretation, XP(d) will pass through
corresponding phases. We shall therefore assume that
Af the Junction J is fired at ¢ = 0, and that prior te
this J was in a "resting state", thetw its transmission
probability XP(d) at timesd >0 will pass through five
phases.
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v.uthoueh the funotion xP(d) is presunably ceontinucus
in 4, as indicated in ™g. 3/3.la, we will generally
xvpléce this function by a step funetion to make certain
onloulations feasible, For this step fumction approxi-
mation, the phases will be denoted by /pt/ wvhere py is,
gay, some typleal value of XP for the :'t.ﬁ phase. Ye
ghall let po = 0, since this is the absolutely refractery
period. 3ince the absolutely mfmqtory period is .
pﬁ}umnbly due to san intringic incapacity of the efferent
gurface to fire Auring this phase, none of the acmmsldera-
“tiong of 3/1.2 would meem to jJustify the agsignment of
even a very small positive XF to the Junction for thia
phase., The refractory phase will be denoted by /0/.
The subnormal phases will be denoted by /py/ and /po/e

The supernomal phage will be called ’/B'/,‘ and the
terminal or resting phase is /p/. Dy definitiom,

Py {Ps Dg{Ps FDD»

Note: The existance of /py/ seems to be of minor
importance in our theory. Iis existenae
will usually be ignored by the device of




3/3.2 If more than one fibre, f

{ o =

e, 3/301b

Note: Even vhen we ocomsider a continuous Xp(d),
we will use the diserete notation /pl/ for the
phases. If we have several cells Ny, then /Py/ 3
will denote the /pi/-phaoe of "3'
™ the chapter on eyecles, we 3hall maite asome egtimetes
of the duration and probabilities of the shages, using
hizhly heupriastic methods. 'uno supporting biolosiﬁl
“avidence will bs introduced there, also.
0 hasg endings- on the
surface of a cell 27, the junotion so formed is multiple,
md 1ts XP 43 a funoction of the stimulus, as well as
of the recovery wrocess. There would not be sufficient
Justification for assuming an expiledt form r?r'ehlu
funotion, for little in known about the effeat on
threshold of s0-called “subliminal" stimuli. Pulses
which f2il to fire a junction msy or may not affect
its recovery phase, ané little is knewn about this.

(For fibres, subliminal pulses lower Shreshold for
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later pulses, if the interval is very short, e.g.,

0.5 ms or less.) It would seem safe to agsume that
if pulses arrive together, or very olouiy. in any
small region, their effect would summate by virtue
of summaticn of the chemical or electric transmitter
agent. It also seems fairly safe to assume that (if
the recovery ayele is a property of the cell 0) when
; the Junction is in ﬁluu /F/ due to an earlier firing,
that the trensmission probability is raiged for all
stimili, or at least for the sriginal stimilus and its
subgsets. Thus a stimulus which ordinarily has only
a small chance of firing C, may have a large chance
Af G (or the part of O's surface concerned) is in phase
/¥ 'fhu-. for this kind of junoction (a localized
nsim of cell surface with several connections), we
will assume that the XP for all (simultaneous and
near-gimultaneous) stimuli vary together. An analogy
in the Pitts-MoOullooh medel would be the variation
of the numerical threshold of the neurons following
firing.

It would be convenient if the pxjeperuu of a
localized multiple junction were similar to those
digoussed in 2/2.5, with a relatively sharp numerical
threshold, for then we would have more or less ideal
con~- and digjunctions. We will have vocasion to esti-
mate the effect of assuming sharp thresholds in 5/9.
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‘Synaptic delay. .

© The time betwsen exoitation and firing is called
the "gynaptic deldy". The time quantization sxiom would
assert that this interval 1s constant for all fhunotions
and all times. However, this is certainly not the case
in the nervous system (Fulton p. 190ff) and if any
theorem dependéd on this assumption, it would de sus-
pect, In accord with the general polioy of this theory,
it_ mast be agsumed that for any given conditiomns of
internal state and excitatisn, the synaptiec delay has
a probability distridbution with pesitive dispersion
(and, presumably, continuous). The quantization axiom
may be approximated by having all suoh distributiens
sharply concentrated around unity. However, even

digregaming the probabilistic sspeat of the aynaptioc

delay for 2 single Jjunctien, it would be reckless to
assume that the synaptic delay is the same for different
Junctions., It is mown to vary, in single Jjunctions,
with the recovery phase, and for different junotione.
Thus any theorem which depends on such constancy must
be suspect. )

It 1s kmown, at least ‘for spinal motoneurons
(Fulton 140ff) that synaptic delay is, for a given
Junotion, greater when lt.imnnuqn is earlier in the
recovery ayocle, at least in the earlier phases. The
fact that @ynaptic delay is a decreasing funotien of
d(the time b;tmn pulses) has an important
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congequence in the theory of eyeles, in particular on

the question of storags of information in oycles.
There are thus tws aspeots of variation of
synaptic delay; that due to individual cellular
diri‘omul. and that due to the probabilistic fluo~-
tuations, It will often be neceassary to make the

§
-Quantization assumption in order to make a typical

caloulation practicable. In such a case it will be
necessary to verify that small changes in timing of
the events concerned will not make the caloulation
invalid,

REMARKS :

There is no Jjustification for choosing any parti-
oular distribution to represent any of the phenomena
disoussed up to new. Ve will concentrate on th.onil .
which depend only on the form of the distributions as
specified already. In particular, the mere existence
of the exoitability phases / / and /F/ will be the
basic condition for most of the results. an atbempt
gan then be made to cxamine the consequences of
assuming partiocular distributions., When a particular 5
Aistribution for the transission probability funotion
is sssumed, then .nyr result obtained as a consequence
must be regarded only as a model, whose applicability
depends on the extent to which it can be safely
generalized.,
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The probabilistic aspects of the behavior of
junctions might best be regarded as though thresholds
are determinate but st.mt noise ias present. Moat of
the arguments of 3/1.3 lend support to this inter-

pretation,

The donﬂ.pti&on of the junotion, up to this
point, must be regarded as covering only the “short-
term" properties of the junction. In the leaming
process, it h. possible that the Junctions alse display
Ioug-:ton. and even permanent changes in exeltability.
We shall take up the theory of permenent changes in
ohnpﬁer 6.

Global structure of nets.

There 1s a great deal of available informatiom
about the gross structure of brain tissue, but rather
1ittle real knowledge about the nature of the connec-
tion structure within any small portion of the brain.

A mloroscopio inspection of brain tissue reveals, with
gertain important exceptions, the following typical
pleture. (Note: It would be easy to expand the
deseription in much greater detall, even with present S
information; the description b;lov is a simplification
for reasons of bnvxt;y. It would be feasible to make
a much more detailed analysis of the nets of the brain
using only present information, and it 1is hoped that
this will be dcae presently.)
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3/5.1 : "Noum ocubes". '

If certain "spesialized" néions of the cortex
are exocepted, then examinationl of a small section of
cortex gives the following impressien.

: 1. The neurons (i.e. nerve cell bodles) are
diastriduted through the section in a manner
-hoviné 190».1 irregularities of digtribution

with a more or less clearly ds._loomnblo over-
all structure, In wcemulb;w:‘f‘oortox there
are many difrohnt morphological types of
neurons; they are diastributed in such a way
that there 1s a gross appearance of (six or
more) layers, of high neuron denslty, sepa-
rated by lamina of relatively fewer cells.
However, this laminar structure is far trom
/ well defined, in most cases, and it would
geem to be most appropriately desaribed hy
saying that each type ot cell has a digtinot
probability distribution of location, and

1 Nervous tissue can be so prepared that only neuronal tiasue
is visualized, The desoription omits, of course, the
supporting and vagoular tissue cells. (This might ulii-
mately tumm cut to be-a serious mistake.)




that the grosa laminar appearance of the
cortex is a consequence of these distribu-

tions. In myiopinion, the lamini are

sufficiently distinet that it would not be
nnnu&nablo to mppbno that they have funo-~
tional eigmificance. |

For example, the fact that the motor
(wmidal)" cells of the sortex are largely
confined to t.hov central layers may be impor-
tent in that this makea 1t possible for them
to nooivo impulses from a larger ciass of
cells than would be he case 1f they were

not so ocentrally located. '

If it were not for the laminar distribution,
the cortical distribution. of neurons might
well be called "randeg". OJertainly within

any one lamina the distribution appears quite
ddsorderly. (Again, there are certainm excep-
tiona,)

The connections between cortical cells also
show a plrt-IMy orderly, partly random, pattem.
For the moat part, omnoonn;u :ﬁov hordgontal
(parallel to the lamina) preferences, but there
is a rich gupply of diagonal and vertical fibres
as well, The vertical fibres have a very '
speoial type of distribution; most of them have
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iv,

‘thelir origin or branches in a few layers, and
then run ver$ically downward directly out of
the cortex. In general, the horisontally

oriented fibres are rather short, while the
vertical flbres whish run out of the cortex
into the underlylng white matter are longer
by a iarge order of magnitude.

The fact that the horlzontal fibres tend to
be short, together with the faot of the
genexrous nuppiy of vertical fibres entering
and leaving the cortex, give the impression
that these vertlical fibres (tracts) are the
primary input-output channels for the sample
neural cube, It is my impreassion, from examina-

‘tion of various preparations, that & pulse

enterdng on an incoming vertical fibre would,
typically, pass through only a very faew (e.g.,
two to five) Junctions before it would meet an
outgoing vertical fibre.

The vertical fibres leaving and entering the -
cortex may be distinguished into about four
groups in the following way: ;

a. @latively short fibres running from one
side of a oconvolution to the other.

b. Longer fibres running from one comvelution,
under the separating fissure, and rising into »

an ad jagent omuntion.




0. 3ta11 longer bundles of fibres running
from one part of the cortex to remote corti-

> ¢al areas 1'u another part of the brain.

d, Long bundlea of fibres running between
areas of the cortex and non-gortical parts

of the nervous system. (Wote: The fibre
tracts ;f {(a) and (b) may be considered as

a slightly larger than "local" feature of :
the brain, They are uniformly present in the
eortex, The f.r.aot.c of (¢) have a different
status, as they do net exist between every
pair of cortical regions, hut have definite
“anatomical" locations,)

Ve The cortex then may be plcotured e;s a collec~
tion of "oubes", each of thch is (except for A""
the laminar preferences) a random net, with
definite input and output chammels (the !
vertioal columas) and which are connected
together, through the input and output tracts

~  primarily (Che intracortical conduction between
cubes mey be ignored, or considered as part of (a)) &

by & set of more or less definite (non-random)

bundles. In addition to the intercortical
connectione are sets of subcortical commections -
whioh enter the cubes from specialized midhrdn
organas. Oertain "specialized” neural cubes




E
|
E
|
|

3=23
receive or send speolal tracts to and from
mobor and g@RsOry organs.

3/5.2 In chapter 6 thig pleture of the brain will be

inveoked to show how certaln proceasses (;n partioular

certain learning theories) might be realiszed by the

brain. In doing s¢, bthere will be an attempt to show

uuhioh parts of Lhese ﬁmoolus might be realized by

sertaln parts of the brain. It will be necessary then

to return briefly to this disoussion. |

-
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CHAPTER .
REINFORCEMENT SYSTEMS

'nn_ object of thi_a chapter is w desoribe
a fow types of reactive systems (See Chapter 1)
and introduce some concepts which will aid in the
befiavioral descriptions of those aylfom. The
models and deseniptions are all related to a
general concept or."‘roinrorcmnt". This concept
is very closely related to that used in eeveral
current behavioristic iodols of learning processes
of animals. I will define special types of "reinforce~
ment™, in connection with the deseription of particu-
lar reactive systems, However, I have found the
terms "reinforcement”, or reinforcement ?pornbor"

useful in informal discussion and feel that restrice

ﬁon to a precise definition would result in a loss
A

of consceptual power.

A "learning theory" for an organism, or for
a material system, is a theory of those changes
in the reactive and/er the internal proﬁortiu of
the object (or the abstract system) which are " due
to the effect of the previous texperience' of the
object". ("Experience" here means, gnerally speak~
ing, a desoription of the history of the object
with special emphasis on the role played by inter-
aotion with the environment.) A "learning theory”
thus attempts to explain aspects of behavior whiel;




are not known to depend on m.xoriblo internal changes
of structure (e.g., "maturation”), or on "built-in"
reactive systems.

; It is possible to distinguish, in t4e behavior
of' many nnilali , several ( spparently) different
types of "learning”. Many psychologlcal terms
suggest such diviuionu. It is quite possible that
these divisions may in many cases reflect the
influence of plysiologiénlly distinet processes,
and it is likely that any satisfactory theory of
the behavior of a reasonably complex may entall
desoriptions of several fundamentally different
physiological mechanisms of "jearning”, and a theory
of their interaction. This is the case in the theory
of chgpeir 6. In that chapter, two types of "learne

ing" are especially prominentj "Refnforcement"” and

"association®; others also play a role.

An object exhibits "assoclative learning"
if it tends to acquire Mpelated" behavioral roles
for sets of stimuli (or “experiences") which them-
selves are, or have been in the p.l’t, folstod in
"experience" (e.g., by temporal proximity, or by
virtue of common, or ("previously associated" sube
stimuli). (It would be futile to attempt to use
"assoolation” in any precise wayj this would only
invite misunderstanding and confusion with the many
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tmdﬁ-ntllly different psychological concepts that
parade under that title,)™

"Reinforcement” 1s a form of learning in
which "an element, X, of the behavior" of an object,

The entity Z is not to be regarded as having
any special relation to the particular "behavior
element’ X. The object (or organism) is to be re-
garded as actually contlini.ng an objoot Z or lt
least a distinguished "channel" Z through whioh re~
inforgement is effected, and it is also to be implied
that Z can "reinforce” ("inerease, or decrease, the
tprominence! of") any, or at least a simeable class
of, "behavioral elementd”,

Two aspccts of reidforcement are erucial.

1. There must be avalilable an intorprouo
tion of "prominence of X in the behavior of ",

2. In order for a "bshavier element} X,
to be "reinforced”, (i.e., "learned by ninrmmgn.t'),

it must first ocour.

fation is defined here only in or to emphasize
”nintmt* s just one typo of“flumuu th.ory/".
lnd to prevent the niloonoopcion that the present empha-
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In order to meke the discussion reasonably

meaningful, we introduce & simple model, and some
of its realizations.
A primitive reinforcement system,
Consider the following stochastioce-neural-analog
) net K.
- K has four cells: S, R, 2 8,620,

$,2 0, and Z © mtnput cellsi R is an
output cell. ('l;ho following dependency law 1is not
intended to resemdle any property of biological

cellss

Dl: R(%) = 8(t-1). (Only the

firing of S can produce a
\é l K R response)

D2: S(t-l) => prob[R(t)] = £(t)
2 209 = £[26(t~1),
20{ t-1), R(%=1), £(t=1)]
where £ can have any of a sequence
of valuesi
...n‘2<i_1<ao<'ul<az..,.[r1] '\
forvhiehll’-i.‘naﬁsl and ;1:-;“-0.,
and for whish

£(0, 0, x, &) =, = 2781, 3 % 'h) (fz]

based solely on reinforcement. Certainly a reinforce-
ment theory cannot explain all the behavior of any

sis on reinforcement will lead to a theory of behavior

complicated organiam.
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£(1,'0, 0, &) =&, , =20, 1, 1, &)
£0(1, 0, 1, &) =@, =1£(0,1,0, a)
Suppose that the net is placed in an envirérment for
which (t)S(t). Then there aere only two "elements

of behavior" pobsible: [8(t-1), R(t)] and [S(t«1)

~R(t)]s ©Call these R(ight) and L{eft) respectively.

(The system can be regarded as an "ideal" or "Stat"f
rué, plaged, at each t, at the cholece-point of a
T-maze., The rat makes the decision to turn right
with probability f(t) or left with probability lef(s).
The event Z® (t+)) is an ideal "reward" for the
dooision made in response te £(t); it ralses the
future probability of that decision., The event Z¢
(g’l) is an 1deal "punishment" for the response to
S(t)} {t results in a lower future ability for that
response,) -The joint onnt{to (t). 20 (t)}n con-
sidered t; be without effect,

Of course we know that in real life, and in
experimental payohoiogy, "reward" and "punishment"
have no such duality., We shall use the terms "posie
tive reinforgement” and "negative reinforcement"
for models in which there is such s duality. It is
perhaps worth noting that the notion of "reward"
is not too inappropriate; the effects of conventional

A
"rewards", or "reinforcers" for animals almost always

/
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gauses a future increase in the probability of
the corresponding cholce. The effects of punish-
moni;' on animals, however, is often so blzarre
that; 1t is preposterous to suggest a dualify. The
Xitholding of an ¥oxpooted”, or usual, reward has
a more regular orfoc't that "punishment”, and it is
in the direction of the above "negative reinforce-
ment", Witholding of a reward iz, or results in,
"extinotion"; A primitive model of blological
"extinetion™ can be obtained by providing that 1ir
£(0) = a,, before any training has o;:currod, then
£10, ©; 1, %) is between a, and a . There exist
geveral such stochastic models of simple learning,
however, nﬁd we do not intend to adjoin one here.
The modsl 1s intended solely to exemplify def. h/1.0.
In this model, the conditioms (1) and (2)' of
L/1.0 are fulfilled by this net: Since the probabi-
lity of L or R is never zero, elther can oscur (1r
reinforcsment 1s witheld long enough), and "f(t)"
supplies the Interpretation of "the prominence of
R"(L)" in the behavior of K. It is poasible to PR
'trai;';" K so as to‘pretor”eitbor R or Lt If one
applies Z+ whenever K does the desired thing, or &=
when it does the undesired thing, or both, then
condition (fy) implies that the behavior of X will .
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agppreach the desired behnvi..or, with arbitmerily high

agourasy, as time goes on,
If the probability of a behavior olement

were sero, then it eould nover be reinforced, Al-

though a Emmn reactive system con most

* easily satiofy the mequirements (1) and (2) for a

reinforcement theory, it is perfectly possible to -
construct determinate prosesses which have reine
forcement, In & later ioocicn, it will be seen
ﬁbl’t the SNARC (w/s) can be so regarded. With this
exception, discussion of reinforcement theory will
be confined to probabilistic systems.
The definition of 1,/1,0 of "reinforcement" is
incomplote in one regard. There ivn no specification

as ‘to the e ffect of 2 on the prominence of behavioral

elements which did not happen to ocour shortly prior

to the application of Z, Obviously there must be
some such effect, since the prominence (or probability)
of an element can be-altered only at the expense of
others. (In the model of L/1.1 this effect is, of 'y
course, specified,) ’

Rather than Spocinln the general concept
of reinforcement to some specific desoription of a
behavioral scheme, it would seem preferable to define
difforcnt types of reinforcement operators, dlstin-‘
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guishing them by their manner of t reating behavior
elements which have not oceourpred shortly prior to
the application of the operator. No sysgematic

eiulirication is contemplated here,

A reinforoement system with sn "evaluator"

The following system is construscted in order
to preasent ndditic;nll concepts which are associated
naturally with that of reinforcement. It will be
seen that the roinrmmmt operator of this partie
cular system has a Juality of disjointness that
certainly cannot be expected in a biological organe
ism. (Nevertheless it may be an instructive over-

simplification.) The discreteness can be regarded

‘a8 a oconsequence of the extermination of all traces:

of association theory. In spite of this artifici-
ality, the related concepts are directly applicabdle
to other systems to be analyzed. .
ia The construction is started with the intro-
duction of a roneg}n system M, M has one input
eell E and one output cell F. E has m input states
01,’,.;_:, L F has n output. states ‘-'1"‘;"’:1' The
lys‘fﬁw&oraul in time quantization, and at any
time ¢ the dopondonoj 1aw 8 an m x n matrix M(t)=
(fmg 4(t)1), where '

oi(t-l) = [prob(fj(t)) = -“(t)]
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M(t) may be regarded as the internal state of
M at time T, . :
ii.  The internal state M(%) of M is under the
control of another entity Z. 2 has three input
cells E#, P# and v. E® has m states e %, P has
n states, rjo md&v haas three states, called -1,
0, +1. For sach imput condition [e,#(t), r:o(t),
vit)]l, Z applies to l(t-lj), an operator I:J to form
a new internal state M(t) = 217 M(4-1). e 2
opor;torl are required to have the forms
| 20t Z:" ¥y, 1s a monotone (T)or Llor constant)
v function of .l!-
21 2idmg -mo =0 (1¥N)
223 sign [Z""’ Mgy - n“] = sign (v)
7 @3%1 sign [Zt,'1 myy - my;] = -sign (v) (] # L)
It is convenient also to assume that

Zat iim gy ) =1 1r v=2

1,8 w

Zhbs ]".h [z, ’) .”) =0 if ve=el,
and that for all 1, j, ¢,

Z5: 0 <my J(t).

21, 22, and 23 imply that application of
23] tnoreases the probability that e, will be followed
vy r‘, and decreases the probability that e, will
be followed by any other f,. Application of !i{ has
the reverse effect. z},’ is the identity.
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such a way that e,(t-1) = ey(t) end £,(%) = £38).
See Fig. /2.1, (The éperation may seem simpler

of applications of the oporltcn-s,

E with B¢ end F with Fe, In

f(s+)

"peactions"

£ F

h/2.1
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Zh implies thnt with a auttioiontly la.rgo number

acouracy. These reactions are 1ndependont in the
sense that to sach ey, any tj can be attashed, 25
1s necessary to provide flexibility in the following

411  Z, as above dotinéd, is not a reinforcement
agent since it 13 not connected in such a way that
{te effect depends on the recent activity of M.

This ean be remedied by connecting (or identifying)

{f a unit delay is inserted as shown in Fig. 4/2.1
end 233 regarded as a function of [e;#(t),£yMt),
v(t)] rather than of [oi(t—).), £y0(t), v(t)].)

Then 3:’ becomes a function of the immediately pre-
ceding reaction [oi(tol); tj(t)), as well as of the
value of v(t). If v(t) = #1, then Z scte in such

\ i

2o !

legs r.ﬂl)] csn be "trained with arbitrarily high e
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a way as to increase the fature probability of the
preceding reaction, and to depress other yesponses
to the stimulus e,. If v(t)” = -1, then Z operates
in such a way as to depresa the future probability

_ of that preaction, If v = 0, future probabilities

are unaffected. In each case, Z(t) affects only
the distribution of responses to the particular
at!.;mlus ey which was present at the preceding
moment t-l. Hence it does not, in any way, influence
the effects of previous "training" of vesponses to
stimuli other than that e,. For this reason Z may
be o-ilad "4is joint". .

' The entity %, when so connected, is a reine
rgreomom:‘ operator, It is sald to be "sontrolled
through the channel (or by the gell) v". Vhen v
{s 1, the reinforcement is "positive” and when v
1s «l the reinforcement ie "negative."

(Notet Without further elaboration we shall
regard it as unningrul to speak of "reinforcement
channels" through which one can control the "magni-
tude" as well as the "sign" of reinforcement, if
necessary by the control of eontinuous parameters
of the reinforeemant operators.)

It is easy to describe schemes by which sets

of reasctions can be trained. Suppose that it is
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> desired to train the ro;otionl [oi(t—l); rk(i)(t)].

Then the function k(i) describes the set of de~
sired reacticns. Present successively to L all
stimuli, either in an orderly sequence, or in a
time series in \lhioh‘ each stimulus ocours with
positive density, Amy of the following "peinforce-
ment schedules” will train all reactions:

i. v=1]1l for duirovd resctions,

-

i3, v=20

/111. v=1

= .t. . v = 0 for undesired roactio;xl,
iiiK 11, v ==l

Siil, v mel

“ Bagh stimulus occurs with positive density,
end by 45 each ro;ponao then has positive probabili..ty,
at eny time, 21-Z3 then imply that the desired
responses never fall below their i.nitial probability,
hence the desired resotions always have at least
their initial positive density. Then Zlja~b shows
that schemata i end 1ii will raise the desired re-
sponse arbitrarily elose to prebability 1.{21-Z3 show
that the rise is non-decreasing.)

Scheme ii works because no undesired reaotion

can maintain probabllity »>€> 0, For let [o,3 I]
(u # k(1)) be an undesired response. Let o, have
density 4 > O in the stimulus time ugiu. Ir
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my, 2 o for all time, then the reaction e,~f
ocours with density > d.e, and with probability 1
ococurs infinitely meny times, Each time [01 r“]
g iu

vecurs, so does Z_;. Hence (by Z4b and 23)1111“

" approaches O which is a contradiction.

The scheme of l}/2.2 introduced three more
entities into the system.

(1). There was a selection of a class of
desired reactions, defined in the
above case by a function k(1).

(2). ‘Tere had to be an agency which re=-
cognized whether or not the ‘preced=-
ing reaction belonged to this class,
and then activated the reinforcement
control channel v accordingly (in :
accord with one of the schemata of
I/2.2).

(3). There was a source of stimuli pre-
sented to E.

Now (1) and (2) together are equivalent to

an agency V which "observes" the reactions of the

object M, assigns a numerical "ov_ulustion" to each
reaction, and transmits this evaluation tec 2 through
the channel v. In }/2.2, values were 1imited to

-1, 0, and 1 (and to just two values for each of the
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" that many individuals assert:

Ledly

three suggested schemata). ~Of sourse with a more
flexibls reinforcement system Z, the e valuator V
could ‘assign a more elaborate signal to esch re-
action, and the system ¢ ould assign varioun degrees
o{‘ reinforcement toireactions rather than simply
categorize them as doa"iro.blo or undesireabls,

Fig. /2.3 1llustrates the form of a reslization
of the system with V adjoined.

£01 ) E {-}.(cn)g =
"
Z

A
]

(Again it may be convenient to imagine & unit

he2.3

delay to be present in the E-side of Z and V, to
emphasigze that those entities respond to rolotioni
[l(t-l); F(t)]. :
DISCUSSION

It will be noted that now the uyatc-_ has a
high degree of autonomy. It can be roéardod as a -’ ;
reinforcement uchlan] s With an assooisted
trainer V. It is at this level of organization

"How can one call this a Ylearning' mashine
when obvioully the activity to be learned
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1s already installed in V? The maéhine is

already 'built! to perform the desired
task."

2 It seams that the diffioulty lies in the
notion of 'built-ln', a reslly deceptive pfae.
For in my experienoo 5 it has frequently occurred
that the questioner is mors or less willing to
admit that the s«bsystem [N,2], with V deleted,
appears to be a "learning 'uchine" so long as the
channel v 13 controlled by the hwman hand, but
that in same sense the more complex system [M,2,V)
is acting in a less sophisticated mamner, The ine
quirer has not perceived that there is a difference
between an object in which the desired reactions
themselves are installed, and the object [M,Z,V] in
which information about the reactions is stored. .
(Oone might say that in V, only the "names" of the
desired reactions occur,) Furthermore, the infore
mation in V does not even suggest the manner in
which M i{s to realize the r eactions, nor does 2
gontain such information. We shall see examples
in which M can realisé a reaction in several ways,
and where V does not select among these. FMunda-
mentally [M,Z2,V] evolves; ™ makes attempts and V,
- through Z; evaluates and seleots.
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Another viewpoint for this question of

autoncmy is indieated by the notion of "open" and
"slosed" structure. A "reactive system" 1is dlse
t!.ng:nhhod from other abstract systems not by any
intrinsic quality, but by the characteriszation of
gsertain cells as éobqex'vablo" and others as "adjuste
able", A system A will be called "open" to another
system B when a large fraction of the cells of A
ars "observable or ndjustviblo by B", and "elosed"
to B when this is not the case. (A cell ¢ is
"observable"” by B when the state of cells im B
depends on the state of ¢, and similarly for "ade
Justable”. We do not need more formality.) A
typewriter 1_: quite open to the typist, a desk
caleulator is substantially more closed., A labora-
tory animal is rather tightly closed.

' Now in the systam [M,Z2,V] as deseribed in
/2.1, M was more or less widely opon taZ. For the
channel from 2 to M iz sufficiently wide to permit
Z to adjust any element in the matrix '“‘13” in
either of two directions, and (assuming that M is
itself not very somplex, i.s., that Zmts relatively
directly on the cells of M) it would be fair to say
that Z has an appreciable direct control over the
structure of M, Hence if a (say) human operator
has access to thn channel from 2 to M, i.e., can
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select arbitrary operators Zv:lj s then it would be
falr to say that the system M does not "roally learn",
but that the human operator is more or less directly

adjusting its structure to perform the desired re=-

. astions, i.e., he is "building-in" these reactions,

However, whnx'x Z and M are connected as in
Fig. /2.1, the entirs width of the channel between
%Z and M is not really ediential, since the variables
i end J of Z'ij are not independent of what is happen=-
ing inside M. In fact, the values of these vari-
ables are accessible from within M, One could there=
fore consbtruct & new system [M,Z,I] which is exterd=
ally equivalent to [M,2] by connecting all the cells -
of % whose states depend on i and § to appropriate
points within M, or simply define M#Z as the en-
closed region of Fig. 1i/2.33 and lot I be a vacuous
Z' with the cheannel v connesting it with MuZ.

Certainly NeZ cannot be said to be widely open to
the trivial object I = %', Neither can it be saild
to be open t¢ V. Thus one cannot assert that the
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> information in (or the sctivity of) V acts drectly
to adjust the structure of M (or M#Z) to perform

the 'rol_ctions .

There is no reason to expect to find a sharp.

{
boundary between "learning by experience"and "al-

teration of internal structure by an outside agency".

It would seem that the notion of "degree of openness

of A to B" is likely to be more useful than that of
"built-in vs. learned", in discussions like the
present one. In particular, the greater the extent

to which Z#M 13 open to V, the less natural is the

desoription of the system in the terms of reinforce-

ment theory. To the extent to which the structure
of the whole system [M,2,V] is open to the environ=
mont, its behavior is the less dominated by the
reinrorooment sys tem.
COUPLING WITH ENVIRONMENTS

In order to provide the aystonb,z,v:,with a

source of stimuli E(t), it will be embedded in an
environment W, Because attention is directed to=-
ward the reinforcement system, it will be assumed
that the system is closed to W except for the cells
E and F, and that W is closed to [K,Z;V] with the

‘same exceptions. Both W and EI,Z,V]'lu be regarded

as reactive aynt;ma, with common cells E and F.

Ty
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If the system |¥,%,V] of 4/2 is taken intact and
coupled to W through E and ¥, the behavior of the
resulting system will of course depend on the properties
of W, and the behavior of the whole system viewed as a
time series may be vory'conplex. However, the behavior
of the state ((myj)) of M will be, at least in the
limit, rather simple, inasmuch as the system is so
rigid that each term mg 4 is monotonic (or constant),
if ey occurs infinitely often then cach.nkj tends to
either O or 1, If the behavior is such that e, does
not occur infinitely often, then mkjis. after some time,
fixed at some value between O and 1. But this value
has nq,iufluoico on behavior since e, will net occur
againl Thus as time goes on, M approaches determinaey
in its dbehavioral properties. ‘

The above argument applies only if V applies re-
inforgement after each reaction. If V never applies f’
reinforcement after some reaction [?.(-;-1);r.(z)]. then
the response to @4 may remain probabilistic, In any X
case, because of the menotone bohnvior'of all terms
my 4o the state (('1J(t))) of M must l?prvaeh a limit,

It has been assumed throughout that for a given imput
ey, V applies poeitive reinforcement for Set mors than
one response rk(1}. If this is not the case, then the
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the above irgu-ontu fail bqeahso the terms of ((“13))

~Fo not necessarily behave in a monotone fashion. In

this case, the behavior of (('13)) depends on the
behavior of ¥, and it can be seen that (by providing W'
with a history-dependent internal state function ((M‘il)))

conglicatcd stochastié processes E{(t) can be generated.

There is one outstanding feature of the behavier of
the system under discussion.. The object [M,Z,V{] seems
to be more loosely coupled to W than would seem
appropriate for a theory to be applied to brain models.
The fact is, so long as reinforcement depends only on

pairs l}(t-l);f(e)]; the reinforcement system of [H,Z,V} :
is controlled entirely by the reactions of M. The

system will succeed in "learning" the ioactiono

“pcntor?od" by V, but in a sense it does not "learn
anything from the eavironment." The structure of ¥ .
tends rather to influence the rate at which V trains M,
Even if V has the flexibility suggested in the previous
peragraph, the situation-is not essentially changed.
For it can be shown that the state of M at time ¢, is
independent of all aspects of thc)sime series E(t) '
ether than the simple sﬁatiotielt

#Oi(to) ~ the number of times 3; has occurred up

to time §,.*

*This depends on the fact that Z is disjoint. If this were
not the case, M would depend on other agpects of the time series
E(t). In general, however, this dependence would have 1ittle to
do with the yelation between ¥,¥, and V. :
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Thus from the point of view of M, W acts as a
source for these simple ﬂunct;ona, and all other
%hapects of the behavior of W is ignored.
A very small alteration in the structure of [N,Z,Y]
will alter this situation, and provide an cpportunity
to introduce a few more eqneepts naturally related to

rainforcbnont.

1f the valuation made by V is a fuaction of e(t-l)
and f(t) alone, we have seen that behavior of [M,Z,VJ

. depends on that of the environment W in a rather trivial

manner. However, if V(t) is made to depend on the
values of e and f at other times, then reinforcement
will depend more essentially on the behavior of W, '
Fige 4/3.1.1 is a diagram showing the dependency
relations between tﬁo variables of the model of 4/2 and
4/3.1. W(t) is the internal state function of W.

M(t) is the matrix ((mg4(t)))e The changes in M(t)
depend on the values of v(t) which in turn depend omly
on the reactions [o(t-l);f(t{].
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How let the connections be changed so that v(t)
depends on e(t~l) and e(t) instead of a(t-l) and £(t):

W@t ] 3t > [w ]
0] e 4
o

)

v(

M . \\\\lfﬂﬂ [::::L:;EE; M ‘:2;:1::::3?

>[ME)]

The behavior of the reinforcement system is now
quite different. The activity of 'V no lenger depends
solely on the reactions of i, but also on the effect
of these resactions on W. Let us first consider the

behavior of the system for a particularly simple ¥,

b/3.2.2 Assume that the state of W is changed only by‘tho
action of M, so that if w(t) is the state of W at time ¢,
Wle) = W( W(t=d),f(s) )* (1)
Assume alse that the states of " correspond in a one-one
fashion to the possible stimuli ey.** Then we can write
elt) - W( elv=l),r(s) ) (2)
The (finite number of) statas of V¥, together with
the transitions Ty4 defined by Tij't,: w( 05 fy ) form

S~

7 %Note that (for comvenience) we assume that ¥ reacts to f
without the usual delay.

**This corresponds to a model in which ¢ cnviria-nlt is
"completely cbservable" to the system [Me2:7] o

P e =T S
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an orisnted graph, G, The properties of W determine the
connectivity of G, and the s‘ystv'.em point will remain in
f:he component in which it originates. ¥We may assume,

then, that G is connected. After a finite time, the

system point will remain confined to a subgraph eath of

whose points are accessible from any other, (aleng a

finite oriented chain of transitions) and which is

mxiu;al for this property. It will be assumed that G

is so connected,

Suppose that v(q,od) has the simple form
v(01.01)= | (3a).
Let D be the set of all ey for which, for some i,
v(eg,eg) = 1. Then

1im &mp(;{g) &)l = 1.
ts00

Proof: Let ey be an arbitrary point not in D. We

/.

show that ;Hi(prob eg(t)) cannot be positive. Now
=0

probeg(t+l))= 3 (1,k) prod (eg(t)). myy(t)
summed over all (i,k) for whieh & < "“‘1"&" Then

TS probleg(tl)) < 2 (TR [proble, (t)).(my, (¢))].

?
If any term (1,k) is positive, then the event o, (t).f,(¢) :
must occur infinitely often. But them the reinforcement

operator 7-& is applied to m,, infinitely often, and

since Z}f{ never occurs, myp(t)— 0. But
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| EEL prob e (t).my, (8) )< gpnb fi(-t).gio‘(:n‘k(t)) =9

N e RIS s PO 0

hence lim preb e (t+1) - iim pred eo(t) = 0. This
t—oo o0

completes the proof.

Hence, if V operates according to (3a), the system
learns to influence the ~nv1rou§nt. in such a way as to
bring it to and maintain 1t in a subclass D of states
defined by the values of v.

&b/3.2.4 The evaluation function v(ey,f J) not only determines
the class D of preferred states of W, but it also defines
a class P of preferred transitions; namely those T“
for which '("1"3) = 1. If P* is the subset of P for
whigh both ey and ¢4 are in D, then it can be shown,
by an argument similar to that in 4/3.2.2, that not only
' does the system ‘point remain in D with probability
'i approaching unity, but that the transitions within
4 {and without) D belong to P* with probability appmc}.:m
| unity., If P* divides D into connected éolponcnts then
f the syatem will tend %o remain for increasingly longer
intervals in any component.
In general, however, the behavior of th; system will
— no% approach determinaey, for it may occur that fer
some 1,5,k with § ¥ k both Ty 4 and T,, are in P*, In
this case, it may turn out that several distinet
responses to the stimulus e, are positively reinforced,
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and the asymptotic behavior may, if Z has tho proper
fbrg, show a nen-trivial probability distribution for
the transitions from eq. (The behavior here will
ﬁop'nd eritically on the exaet values of the arbitrary
funetions in the definition of the Z operater.)

The important aspect of the system of 4/3.2.2 and
b/3.2.3 1s that the function v distinguishes sets of
desired states and transitions ot W, and the system

learns to react in such a way as to brimg W into these

rezctions (‘iofj) of M 18 subordinate to the behavior
of W In fact if a transition ('i"j) ecan occur through
several reactions ('i'fu)'('i"v)""' the reinforcement
process is not basically influenced by which of these
reactions icgually occur, For positive reinforcement
of any of bgono reactions results in increasing the
total probability of the tramsition (01.03). uinless this
probability is already unity. Proef: If ™ is increased,
“h"ggﬂﬁk is decreased by an equal amount; and each
nonegero term is reduced (by 23, sec 4/2.1). If myy
is such that o1=¢-w(.1.rk) then the total probability of
the transition (o‘.oJ) must thus be increased by at
least the amount (. 0) by which mp is reduced, Thus,
positive reinforcement after a transition always increases
the probability of that transition (1 pcl). (If there
is no such By then (‘1"1) has probability one to
begin with.)
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k/k Discussion

[~

\ may be remarked that in the present case, the content
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Ir [k,z,v} were so "damaged" that one of the
alternative E.aotioni for (.*.OJ) could not occur, the
system would remain capable of learning to cause the
transition by using the remaining alternatives.
it is further possible, by suitable choice of fho
arbitrary functions of Z, to arrange the reinforcement
to so act, that whichever altsrnative reacticn first
oceurs will with arbitrarily hig: preassigned probability,
remain the reaction through whieh the desired transitien
occurs. Referring back te the discussion of 4/2.4, i%

of V does not even determine the reactions which M
will use to bring about the desired states and transi-
tions. The behavior is even less "built-in# than in

the examples discussed in that section.
/

It would be interesting to examine the transient as
well as the asymptotic behavior of the syltdanh/3.2
in further detail, and also to study the effects of
allowing v(oi.cj) to take on the value O, but this
particular system is already too specialised for appli-
cation in the sequal. There are two important direc-
tions in which the model must be generalised. :

1. In any real situation W(t) will not be completely
determined by the behavior of M, and e(t) will not
supply complote information about W(t).
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. tions between members of these sets., Neither in reaction
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2, The reinforcement processes with which we shall
be concerned will be concerned with reactions and
valahtions that extend over a period greater than one

or two time units.

If el(t) AQQ- not supply complete information about
W(t), i.e., if the state of E at time t is a many-one
function of the state of W at time i, then the class D
(4/3.2.2) determines a class E~1D of ;ot- of states of
W, and the class P* determines a class 5:31‘ of tranai-

or in reinforcement can [M,Z,V] distinguish between
¢lements of the same E'loi. The rtintorccno§§ machine
can learn to manipulate (as specified by the values
of v) only those aspects of the behavior of M which it
can "perceive," 1..;, which can be defined in terms
of the values of e(t). The events e, rather than the
events Wt are elements of the "perceptual world"™ of M,
If the transitions between states [e(t)je(t+l)] de
not depend to any great extent on the most recent
response f(trl), then the reinforcement system of 4/3
can do little to control W, Such a situation may arise
in several ways.
i. The behavior of ¥, i.e., the values of f£(t),
might have little influence on W, Thin clearly
[y.z,v] cannot exert much control cver W (or

over E),
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i1, If e(t) provides too little information about

W(t), or about those aspects of the behavier of

W(t) which are affected by ¥, the reinforcement
machine cannot be expected to be able to learn
%o exert much jcontrol over ¥,
It may be that }ho values of e(t) do not
immediately reflect the changes in W due to the
sctivity of M. Then when a change in ¥ is
finilly observed by M (through E), and reinforce-
ngnt applied, this reinforcement will affect
only more recent reactions which will not have
been concerned with bringing about. the change
of state observed at E. Hence this reinforce-
ment cannot be expected to alter the ptoﬁability
‘distribution of that state change in the desired
direction.
The limitations imposed by 1) and ii) ocecur when the

relation between M and W is "closed" in one direction

or the other. (See 4/2.4.2) Under such ¢ircumstances

M g¢ould contrel ¥ only to the extent that M contains

"huilt-in" information about the behavior of ¥, since

if either the E or the F channel is closed, it cannot

obtain such information directly. But M, of course,

does not contain such information, initially.

The limitation of iii) is deeper. The system El,z,t]
as &o-criﬁ.d in 4/3 is, in two respects, incapable of
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dealing with events of extended duration. First,

the valuation v(t) depends only on the -1n§10 transie
‘tiens of the time series e(t), so that reinforcement
.gannot be assigned to events of greater duration than
simple transitions. Secondly, the Z operator affects
only the future distribution of the most recent reaction,
so that even if V were able to distinguish special
subsequences of e(t), rcinfo}comcnt could not be applied
to 1nf1uonce<all the reactions involved in production
of particular sequences.

Thus if ¥ exhibits extended reactions to its stimuli,
or exhibits special reactions to extended stimuli,
[HQZ,VJ will not be able to influence these aspects of ‘ e
W's behavior. ‘Any acceptable brain model must be able
to “cope with" environments which require sequential
activity for their "control." If [EsW] 18 such that
extended observation of e(t) is required to gain informa-
tion about W(t), then V must be able to respond to :
special sequences. This can be acco-plilhid in two
ways: (1) M ean be altered directly so that a stimulus

can be a sequence of states of &, or (2) Z can be

S~

altered so as to reinforce (as directed by V) &ll
reactions that M has made in some relatively long past

—

interval. The latter scheme (2) will not be very
flexible since it means that M learns to roact, to an

extended sequence of stimuli, with a sequence of
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responses each of which is an inmediate response to the
preceding stimulus. Behavior built up out.of immediate
responscs cannot be trained to make arbitrary responges
Lo different seguences of stimuli which have common

elements.

In the models of later chapters,. response to and
production of non-trivial sequential activity will
usually be a property of eacﬁ net, and the reinforcement
systems used will operate on the behavior of appreciable

intervals of the past,

k/5 Elementalistic Reinforgement Systems
b/5.0 Discussion
Sections 4/2-4/k have been concerned with certain
properties of the activity of a model reinforcement
system [M,Z,V]. Each of the objects ¥,Z, and V were
regarded as reactive systems, i.e., they were discussed
bohavioriscically, exclusively in terms of the behavior .
by of.thcir input and output channels and of their internal
state function. (The intermal state function is a
behavioristic concept insefar as 1c is rﬁgerdod as a

descriplion et \latent impot- PeytE s 01' a and mo
a@gv alcnt deseription of the phynieal 1ntornal state of

[~
/

an actual material system.) We now consider the
e construction of material systems which are required to
simultaneously realize a reinforcement theory and a

neural network. Again, the models in this section are
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constructed only for purposes of illustration; serious

proposals will (necessarily) not be formulated until

essential results in the theory of cycles have been
‘established. (Chap. 5).

/5 " "R r
The term "reinforcement™ has been used up to this

point in a behavieristic acnio, as denoting a process
or operator which acts on the (observabie) behavior of
a reactive system N in the manner indizated in 4/1.0.

A more olkementalistic concept will now be introduced,
that of "local reinforcement"” or "local reinforcement
operator” (LRO)., It is felt that this sotion is
sufficiently c&k;l,xbﬁwk!y to that of "reinforcement"
to justify the similar terminolegy. While a "reinfoerce-
ment operator” acts on the behavier of a reactive system
M, a "local reinforcement operator" acts on the elements
(abstract or physical) of the structure of M, and '
influences behavior indirectly. As in the case of
reinforcement,” too special @ definition would result

in a loss of usefulness of the concept, and perhaps

Lo

invite irrelevant controversy.

_ Refinition
Let M be an object with input aad output channels

E and F which contains, in its interioer, a collection
of distinguished objects C_ called "shoice cells.”
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Bach C, is itself a reactive systeu with input and

_output channels I and Od, and an internal state

n

function S. which determines its reactive properties.
Suppese ‘that the reactive properties of M are deter-
mined, at any time, by the reactive properties, at
that tive, of the Cp.! (It may be assumed that M is
a neural-analog network with the C, being the cells,
and the connections of I and O, forming the fibres.)
Each reaétion of M is supposed to bg a direct conse-
quence of reactions of the Cp (responses of the O

to stimuli from E or from other Cp).

Finally, suppose that with each C, there is associated
a reinforcement operator d:n, and that all coatrel
variables v, have at any time t the same value z2(t)e
Let this v;%ﬁd be under the control of an external
entity 2

Such -a Z will be called a local reinforcement operator.

The basic concept is that of an objeet K whose
reactions are comsequences of-the reactions of some of
its parts Cy. During any reaction [ai(t).fj(&{»l))'ot

M, some of the C,k "make a choice." Aﬁplicntion of a

n
positive value of z results in the inereass of likelihood
that in the future, under the same conditions those

Cp involived will have the same reactive properties. It

does not follow, that this must negessarily result in
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the increase of the probabilisy that ey will be followed

by Eﬂ in the future, i.e., that local reinforcement

implies behavieral reinforcement.

It will neverthaless be necessary, in later oxnuplol,-
to assume that they afo, %o a large extent, eyuivalent.
When this must be done, pliun;bility arguments will be
provided.

4/5.1.2 As a first example of a local reinforeement system,
we will examine a system which may be considered of
special interest in that a material realization has been

gonatructed.*

L/5.2 The SNARC machine. A neural-analeg net with a local '

reinforcement. operator.

L/5.2,0 The following is a deseription of a realization of a
LRO in a neural-analog net. The machine, being a
phy-icnllobjﬁct, and not digital in operation, cannot
be deseribed completely; the system helow rQ-anblca the
machine closely, but there are some essential qualifi-

cations that must be made. These remarks will be

*This machine is the SNARC (Stochastic Neural-Analoeg
Reinfercement Caleculator) constructed by the author with the
very gemerous assistance of Mr. D.S. Edmonds, Jr, at the Harvard
Psychological Laboratery in the summer of 1951, Valuable advice
and engouragement was provided'b{ Dr. G, A, Miller, formerly
of the Harvard Psychoacoustic Laboratory.

The research was done under contract AF33(038)14343 with the
United States Air Force. -
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enclosed in triple parentheses==(((...))). The

" basic element of the machine is an electronic unit

" ¢alled a "Snarc" ("Stochastic Neural-Analog Reinforcement

0511"). Each- Snarc provides a 'probabilintie" trans-

mission charagteristic for electric pulses, and provides

also a means for altering the transmission probability

in a manner dependent on the recent behavior of the

Snare. The remainder of the machine is made up of
equipment for intercomnecting tho‘Snaro- into mets, and
for the introduction and display of pulse patterns

for the nets. The "synaptic delay" for the snares is
uniform, but overall time-quantisation is not a propcrty.
of the machine. Additional apparatus could easily be
added to provide for variable synaptic delays and special
types of junctions.

Bach "Snaégﬂ corresponds to a dis-junction (with any
number of input fibres permitted). To obtain con-
Junctions, or junctions with a numerical thrashold, a
simple resistance net is attached to the input of a
snarc. [Each snar¢ has a refractory period so that, in
principle, any response function can bo,obtaincd.] '

/e

(((In the machine as constructed, the refractory period
‘ is very short, and to obtain dependable non-monotone

operation it is mecessary to add special cireuits.)))




4/5.2.1 Deseription of the individual Snare.
' Each Snare may be regarded as a three terminal

" active network element,

o

s 2

In addition, the snare has two internal state functions,
X and K;

X(s) is the transmission probability of the gnarc
at_time t. If a pulse enters oﬂ.fibro 2 at time ¢,
then, with probability xkt), it emerges at the fibre f
at time t + 8 (where s is the standard synaptie delay).
({(In the actual machine, it is not the originmal pulse
which appears at f; each Snare regenerates the pu{ao.
just as in intermeural transmission, Thus the pulses
novor,looi their original form, nc matter how many times
they "crou;; junetions.)))

K(t) is the internal record of pulse histery which
must be contained in every "choice element” of a local
reinforcement system. In the Snare it has the fJllowing
form. Let {t] be the time of the latest firing of f up
to time t. (If f fires at ¢, jt] ¢ c) There is a
fixed constant M (representing the "memory span" of
the Snarc) and K(t) has the values

K(e) = 1fg-iel) IF (6 = 161) & K

=0 (“"ti))“




({(Noter it is possible to set the SNARC so that the

internal record is of the form
_K%(e) 2 ) i (= fef) <M
=0 (% {(t - itf) > M. Furthermore,
the value of M is easily adjustable over a wide
range.)))

The reinforcement channbl Z operates as follows.
There are two kinds of roinfofc.ncnt pulses, 3+ and z-,
There is an "increment funetion™ I(X) which is positive
and can be adjusted by a gonstant'ﬁultiplior. ({(The
_actual values of I(X) are determined by a rather complex
cireuit, and are not as adjustable as might be desired.)))
If a 3+ pulse enters on the z fibre at time t, there is
a change in the value of X(t) whieh persists until the
next rcinfqrcclont. This change has the form:

X(t+) g X(t=) + K(8)VI(X(t=))
Note: I(X) has the property that X + I(X) is less than
1 and X~I(X) greater than zero, so that X is aiways
between O and 1. _

On the other hand, if a z- pulse enters at time t,

X is changed so that

X{t+) @ X(t=) = K(t) T(X(t=)).

(({(Note, if the function K* of the note above is
used, then the reinforcement operator has the form

for s+(t)t X{t+) = X(t=) + I(X(t=))
s=(t): e X(t=) = I(X(s=)) df{t=ti)< N
e X(t=) if (t={ti)> M. Here
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rtinforcengnt is "all or none" depending on whether
or not the smare has fired within the previcus M

moments.))) : ; -

‘In the machine, the s channels of all the Snares are
(usually) conrected in parallel. Hence the effect of a
pulse of either z+ or z= type is that of a local r=inforce~
ment operator (as defined in 4/5.1), The machine can
be connected so that 3 is operated manually, or lutolaﬁie-
ally, on occurrence of some event in the net. In either
case, 3 will be controlled by some kind of Vesystem,

The remarks of A4/2-4/k will apply to the machine to
exactly the extent to which this local reinforcement

operator acts like a global one.

Teghnicel Note.

(({The ”pr9bab111tj X(t) of a pulse passing through
a Snarg is determined by the instantaneous phase of a
multivibrator which gates the input to the Snarc. The
value of X(t) is determined by the setting of a potentio-
meter which {ixes the duty cycle of this multivibrator.
Several different techniques are employed to insure gho
inecherency of the multivibrators of the variou; Snares,
among these are selection of different average frequen-
cles for the different multivihrators, and changea in
the mean frequencies over shori intervals. In addition,

the phase of each multivibrator is subjected to dinturb;nco.
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of random magnitude and at random times; the signels
-for this being obtained from a thermionic white neise

_ generator. Llaborate precautions are taken to minimige

coupling between the oseillators. Although no rigorous 1] E
statistical checks were made on the incoheronoy,bpliru ~
of multivibrators were obuofv-d over long intervals,
while set "at the same mean frequency, and no ceupling
could be noted.))) (((The reinforcement operator, in
the physical machine, consists of the rotation of a
countershaft to which the X-potentiometers are coupled
through lngnot;c clutches. The internal memory unit K
determines the time through which the magnetic cluteh
for any p;rticular snarc is engaged. The standard
inerement I is a function (determined by the circuitl
associated with the X potentiometer) which depends on
the total rotation of the reinforcement countershaft g
during any reinforcement. The duration of a pulse :
and its refractory period is of the order of a few milli- é
seconds, making the net operate at realistic (neursl) :
speeds. The reinforcement process, however, being partly
mechanical (in the physical sensel), operates over

intervals of the order of .5 to 10 aocon&n, and the

/7 internal memory span M of the snarcs is itself of this

order. This is also, probably, not an unrealistic

figure for simple organisms.)))
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The SNARC machine was tested in & series of maze~

{Pnning problems in the following way. First a "random"
n;t of snarcs was assembled on an input-output plug
board. Vertices of the maze were represented by distinmct
stimuli (simultaneous input volleys), Bach of eeveral
possible responses were interpreted as a decision in
favorbof some transition €b ancther vertex of the mase.
Other responses were 1ntnrprct9d as "no decision” (or
"hesitation"), Thus only certain traxsitions were
permitted. The conpleiity of the mages was up to ten
vertices, and up to four allowed transitions from each
vertex. Apparatus was constructed for auténatic sequences

of the mage-running problem. :

Then certain vertices were distinguished as being
"bad" (V = -1), others as "good" (V 2 +1), and the 3
romainder/neutrll (Vg 0)e The Z operator was so
connected that when the "rat" arrived at a distinguished
vertex, the appropriate z+,3- or no z-pulse was applied.

The "training" could also be done manually.

In most cases, the Local Reinforcement Operator of
this machine did in fact have the effects of a glebal
operator, and the learning properties were evident to
the observer., For certain mazes and nets, the system
was unable to aceomplish the assigned task because of
special combinatorial obstacles. In general, howaver,

the machine displayed gratifying ability. The assigned
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goal (the set of "good" vertices; in most cases we used
only one such) could be changed during the operation

of the g;chino; in such cases the system displayed an
appr@priate period of confusion before "learning" the
new task, Perhaps most impressive was the faect that at
any time during operation, the random net ¢f Snarecs
could be rea}rangcd, wires pullod'out, tubes removed,

and even fuses blown, and yet, if not teo many snares

were inactivated, the machine would, again after a period

of confusion, adapt to the new situation and find paths
to the preferred vertices. In most cases, the initial

setting of the transmission probability of the srarcs

had no apparent effect on the asymptotic distrivutions

(1f there were such); to determine whether this holds
in gemeral will be a subject for later investigation.
It certainly is ;ot true for more general nets.
Local vs. Global reinforcement
The question of when a local reinforcement oﬁorntor

is equivalent to a2 global one is a very difficult one.
I have made some progress in this direction through the
medium of a theory of "selection™ or "evolutionary"

—processes, It was originally intended to include this
theory as an additional chapter between the present
chaps. 4 and 5, and the decision to omit it was iad.
primarily for reasons of compactness. This €hoor7 has
been worked out in considerable detail and will be the

L RSP a5 i o
»
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Kv}‘ollowing examples illustrate a few features that seem
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subject of a later publication, The theory of selection
progoaaea is concerned with the behavior of distributions
ot‘poi;%a moving in orienta4 graphs with transition
proﬁabilities which depend in a certain specified manner
on the past trajectory of the points. I.e., the theory
is concerned with a certain class of stochastic
processes, "The theory seems apbllcahlo %o the reinforce~
ment problem because both local and global reinforce-
ment have similar representations in this system. Far
global reinforcement, the pointa of the base graph
rohrosont states of E (see 4/2ff) and the transition
probabilities are those of the reactions °1'fj' “For
local reinforcement, however, the graph is more like a
phase space, in that the vertices represent the internal
states of the whole net, and the transitions are the
changes in this/total internal state consequent to the
application of the local reinforcement operator aftasr
different reactions of the net.

Although an adequate theory of the behavior of lecal
reinforcement systems has yet to be developed, some more
or less general remarks can be made abouc,kinda ;f

behavior that may be expected from such systems. The

to be important (at least in contrast to what happens
in the simpler global systems).




/4/6.1 Interference with previous training

e

- The following simple net will gccur again and again
in any complicated net,

; S'\’/?AJ' VJL&_/ ?.
Ja

{
i+
Suppose that an extremely simple LRO is available

which when applied to a Junction which has recently
fired raises its XP from a "resting" jalue Ho to a
higher value Hl' Now suppose that it igs desired to
train the respon;; 31:Rl. #e need only wait until this
response occurs and then apply Z+., Then the XP of J1
and J3 will be raised from Hy to Hl' In the future,

if 33 is fired, the response Ry will occur with
reliability Hy2(1-Mg)., (N is a dis-junction with

XP w l.See 2/8,2) The response 32:R, will have probabi-
lity Hoz(l-Hl); if we assume that Hy is small and iy

is close to unity, this will be small. Now if it is
further desired to train the reaction 82:82. and this

is done by waiting for an occurrence of that reaction
and then applying Z+, then all four junctions will have:
P = Hy. Thus the reliability of the first reastion
/81tRy will be reduced from Hy2(1-Hy) to H,2(1-H,)

which is much lower. The second reaction has the same
low reliability. This is a simple example of the type
of 1ntorfor§nco of new learning with previous learning
that will be found in LRO systems.




4/6.2 "Unlearning"
£ € Consider a situation in which a net has leérhod (or
'atnrtgﬁ out with) a reaction S:R and that it is desired
“to remove this reaction. If a Z- operator is avaiiabla.
it is simple enough to await the occurrence of the
reaction and then apply Z-; this will reduce the XP
of the Jun?tions concerned in the oécurrcncu of the

reaction and, in general, will reduce its probability.

iéf/tZ’ u:j;ﬁirei/reapons is n¢/resporse ataxl,
is method will 'not wofk, of ‘coursé,)

However, if-the system is not equipped with a Z-

operator (and the important systems of chapter 6, which

are proposed as a brain model are not so equippbd),
then the above routine cannot be used, The only
alternative, then, is to wait until an application of

S does not cégpc the occurrence of R, and then apply Z+.
(In chapter 6 a third course, rclated to "extinction,"
is indicated in the discussion of¢d/4 (D3) lndsVL/5-3-)
Such a2 procedure may or may not be successful; if the

failure of R %o occur is due merely to a failure of

o<l B N i R i

one of the links in the establiihnene of the response,
then application of Zt+, is unlikely to depress the

future probability of the reaction. (In fact, it will
tend to increase it, by raising the XP of those junctions
that do fire.) However, if the failure of S:R to oceur
is due to the inclusion of an inhibition or similar type
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of interference, the reinforcement may be sucsessful

in suppressing the reaction.
e R
= L—-\b
s b ey
o S

Inagine that the undesired goaction ihvolv's the chain
Iy o e Jg» Then the non-occurrencs of the reactien
might be due to the firing of a junction (imhibitor, or
one which alters the timing of some part of the mechanism
for the roactionl like J*, Then reinforcsament of the sys~
tem will reinforece J, and the suppression could become *
reliable. This mechanism ie particularly applicable in
the theory of chaps 5 and 6 where the timing of pulses is
important and in which extra pulses and paths have a hiih
capacity to suppress other organised activity.

It is 1nportnﬁt to note that there is a great difference
between this process (of reinforeing non-occurrences of
undesired responses) and that of applying a Z- operator
(to occurrences of an undesired response). In the posi-
tive case, along with reinforcemen: of the "imhibitor"
link goes positive reinforcement of these parts of the
reaction which still occur. The process tﬁul ought to be

/" ealled, in contrast to “suppro-siéa," "Repression.” For

if, -at a later time, the inhibitor path fails for any rea-
son, the undesired reaction will emerge and with posaibly
greater reliability than it had before the "reprassion”

was applied.
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/ = Further remarks on the local-global problem will
- . egour throughout chapter 6, but. no syatematic theory
it attempted.,

i
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5/0.1

CHAPTER §. ' o T
CYCLES IN RANDOM NETS

‘The model reinforcement systems of chapter 4 sach

involve opersators on the transmission properties of
nets. None of these operators have a2 form which can
be realised, in a natural way, by a biologically
plausibl; neural-analeg netwofk. The present ckepter
contains the foundation for a more natursl reinforce-

ment theory for merve nets. In this thecsry, the

"functional elements" of the net will be "ecircuits";

i.e., subnets which contain a clesed "ecycle" of
Junetiens, and thus are capable of maintaining
sustained activity after cessation of outside stimula-

tion. In the present chapter, attention will be

concentrated on the stability and the interaction of

such aircult‘lin random nets. The reinforcement

theory itself will be presented in chapter 6.

In the first six sections of this chapter, igglated

cyzles will he examined under various synaptic

postulate systems. Following ihis, we will turn to

the examination of cycles embedded in nets. S = = N
Each symaptic postulate will be a specialisation of
the general recovery sequence (3/2.3). For each
synaptic pestulate we will examine the response of
gimple chains and cycles of longth”te a single
stimulus pulse, and to s3imulation by sequences of
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pglnu. Discussion of the role of multiple junctions
is deferred until section 5/9ff,

5/1.0 - We first consider junctions for which

-= P (d7 r

r is the length of &the "refractory period";
the XP of any junction is p except when the
Junction is in the refractory phase.
Simple chaing Cells: Ny, 1 = 1,2,... . Conngotions:
Ky—> Ny +1,
,-f_-a— />~ ﬁf-'b——-
1 8~ 3
Let & single pulse, £(0), enter on the input fibre f.
Then, prob(Ny(1)) = p:
and, prob(Ny(s)) . p*
The probability that Ny is the last cell to fire, i.e.,
that the pulse dies out at cell Np.,, is pkq. Then the
mean distance the pulse will travel, or the expected

number of junctions that will fire, is
o0
N=3>" i(phq) = p/q = p/lep.
In the case t.hat‘ :t:ho chain is not infinite, but has just
n junctions, the expected number that will fire is

/

ek
Ma= X dplq+mp”- P a-p.
5¢1.2 Repeated exeitation of a simple chain.
Let the input fibre f be fired, with probability a,




at each moment t. Each firing of N, must be

tpllowed by a quiet period of duration at least re
After r.moments of men-firing, Ny will fire with
ﬁiﬁb_nbility p when stimulated (the latter event having
probability a atﬂ each moment), Hence the mean time T
between diacharg-ea of Ny is

(r+l)ap 4—(x'(~’4’)ay"-r». 8 .& f{(rﬂ)aps“l o & =%

wheroﬁ = (1 ~ ap), and/3 -1 4o the probability that Ny

does not fire 1“,2,;“ preeo(gcx.:g é-—l moments.
Then T = rap z 1 +.pZ,s,g*‘1
\=0 iz 1

zﬁ%‘b%-z = r"':p. This is just

r, plus the mean spacing that would occur if there were
no refractory periocd. After "1' the pulses are ccmgn.
to have a minimum spacing greater than r, so that
the refractory period has no further effect. The
mean spacing of fmlna at & is, therefore A/
p~Xtl(r +1/ap). k
Each pulse travels a mean of

( ) + 2ap%q+ o o . +Japlat o . L)
T [lpq PR+ +Japq _]q“’*)

Junctions. If r =0, this is ap/q, as would be expected
from 5/1.1, since then pulses travel independently, If
& = l,i.e., if stimulation is regular, then the
I frequency of firing at §, is p%/(1+rp). If r is 0,
this is just pk.
In general nets, of course, it is not true that the
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refractory period plays ho part after the input colll,

since 'pulses may arrive by difforem. routoa to an

1nner cell, at intervals smaller than rl, (See 3/&.5)/

Cycloa of circumference n.
< gy
N \ N

b v
B ™ T

If r>n, then.no pulse can/travol further than n
Jun;':tionu, and continue to circulate around the cycle.
Then the analysis is the same as for the chain of length n.

If r<n, then for a single pulse the situation is
the same as for an infinite chain, and the pulse will
persist a mean 'of p/q moments, or 1 2 "eyeles.” The
cycle can salasata up to [_!}_. circulatins pulses;
each time a new pulse is entered, any pulse that
follows within v units will be eliminated when it
reaches the junction at which the rew pulse entered,
since that junction wil]f:::: rofracyt.ory.

Now consider junctions with a supernormally excitable
phase in the r§covoxv eycle. The simplest case is

TERPE L) [or miee qenerety +PE)- o (d<v)
dsa 2 F(eddes)
'f(423 : 'f(>_<J)

“

abselut e "Faei i +ation
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1. For a single pulse in a simple chain, the bcﬁavior
\ .

is exactly that in 5/1, since each junction has XP =p

when the pulse reaches it, '

2, If the fibre f (5/1.1) is fired at each moment t-/,

the situation is quite different. Ny will have XP ={®
until it is fired; thus it u}ll first fire at mean time

1/p. Let t; be the time of the . ,Lj“firing of Nyo Ny

will fire first at ty; it then must fire at all times
tl+24 (1 =1,25844 ). For XP =1 at each of these
times. ) -

It follows that Ny, will be stimulated at all times
ty+2i+l, and after it first fires (at t,) it must
continue to fire at alternate times thereafter., Since

Ni*l is stimulated at all odd intervals after the fir‘t

]

firing of Ny, the mean. time ¥ - 60 sl
= P +——3pq/+ 5pq % « v o = (2=p)/p =(2/p}+1, which

does not depend on i.

It follows that so long as stimulation of Ny sontinues,

the activity advances down the chain at a (mean) rate

of p/(2-p) junctions per unit time. The activity may

be visualized as follows: Fach pulse of’N1 travels

down the chain along junctions which have been left in

—

the facilitated phase by the preceding pulse. This
continues until the pulse reaches the Jniction-at which
the preceding pulse was lost.’ From this point on,

the given pulse meets ("fresh") Junctioﬁa with the




~
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normal XP 2 p. It traverses an average of p/q of these
Junctions before disappcariﬁg.

Except f;r the transient period (of dufation averaging
1/p) before Ny first fires, a new pulse enters the chain
at every other moment. Hence if regular stimulation ‘
continues for a period T, then a mean of aiightly less
than T/2 (almost exactly {? 4_(Zigégz})pulaoa enter
the chain, and since each pulse ultimately advances
the activity p/q Jurictions along the chiin, the
activity travels a mean of about %‘ﬁ Junctions before
it ceases. The activity does not cease as soon as
stimulation ceases; if at the time of the last input.
pulse the chain contains K pulses, these pulses will
be lost at the rate of R=/ 1 - p/(2-p) per moment, and
activity will persist for a mean of K/R moments.

3. If a cycle, of/circuuferencc n, is composed of
such junctions, there are two kinds of behavier that
can occur, depending on whether n is odd or even. (This
is a combinatorial accident, and should not be
regarded as holding in more general 'situations.)
If the number n of cells is odd, and N1 is
stimulated at each moment, then any Pulyo originating
from Ny, will, if it getw as far a-i“,foxcieo Nl
when Nj; is refractory. Thus no pulsof@an continue
to circulate:arannd the eycle, while regular excitation

continues. 3

ﬁ/h




On the other hand, (with n still odd)vwhon excita~
tion'is’removed, activity will eventually die out. For;
i

i,

iii.

If n is even, then once alternate poaitiong are
filled, each pulse will always meet junctions for which
xﬁ';'l, and activity will never cease. FHowever, if
any pulse is removed, the rest will drop out at a
finite rate, because pulses will then meet non=-

facilitated junctions. -

" The number of pulses cannot inerease after

Hence, there.cannot at any t7t, be more than

5-7

stimulation teases.

If at any tiiie t, there are more than (n-1)/2
pulses, then at tgt1 there will be more than
(n=1)/2 réfractory cells, and hence less than
(n~1)/2 pulses. By i, then there will remain
less than (n-1)/2 pulses.

(n=1)/2 cells firing, or the same number in the
facilitated state. Hence there must always bé
at least one cell in thefpfstate. Such a cell
will remain in thot state until it is fired,
hence if there are any pulses left in the cycle,
at least ond/of them must meet a junction in
the p-phase in each n moments. So pulses will
be lost from the cycle at a mean of at least
q/n pulses per unit time and all pulses will

eventually vanish,
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5/3.1

~
/
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fore interesting is the case of non-absolute

facilitdtion, where the XP of the facilitated
Jungtionskis raised, but not up to uniti. It will
simplify calculations, without greetly altering the
picture, to assume-no refractory period. (presence
of a refractory period would cﬂl; add a conditien eon
minimum spacing of pulses.) Assume then, that

XP(d)= F  d <s

if
= P d >s

For further simpliéity, let s = 1. Then a junction J
is facilitated at time t and only if it fired at time
t-1. "
We will assume, of course, that F)p. and that F is
less than unity. Let q= lep., Also let G ; 1-F.

Definition:

The initial segment E(t), at time t, of the chain is
the segment of the chain from f (the fibre at the left)
and up to but not including the [irst junction which
does not fire at time t. (We assume’ that f fires at
each moment.)

If at time tor the initial segment haa.longth
fig, we will write E(t°)== nge Ve will also say that
the chain is in state Eng at time t..

If E(vg) = ny, then at time t,&i there are several

possibilities. Np, 1 may fire (probability p), alse
/’ a
N vl

"+l
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one or more of the Ni (1§n6) may fail to fire, In‘

the latter event ifiCn,, the initial segment is said

to be "broken,” by an "F-failure." (For if an earlier
junétion failed to fire, 1t must have failed to fire
when stimulated in the /F/ phase. If F is very cloese

to unity, this will be an event special encugh to deserve
a name,) The following diagram illustrates what

happens when the initial segment 1avbrokon by @an F-
failure. (The diagram was obtained with the use of a
coin and a teble ofrrandom numbers, and is based on

the values p = 0.5, F= 0,95.)

J 1
N L23 kKL56789 101112131&1516171819202122232k
l XXX XXXXXXXXXXXXXXXXXXXX i]
2 XXXXXXXXXJ()XXXXXXXXXXXXXXX
I ExRxxXx X xR ZXXXXXXE@E XX XXX
AREX XX XXSRX N EXXXTXTXD ZTREER
S TRXxXXXXx%%xX%R X XXXXX XEER
6 XXXXXXXXXXXX ERER X% EX X R
7T xxdO)xxxxxxxxXx XXX¥ X X XXX
§ ZARN RETEXTXRX X X XX XX X x
9 xxxx ZXEXEXEEXR ERx X x
10 R x x % 2ALXXTER & & 3 x
A T xEx x) XXX X x
12 xxxxxxXx XxEx & X X ;
13 xxxxxxxy % =2C)x X \/\
I xxxxxxxxx x x /
I zxxxxxxxx . L
16 xxxxxxxxx%

/28

! () denotes an F-failure

denotes the end of the initial
segment
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It is clear that the initial segment tends to grow
at the rate p when there are no gaps. Onee a esap
dovelopg, Ehe segment following the gap is destroyed
at a’r’*i'a_te o}‘ at least (l-p) = q. [munmm
mmmmmwmm1wa 2
with—a—gup will die out at a relmtively rapid rateoniy-
thof&aitiaimsugmuntmwi11”bt*tup6nt§ﬁt?}
The states E;, which are the lengtha of the initial
segment, form the states of a Markov chain. The system
is irredueible since there is a positive probability
of going from any Ey to Eﬁflﬁd)(ihis probability is o
Just an) hence all states are in the same component.
It is aperiodic since, e.g., there are passages from
any state Ey to any other state En having both odd and
even numbers of steps. This is true because there is a
positive probabilicy of remaining in a given state
either an odd or a;,ovon number of times. Finally all

states are non-null recurrent (Feller, p. 322), for

state Eo is rocurrent, and in fact occurs every time

Jl fails to fire, an event of probability not less than /{//
min(q,G). Since the state E, is non-null recurrent,

and the system is an irreducible Markov chaiq, all

states have this property. lHence the system is ergodic,

b
" The transition matrix.
Let P, be the probability of transition from Ey to ;,

Eye Then If m)m +1, py, = 0.,Py,, = F¥. If rqm, them.
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Par is P, These relations hold for m,ner 0,1,¢4ss
Also, ?n,.’l;., Fip. To summariza,.

Pgomtd = D if 1)1,

Pm,ml =
“. n = qu 5
m:l‘ = FFQ 4f ram

The matrix of transitions is
{

Pij ey C o Ty m-l1 m mf w2
0 N L. B9 8 0
3 N S NG
3 G FG F2G Fiq . o 49 0
PG I N N <
m1| G FoPPla F‘“‘% ™o o
m ¢ FaF2 pdg (7 m-fmg pm, o
wfl \ G Fe F3g §3g | F~lgpmg pm pmd,

The system has an asymptotic distribution; let o =
prob of being in Ey. The my satisfy the linear system
A

5:3‘ 4P g (nk>0. ; m = 1.)

These may be written as

mg = my. 1*“‘ P+ mPEq lkozjd
. >k k
X
K=1 X
/2!, mkalk_ll? p+mqu+lﬁ->_513
Thece can be solved successively for "y %a -0 -1,...

but this is very tedious. my = G/ (ptG.), u = l°. p(l

X

G-q)
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(5/3.4 For our purposes, it is imporsant to know, at.v

loint_apgrexinatoly, the distribution of the time of

the first passage from Eg to Ep. As will be explained

in detail in seetion 5/6 and £, it may be assumed, in

the applications to be made of the calculatien, that F

is ve:zcxacpuuto unity. If this assumption is made,

the matrix becomes simply

0 0 0 0 0. .
p 0 0 0 O0.--
qQ p O O O0.--
© q p O 0, .-
] 0 9 P O o2 o

The probability that the system first reaches state By

at the time of the m'th pulse, is the probability that
in Bernouilli trials with probability p of success,
n=f failures will be recorded before n successes. For
let each unit advance along the chain represents a
success. Each failure means that liew advances must

await a new pulse. Hence m pulses will be required-

~

in all, if there are m=} failures.
" The probability of O failures before n successes is,

of course, p®. The probability of m~f failures is

P"lq-'l(“‘}if’l).p. (For the last trial aust

be a success (by definition), and the earlier n<}
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. be meaningful, it must be assumed that F“z er better,

5«13
successes and m~! failures may occur in any ordor.)

Thilvisvthg Paseal distribution; it 'has mean_ng ,
. P

which is thus the mean time of the first traasit to Ene
The same result may be inferred from 5/1.1; each new
pulse meets a chain of junctions in the /p/ phage, and
advances a mean of p/q Junctionai ilence it may be
expected that it would take a mean of nq/p pulses to
advance n junctions. (In order that the approximation

» i
nf (y)nzq/Zp is close to unity. This would imply A
that the chance of F-failure, or the chance of transition

to an earlier state, is negligible.

The application to cycles is as follows. Let C be
a closed chain of'e Junctions. Let one of the junctions
Jo be stimulated at each moment. How long will it be
before the cycle has all junctions firing in the /F/-
ltlto? This is ¢ v che time that it would take

Yhe /n'tia/ segmen?t
for yvl:c: €eo reach the n'th junction in an infinite
chain, and the distribution of this was computed in
5/3.4. The mean time of activation of the ecyecle is,
theng nq/p.
fﬁanoo such a eycle has been filled with pulses, it
will continue to fire until an F-failure occurs, The
average time until the first F-failure is easily seen
to be (noting that n junctions must fire at each
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moment) Tp = FR/(1-F®), Under the assumption that

(as above) F“z is close to unity, nG will be small, and
oxpl’nlioxf of Ty in terms of G yields '1'(\3;%-'1,
providing an estimate of the time the cycli will

continue to operate after stimulation ceases.

Fe t istri Y , i

For the remainder of this study, attention will be
concentrated on forms of activity which have appreciable
probabilities of persisting for more than a very few
moments. In particullr, we emphasize the notion of an
"F-gtable" dctivity pattern,

Definition: A pattern P of activity im a net is ‘lid
to be "F=- " or "Feactive" if it is sueh
that until the occurrence of an F-failure
in the pattern, each cell of the pattern
is in the /F/ phase at each time of
stimulation.

(Note: A "pattern" is a distinguished set of pulses

and cells. The pulses of an F-stable pattern may meet

cells which are outside of the distinguished set c(

cells; these outer cells need not be in any particular

~state when stimulated.)

Any F-stable pattern has a definite "half-life™
which depends only on the number of pulses in the
pattern, in the case that this number is a constant.
If m is this number of puls;s. then m junctions must
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fire at each moment, and the half-life is the L Tor which

,-L? 1/2, i.e., L:%). *In the case that the

number of pulses is not constant, there is no such

simple expression. If time-qugntization is invoked,

however, then any finite F-stable pattern must be
{

periodicy and the half-liie will not be difficult so
compute for any particular case.

We will first partially classify pgttornc of pulses
in simple cycles, and establish some theorsms which are
important in thc,prcaont theory. The results will then
be applied informally to more complex nets, and to the
classification of activity in general random nets. It
will be seen that while exact calculation is feasible
for simple cycles, rigorous extension of the theorems
to more general ‘hets would be difficult because of
combinatorial difficulties. Qualitative, and topological,
arguments will be necessary.

5/k.l Patterns in cyeles of lemgth N.

We now assume that all cells have the same properties,
and that they each follow the full recovery sequence !
of ghapter 3. Thus we will have to consider phases

(?/0/;/p1/;/P/;/p2/;/p/. However, as we shall concentrate
on Festable patterns, the classification will be
simplified and net essentially changed if we set Py = P.
We ask what are the possible patterns in a cycle of
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length N, and which of them are F-stable. ‘
a)s Ne /0/. 1In this case there can be mo cyelic o
activity at all, since neo pulse can complete a circuit., N
b)e N e /pl/. This cycle can support at least one
circu1;t1n¢ pulse, and possibly more. But
each p&lao must, within N moments of its
initiation, continue&tewnoot Junctions in
either /0/ or /pl/ phase. Then there are no
F-stable possibilities.
¢c). N e /F/. In this cycle, a single pulss will

become F-stable at ¢ .vic=s the time it

completes its first circuit. If also J

is in /F/ then there will be patterns containing
1,2, «.s ,K pulses,each of which will be :
F-stable. And for a given number of phlsol,
it is possible that there be more than one
F-stable configuration, even after identifica-
tion of tine~translated patterns, :
d). N e /pp/ or /p/. Then no pattern with a single
pulse can be F-stable but there may be several
F-stable patterns with more than one pulse.
Actually, the variety of F-active patteirns depends,
—oebviously, on the location and width of the /F/-phase.
The classification of F-active patterns can be bazed
on the properties of the interval /F/,
1, If /F/ contains a single integer k, then a cyele
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can be Feactive 1t_and only if N/k =x, with x an integer,
and there are x equally spesced pulses in the eycle of
lemh No :
2. If /F/ contains several integers
k°| k‘:ko":l’o:o . -'k-’ ko"'-,

there may be many distinet F-active patterns. For

to each ordered partition of N'into a sum of the k,'s,
there is an F-active pattern. For if

"tkil‘f k12+' . . ﬂi.’
then the pattern of pulses formed by firing the junctionms

v_I

s i Jeione, o o Tt oeny S
is F-active (or will be, once all junctions are tir-dlby
the rotating figure).
. For example, let N = 10,and let /F/ contain 2 and 3.
Then (Jypedp,J)sdy) and (3 ,J3,J4,J3) are distinet Tai
F-active patterns. Except for retation, these are
the only such.
3. Exact computation of the number of rotaticnally

distinct partitions of N into integers contained in a

=

given interval would be laborious and (for our applica-
tiens) uninformative. It is important, however, to
have sufficient conditions that a cycle can maintain

at least one F-stable pattemn:
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Theorem: If /F/ contains more than one integer, say

8 and s#l, then for all N3 s?-1 there is
- at least one F—stabl; state.

Proof: If N 32-1 then & can be written in the form
ps +-€(s+l) with p and q integers. This is
crivi‘i ifN- 82. g5 or if N =821 =
(8=1)(s+1). Othorwisolfﬂ can be writtan (in
the s-ary number system) as

N =ag +a;8+ Re?  with a,,a,Ls

2 R2
280+ 218 8“4 az(R-I)

ag(syl)+ (s - ag)s a;s -}-az(R-l),
which has the desired form. Thus there is a
partition of the type discussed in 2) above, |,
and therefore there is one or more possible

F~stable patterns.
/

5/h.2 A note on the role of time-quantisation.
The above classifications and arguments are bg;od
expliecitly on the postulate of precise time-quantizatioen.
If this postulate does not hold, then the conditions
for the existence of F-stable patterns will not exhibit .
such a clear arithmetic quality. Now the classification
/g“f_ F-stable patterns might seem to have a large importance

for this theory for more than two reasons:

1) Festable patterns will play an important rele

in net activity.
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o 2) The number of possible distinct F-stable -

‘patterns that can be maintained within a given

% , ci&lo c ought to supply a prociiu measure of

~ the "amount of information" that can be stored

by the activation of C 'in a particular mode.

For a realistic Egurological quol, hovoior. it cannot 8

o

be assumed that time quantizatien can hold other than

approximately, if that; the synaptic delay itgelf

cannot be expected to be perfectly uniform. Hence we

may use only those theorems that do not depend on

perfect synaptic uniformity.

5/he2.1 Suppose first that the synaptic delay of a junection,

instead of having exact value unity, has instead a .

probabilistic distribution with, say, mean unity, and,

~say, the distribution cldsoly, but with positive
This might seem

dispersion, concentrated around unity.

to yield a first approximation to time-quantiszation.

Now consider a simple cirsuit, containing tvo'pul-os.

a

Let N = 2k with k in /F/, and let Jy/ and J, be fired, "

beth at time t = O. If the synaptic delay were constant,

( then the two pulses would always remain diametrically
opposite (assuming no failure), and the circuit would
/booo-n and remain F-stable. However, with a non-trivial
distribution for the synaptic delay, the twe puloba
under independent variations from unit velocity. and
need not remain diametrically opposite. In fact, with
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probability 1, the pulses will slip in phase in
_the manner of a random walk, and sooner or later
one of the twe cireular displacements will beceme
too small to be contained in /F/. Either sireular
u-m«-uwu&umuuu.m
ticle taking a ome-dimensional isotropic random
walk; 4t has probability 1 of leaving amy bounded
region. : %,

If this vu:huon of the symaptic dsiay is appre-
olable, then F-stabdility suffers; an apparently
Festable pattern may drift into a non-F-stable one
without any F=failure having oscurrved.

8/4.2.2 There is, however, another effect which may
serve partly to offset the random walk effect. It
is Jmowm, (Fulton p. 140 £f.) that synaptie delay
is appreciadbly greater (a$ least for spinal moto-
neurcas) whes stimilation is earlier in the re-
govery ayele. Let us assume this to be the case,

C at least in those regions of the recovery eydle

__oonserned here.

Ve Ml. therefore investigate the consequences
of assuming that thw aynaptie dolay » is a de=
ereasing function of the recovery phase 4 of
each eell. -

~
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In the example of 5/L.2.1 it is easily seen that the
negatiyve slope effect of s(d) tends to offset any ;
dci&étionﬁthat might arise from a superimposed added
randoﬁ variation of s. For the closer pulse 1 comes
to pulse 2, (measuring alony the propagation directionm),
the larger are the synaptic delays that it meets, and
equilibrium oécure only at opposifb points.

Of course, if the slope of s(d) were more negative
than <1, then the éorrcction, in this example, would be
greater than the previous orro}, and the effect might
not So stabilization. However, it is a biological fact
that the slope is not that far negative, (except
possible for extremely small d, in which case the
probability of transmission at all is small), i.e., in
general, later sﬁfnlatio’n yields later firing, although

‘not so much later. (It must be mentioned once more that

there is no direct evidence for any particular gynaptie
properties within the brain; all is inference frum the
periphery, or the motor cells.)

On the other hand, it would seem that the negative
slope (or, in fact any slope at all) of s(d) would tend
to destroy the distinction between different F-stable
/;;;torns with any given number of pulses, since it
would seem that there would be a tendency toward -
equidistant spacing. :

Hence any information stored-in the form of the




o
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spacing of k pulses would seem to undergo degradation,

and -only the number % would be available for long-term
atqg_agQ of information, : :

To prove this tendency toward regularization for
general s(d) functions seems difficult; however it can
be shown for a linear approximation to e(db).

Let us suppcse, then, that we f:aﬁ-e simple cyecle of
n cells, in which s pulses are cireulating. Let the
pulses be called ?A:(K 3 Xge v wpt) viﬁh Pa+l
representing the pulse ahead of Pg» Let the cells of
the chain be called Ny (1 = 1,...,n) but allow i to
take on arbitrary integer values with the understanding
that Ny = Ny 4f 1 = jmod(n). Similarly, let X take :
on arbitrary integral values with the understanding that
Pg = Pp if a = b mod(s).

Finally, let tn'jt.: ] be the time at which pulse Py \(
first fires cell Ni(if J<n and ag¢ s). Also, for
a<s,and j<n, let "a,Jf-kn be the time at which Pa
fires "J for the Mh time. Finally, for all a and \al
J, let
tass,jin >~ a,je (1) :
(Note: this notation represents a corresponding
pPocess occurring in a helical covering space, but may
be regarded as pure formaligm.)
Now we can oxj»roaa the effect of a linear s(d) function:

ta, 4+l “%a,j = K = p(t"J - tg,1,35+1)e (2)

with O0<p <Cl. .
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5/4.2.3 Theorem If O0<p <1, them the pulses or t..m cycle

B velocity and zn cing.
i e is d £ =
for The & i f

demped.
Freof of thecrem 4/2.3:
The synaptic delay law, (2) can be writtem, without
less of generality, =s
~%a,3 - %,5=-D+p {?a+1,j¢l - ta,5 * D1~ ‘/!B (3)

where

Define ¢q,z._,‘:{$-] (&)
(Note: 4t will be seen that D is the asymptotic synmaptie
delay, and that dgj Tepresents the deviatiom of nulse
Py 3t time t,; from its position in the limiting pattern.)
Substituting the é's for the t's,

Ta,30 0%, 5= 4, 5 =4, 5+ D

Sadd,jsd 8,] = 4‘4.14.1 -dg 3+ 2{1 - ’).
hence e

4,51 =4 3- Plig g 50 - 4, ). (57
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Note also that

Gars,3m - Yars,gin + DBE n - § 1 n)

= )t‘OJ +D(%n ¥
= d"J ~ (6)o

Now (5) is a system of difference equations which are
linear, and which are actually finite in number because
of the modular relations, (6). Assume formal solutions

for the system:

d.J = .C. .‘J - (7) I
Th.n d.+..J+n = C.” .'(n‘*n) = d‘!d :c‘ QSJ'

Hence Cy,4 = C, e-n3. (8) e

Because of (8), we need only solve the system for s
consecutive values ot/a.Chooio a3 1, .0 48
Sub;tituting the formal solutions (7) into the basie
equations (5), we have the linear system:

Cq ¢X(3H) | Cq 933 _ p(?‘+l o 8(J+1) _ Ca 0'!] v

Dividing by ¢®J, we have
Cale® -1) _ p( Caire2L.C,). (a¢s) )
Cgle%-1) = p( C, e8{1-n) = c.), (a=s) (9).

—
/

or
C‘(l-p-..) + P C..,_l .x =0 and (.(.)

BU-R) o taam) - U38)

Cg(lep-e®)y pCy @




The ¢oefficient matrix of system (18) is

(1-p-e®)  pe® (0 °o & (1
0 ”(,l;p-e’) pe® 0 b ;
0 L) (1-p~e?) pe®

0 0 0
p.‘ ( l-n) o ; o

and the determinant must vanish:

(1-p=e®) < (=p)B os(8-n) . o,

-

Setting u = 1 - e, (11) becomes

(u=p)® = (=p)®(ieu)s-n

(1-‘,})': (leu)®-n

Now if u were negative, wé would have
{1°u/nb 1 and hence ’(1-%)1, : 1

On the other hand, with the same assumption,

‘(1-\;)"') k- ‘-1—_%‘::-. &k

since n*=8 jis non-negative. Hence the u is non-negative.
Then l-e® ¢ 1 and it follows that z is non-positive.
Hence the exponents of the system include only C and

negative value.

Every solution will be a linear combination** of

*%For repeated roots, the solutjon may include polyhomiolo
multiplied by exponentials, in which case the exponentials will
dominate. 3 )
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the basic soln&ioul'r.pr‘qontad é‘ the various b~y

oxjongnta. Each of the non-zero exponents determines

ong {or i} the root ismultiple, a class o; exponentially )
dnnpcd sclutions.” The zerc exponent dotor-incn (see

(7)) a constant selution C, with all C, equal.* This
component determines the phase of the limiting pattern.

For since allvbut the constant loihtions are exponen-

tially damped,

}1-03.3 = C where C is the constant solutisn associated
-’ i

with the sero oxpéhont. But then by eq (4), we have
Um /%, ~c +D ( § J.‘l_\.ﬂ>= 0

J—)oo

This weans that the firing pattern approaches a pattern
which .
i. rotates at the rate of 1/D cells per time unit,
ii. has synaptic delay=1D
iii. has equally spaced pulses (because of the ﬁ? term)

iv. and whose absolute phase is determined by a

constant C, which is the only parameter of the

y pattern which depends on the initial conditions.
5/he2.k I wish to add the conjecture that essentially the
same result will hold when s(d) is a function which

has slope between and bounded away from 1 and sero.

*Differentiation d(12) shows that the o-root is not multiple. A
-
P |

wq""
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It is worth noting that the tondqnc}.toward oﬁﬁnliln-
tion of pulse spacing which results from a lOAQrato
n.g(%ivoxslopo of s(d) will not tend to destroy the F-
lenbiiity of any pattern which would be F-;sablo with
the constant synaptic delay. For the limiting (equal)
spa¢ing is somewhere between the extremes of the original
spacings; since these must be contained in /¥/, and

since /F/ is an interval, the limiting pattern will be

also F-stable.

Excitation of Festable patterns. In section 5/3.6

the length of time necessary to establish F-stability

in a cycle was estimated for a simple case. It was

concluded that for a cycle of length n, nq/p ‘pulses s

is the mean number of pulses roquirodi’t;{/: same result
_with the same argument holds in the general case (in
5/3.6 it was assumed that stimulation occurred at each
moment ). It must be noted, however, that nq/p is the
mean required number of pulses; it is not the time
required if excitation is not continuous.

Suppose (in spite of the arguments of 5/4) that a
eyecle C is capable of maintaining two or more distinct
';:;SAhlo patterns. How can the c¢cycle be stimulated so
as to set up a particular pattern im it? If stimulation
of each cell is permitted, one has only to fire each
dell at the proper time. If there is only one input

piicpeers

e RIS S sl

RETORL
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‘Thus information stored in the form of pulse distribu-

‘that cell,

available, arbitrary stable patterns can still be

!
1npoucd. Suppose that there is another cycle C; also @

of lensth R, in which the desired pattern ds active,
One no.d only connect a chain from any cell of C' to eny

¢ell of C, i
==

If we assume tlno;quantilntion, then the set of possible
pulse spacings in.C', module éoeution, is in one-one
corfoapondonco with set of temporal patterns, modulp

time shifts of firing, at any one cell of C'., The
temporal pattern will propagate down the conneeting chain,
and around C (at a rate of p/q junctions per pulse)

and will set uplsyo corresponding spatial pattern in C,

tions in simple cycle can be easily transferred to

SPe—

other cycles.

’

If there is much variation in aynaptic delay, the above
argument will not be valid, for pulses which have

e BB 2N

travelled around C may arrive at the input ¢ell of C
at times which may conflict with the stimulation at

&
g

If a cycle of length n is exeited through 2 chain
of length n as in the figure, the meanm time of excita-

tion (until the cireuit is P-active) is, by the same
af vhegX

argument, an.q/p. o .1??»*.;.5{»
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1 *3 3 rs.

As propesed in 5/0.0, circuits are to play a role as

: fnqgtibnaf‘units in the behavior of nets. The Feactive

circuits are to have sufficient stability to act as

units, As such, one F-active ¢ircuit nust_bc able to

remain active long anough'to initiate another one,

either by cggtic\ or through a chaia. This assumption

makes it po;siblo to estimsate plnus}blq values of p

and F, with the aid of the Hhowlcdko of the duration 7T

> 2
¥
of the facilitation phases. The latter information B
comes from neurophysiological studies on nerve fibres,
and its uppliclbii&ty to junctions, is of course,
speculative. \

Consider the network below consisting of two ¢ ircuits

of length n coupled by a chain of length n, If circuit

I is Feactive at t;; while the rest of the net is inactive,

SRR o L

then if eireuit I is to be able to initiate Feactivity ¥ ?

L

; - N

s

in eircuit II, it must remain active long enough teo
deéliver 2nq/p pulses. If I contains k circulating o

SRR S22y ol RS SRR Y ST D LD 0

pulses, it must therefore remain active for 353. E ;

time units,
On the other hand cirecuit I remains active an average
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@f f/kC time units (5/3.5). If these quantities have
the same order of magnitude, then .

/1/x6 . 2n2q/kp or %}t; %hz

The basic time unit (the quantization unit) corrtlfondl
to the synaptic delay time. Nouﬂologically, this is
probably of the order of 0.5 millisecond. For single
impulses, the rtrrictory period is probably shert; of .
the order of 1 to 4 milliseconds, and the /F/ phase
appearing 1 oé two gillinoeonds later and lasts perhaps
40 milliseconds (C fibres). However, after several
pulses at intervals less than 10 ms, the /F/ phase
appears to occur later, and for a shorter time, and
higher frequencies appear to cause the /F/ phase to
vanish., It seems likely, therefore, that circuits can
be F-stable oﬁly 1f pulses occur with spacing at least
of the order of a few milliseconds, and relating this
to the synaptic delay, n/k is at least of the order of
5 or 10, '

We can make an independent guess a3 to the magnitude
of F if we assume that if circuits play a role as elements
of brain action, they ought to persist for a ioticeablo
fraction of a second, e.g., of the order of 50 milli-

seconds. The time of survivel of a single pulse in a
F-stable circuit is 1/Q time uhits. hence Q = .02 or so.
It would be féolish ﬁo attempt to justify such an
estimate at the present stage of knowledge.

SRR - e s N S G PN
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However, since in the following sections mechanisms

will be described which prevent P-circuits in random

Ay
nets frou suryiving as long as they would whnn isolated.

Hence,’ it ds probably necessary to assume that Q s

even smaller. Even if G is as small as ,001, a cycle

of length 10 (with one pulse) has an expectamcy of

only 100 eircuits, or 1/2 second, téking the synaptic
delay to be 0.5 ms. Then (7.4) q/p is'ef the order of

5, hence p is of the order of 0.2, It will be seen

later that the valve of p is not critical for this theory.

-

Extinction of F-stable patterns.
F-stable circuits are emphasized here because they
supply an adequate source for neural events of more than
transient duration. Nevertheless, they are ndt in-
vulnerable; there are a number of ways in which an F-
stable pattern may bo';xcinguishod.
i. Fe<failure, or pulse-less.
(¥e will return to the question of when loss of
a pulse means extinction of all activity.)
ii, Inhibition resulting in pulse less.
i1i, Phase shift (as in 5/4.2.1). :
iv. Phase shift due to "subliminal neural activity." 7
~ (If a eycle is part of a larger net, or im a
brain, then the recovery sequence of iss cells
may be 1n:1n.nco¢ by nearby events. If recovery
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is retarded, or haétonéd, the cycle .
may leave F-stability,)
Ve innrodgetion of extra pulses.
Surpriiiﬁgly enough, the effect {(v.) on Festebility
of extra.pulaes is so'bownrful that (v) may well be
the most prominent soﬁ}ce of extinction of cyclie
activity, In order to show why thié ig 80, it is neces-
sary to investigate the problem of which patterns can
become F-stable, and the probability of this oceurring.

Theorem. Let C be a cycle of length n, and let n be

WM—W
the cycle ha =gtable activity with one cireu-

lating pulse, but that at time t = O, an additional

T h babi ha
le w. I Fe 2

Procf, Let Ng, "'"k-{ be the cells of the cycle C,
Let the original pulse be dcscribod.aa N_RGR),
(K30), where Ny = Nyif 1= § mod (m),
Let the extra pulse appear at ¢t O at N.
(e<s<n)
Then after t: o, two pulses will c;rcul,to
(until ome or both fail), and they will be
/7 represented as
= 7 Ng(J) and lJ+¢(J).
At each time t>o0, one of four events may oceur:
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: Lo Ep(t) = Ny (e-1). g, a(6)l Sy (8}
i.e. The original pulse vanishes at uw l.
11, Ee(t):= Npge1(t=1). u,,(t)wl W% -
i.e. The extra pulse vanishes at time .
141, E (t) = Ngo1(g-1). —l‘“_l(g-l),/vl‘(t)fv N . o(t)
/ > i.e. Beth pulses mish at time t.
7 ive Ey(%)= No(e). N (¢)

i.e. Dboth pulses are present at time t.
~ Now let Py(t)= prob(Eg(t)) (X=e,£,0,1). .
ﬁo' wish to compute the probabili_t.y with which the
system returns to F-stability. It iny be seen, by
inspection, that if neither s or (n-;n) is in /0/, and if

F1= P then : : |
A |
Pr(ﬂ = Py(e=1) pQ & ¢
Pol(t) = Py(t-l) qP !
; . / :
Polt) = Py(t=1) qQ g (1) |
' Py(t) - Py(e=1) pP
where :

P_ pif (t<s)
Q=gq " "
P=F" (t>¢e) C

(Note., If n-s is in /0/ then the extra pulse could mot
-have appeared at all, If s is in /0/, then the origincl
pulse must vanish at time s. The new pulse must

traverse n-s junctions each in phase /p/ in order to
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N b
become F-stable. Since (n-s) is mot ih 70/, then
(n-8) is 2 or greater, so the probnbilisy that the
6yclq returns to Festability is ﬁn’ié.pz for thiié‘/k

case. We need not consider it further.)

' The system cannot become F-stable until after one of

the events L (t) or Ec(t) has sécﬁnfad, i.e. until

after there is just one pulse in the cycle. We compute

the probability of each event E. and E,,

P1(0) = 1
Py(1) = pF
Py(2) = p2F2
Pi(s~1) = p8~1 ps-1
Pl('i - pl-pl-lp —
556 0% o8 p

/

Pl(. k) = pl+1+2n ri-l

or Pl(t)= F"F (¢ <s)

= yl-l,?t-i l(t; s) (2)

The probabilities P (t) and Pe(t) can bt>oauily ebiputod

from iquntions (1), rusing equations (2).

‘ '1f~,(§'° This means that only the
N&qﬂ extra pulse is present after

8

time t-1, In order for the

e
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pattem to buon F-stable, the pulse must propagate

until u luta Junctions vhich were last fired by
itselfy honcc are in /F/ phase. Now

! N“"l. 00y 't*h:ﬂ"'“ last fired by the :
original pulse, so the new pulse has probability ph=s-lq

reaching N, y. Also, NtNis1 = Npig-1 Was certainly
last fired by the extra pulse, so it need only return
to this cell in order %o become F-stable. The phases
of the cells in between, |

th. seey Nuﬂ"-z], or, By definition,

[ﬁ‘, eeny Ny +¢-2J depend only on whether or not
the extra pulse fired them in the last cyele, i.e. on
whether or not

¢ s-n(t-K) occurred. We know that Ng, o x(t-K)-

t2 N, since the extra p'nlubltu'ted at. t= 0,
Hoﬁco if t> s,
P*(T) - PB—--l (t>8)
£ < pietlpet (g )

(3)
P‘f(t) s p”“-l

If Eg(t) oceurs, then only the original pulse is left;
it has to reach all Ny .. in order to become F-stable.
A similar argument gives
 (Pag(0) = 1)
Pt‘(l) : P
Pe_(2) - p2.

L - . L .
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P...‘(') s p.

’?*.(.+N) A pl

Pre(t) = p® - 38

t $id ; (4)

=P
Now the total probability that F-utaiility is eventually

restored is
o

Pra X Polv) Pro() + T pgelreg(s)  (5)

Or, by (1),
00 oo
Pp= X Pyle-1) papes(s), Z Pylt-1)qPP*(t). (5a)
where P,Q are defined as in (1).

By (&) and (5), this becomes
s-1 : :
r= 5= FUpb(paph-t-l ; qrpt)
2t+ l-g

o0
; 3 Z Fs=1 p (mpu-l-l_'_ pap®)

(1) + (11) A e
Now (II) = [’"1p1°'(mp“"‘1 *»qr'!]§ »t

= {?o-l : Ez' %
. . . -pz ,;

|
4

( ,j!_ 4 8-l | NH 2+2
= (e ep)’ [P +P*'J
A
- ::_ o=l [,nu+ ’2.,1]
3 And

- : & A
@ S 4 o A; (Fp?)*




F-F2 -(Fp2)8

= P ‘F—F') q?!!—_én_)_ (6)

' Thus, P, - (1) + (11)

= PRF-FS) o g2 (p? - (FpR)9)
\

T e L—f-’ (" ,pRe7l - (9)

Let Pﬁ}' be the value of PF for F=l.

+(‘-‘§W1+p)‘ (p%-p%)

A
+ Iy (p" + pz') »
B i '
= 1+P (1 &-p - p (l-p )) A
= Pe=ii '
: i TE; (1+p")/ ¢ p2 (10)
§ Now F occurs in the expression Pp only to take account

of the possibility of an F-failure of the original
i pulse in the first s-l moments of time. P,‘.‘:1 i
| the probability of F-stability being vestoud
on the conditional hypothesis that no such failure

I~

PR O
i occurs, Let thh,,hypothuh have probability H,.

T i Aot R R B R e e T S s S s

The /;_o;tnry hypothesis, (that such an F-failure

i

does occur) is Hy = 1-!11.

In the event that an F-failure does occur inm the
first s-l moments, the only way in which Fostability
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Since n-s is not in /0/ (see (1)),

5-38
can be restored is if the extra pullo crosses at
( ;gggg n-s junctions in /p/ phaae, 80 the probabi-
lity of F-stabiléty being restored, on hypothesis
Hgy 18 P18,
Then Py ( HysPp o+ Ha pn-s,

n-s > 2, and
Q.B.Ds

Theorem 5/6.1 is not sufficiently general for the

applications intended. It is restricted in two ways; the
‘eycle contains just one pulse, and /F/ contains a single

integer. An exact computation of PF for the general
case would be very tedious, but fortunately an informal
argument can establish the desired results, It is to

be shown that if /F/ is relatively short compared with
the earlier intervals of the recovery seguenge, then

a randem extra pulge will, with high probability,
extinguish the activity of the cysle. We assume that

F = 1. See 5/6.2.3.

c°191dor an arbitrary F-stable cycle with twe or more
pulses. nggglo that at time t =~ 0 an extra pulserx e
is introduced. Let No be that cell of the cyele which
is fired at ¢t = O by the pulse immediately behind v e,

and index the other cells by the integers modulo the
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length of the cycle. Let Ny be the location, at ¢ = 0,
/;f the pulse ahead ofs; » and N_ that of thc pulao
behind the pulse at Ng. Let Ne bo the coll fired by
the extra pulso at t - 0, ) Let D1== e, D = b ~e,
D3= 0 «(-a) = a. The pattern at t - 0 then resembles
the ti'urt'
, %

‘g‘(-—-p — FA,—>)(.+-6—>7V il s

(Note: There is no restriction that N g and Ny Sc
distinct. We do assume that Ny and Ny are distinct.)

Because, prior to ¢t = 0, the cycle was F-active, we
knew that Dy is in /F/ and

Dy + Dy is in /F/. There are several
cases, depending on the location of N, and the limits
of the interval /F/, Y
I. Dy€/%/ « Dy€/¥/S
Then the circuit will be Festable with)e

surviving,

I, D016/%/ . Dpd /¥/.
In this case,7: will continue to meot junections
not in /F/ until it drops. The remaining pulses
a;nwnos affected, and the circuit will return
to F-atability.
Iila. Dy f/r/ » D €/8/ o (D; +Dg) £/8/,

In this case,7, will remain, since it meets

~—
/
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I1Ib.

IVa.

—

/
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¢ells in /F/-phase. Then'7; must drﬁp, since
it will meet junctions not in /F/-phase. But

“since Dy + Dy is in /F/, ‘jwill continue to meet

cells in /F/-phase, and the cireuit will remain
Festable. * -
Dy ;Z/F/ ..Dzd-/l‘/ « (Dy + Dy) 7{/?/. Then 77
will stay, 7 will drop, and then, since the
circuit will comtain a gap larger than any
number in /F/, the eircuit cannet recover
F-stability and will be extinguished.
Dy f/r/ . Dpd/r/ . (Dy +Dy +Dy)€/8/,
Then (D) arld D3) must be in /F/(since /F/ is an
interval), 77, must drop. The cireuit will
recover F-stability whether or not Po is also
dropped. "
qué/r/ . Dy é/’r/ « (Dy + Dg + D3) €/¥/.
“Temust drop. If“7, also drops the circuit
will be extinguished; if 770 survives until it
passss the point at which'vCdropped, the circuit
will recover F-stability. This is the only
indeterminate case; the probability of recovery
must be oo-putod:

“The probability that 77 last fires cell Ngtg is

p¥(1-p). The probability that pulse 7, survives
to fire this cell is p®'l, for'7 is certain to
fire cells Ny, Nys o o o 4 Ng 3, and 1t will
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Lave probability ef p dffiring each of the

rem&inihg t+1 cells. The total probability that

ﬁf‘wall pa-s the point at which7c drops is thcl'

o0
) Paptd = qu(pz)"'
o 5

{
= i&ﬁ!‘ = p/l+p.

5/6.2.1 The results of the case analysis fall into thrto

groups .

A).

B).

¢).

P
/

The occurrence of each case depends on the locltiol of
the extra pulse and on the extent of /F/. The former
determines the values of Dy and Dpe Dy is determined

(Cases I,II,III4,IVa). In each case F-
stability is recovered. In order that one

of these cases arise, the proposition
[ é/F/] or [})26/?/ and Dy Dy e/F/] or

[prrvgnyenny]
must hold.

(Case 3b) Here extinction is certain, The
condition is

(0 /8120, € /8/). (0y0y 4 /2/)

(Case IVb) Here extinection oeccurs with
probability l=-(p/1+p)=1/(1+p). The condition

718 that none of Dy,D,, or D;*D2 Dy D, be in /¥/.
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by the location of the pul.o?f-l. For a givch /¥/,

" and a particular F-stable eircuit, each lkocation

™~

(module "ctation) may be said to have a 1313;;;}111;;
index A,B,or Clor 0,1,1/(1+p), the probability of
extinction if an extra pulse were introduced at that
point), For example, if /¥/ containasonly the

1nto;.ro 6 and 7, then the figure shows the vulnerability
index at each point:

(A) () (c) (c) (c) () (A) (a) () (c) () (C) (A) (A)

: ‘/ balin. SR SR SR e noor -
n.je) ' | noTe) lr.?(c)
(Note that if the left hand pulse were moved back to Nooy
then the vulnerability index of N, would change from
(4) to (B).)

Now if we introduce a random extra pulse into an
F-atable circuit, then i; can compute the probability
with whieh the circuit will be extinguished if we can
compute the relative numbers of peints having each
vulnerability index. Ip fact, if p‘. p”, and pc are
these relative numbers, the probability of extinetion
will be just ,B , .C/(1+p).

PO'.VOP, if there is a refractory period, then it
is not ponsiblc to introduce pulses into every position;
cells are blocked for an interval to the left of each
pulse. The condition (of A) that D, @ /F/ dmplies that
the extra pulse is clese to the left of a pulse of the
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cycic, 80 that the refractory period tends to _prevent
extra pulses from ontering at A-points, so that the
presence of & refractory period will not greatly doer‘alov

the extinction potential of s random extra pull.]

Let f; be the first 1ntog¢r in /F/, and f, the last.
Loz Na(0) and Np(0) be .consecutive pulsoa in an F-gtable
cirecuit. Then the condition Dy ¢/F/ will be satisfied
by the fgo=b+a cells to the left of Ny, hence they will
be "A-cells." The condition Dy €/F/ will be sasisfied
by just the b-a-f; cells to’thp right of Ny. These may

 er may not be A-¢ells, by case IIIa. Now let us assume

that fo (2f). If this holds, then no_condition of the
for-!D|4Dg+03€£]‘can hold, since this would require
that the sum of two integers of /F/ be also in /F/,

Then no other cells can be A-cells than those mentioned
above, except the colli Ng and Ny, themselves. New
suppose that the cyecle hln length n, and that the
F-stable pattera has k pulses, Adding all around the
cycle, the total number of left A-cells is ki, - n,

The number of right A-cells is less than or equal to
(

n=k 1l° Adding the k A-cells which carry the pulsas of
the pattersi; we have
Theorem If fp¢ 2y, i.e., /F/ contains no pair(r,2r)

5/6.2.2
of integers, k is the number of pulses in the
gyelea n is the length of the cyele,
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(e Then the number of A-cells is less than or

equal to

k( 1+f2 - fl). henca A( (1""2‘{1)

Furthermore, since the space between pulses

must be at least f, we have 5,_71 .;d it

follows that
pA¢ lﬂfzf!)
IIIIIIIII!IIIII
It follows that if /F/ is relatively short compared

with /0/+/p/ (the two earlier phases of recovery),
then ph is small. The probability with which a randem

" pulse will extinguish activity is better than

5/6.2.3.

l- A

.

This extinction orficioncy‘nay therefore be assumed to
/
be of an order of magnitude not less than 50%.

Another viewpoint toward the result of theorem
5/6.2.2 1s the following? RS

An extra pulse can fail to extinguiuh/ph»rgQSAblo
pattern only if it can set up another F-stable pattern,
ogxgag\%riginnl. It /F/ is narrowl then in mest cases
an extra gni;:m;iil inteffere and eliminate the pulse

‘follewing it., In this case, it will no longer be possible

to reestablish the original pattern. But as was seen in
5/h.l.e, if /F/ is narrow there will be only a few
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poaaiblo F-stable patterns, hence it is that much ch.
10-: likely that the circuit can recover.

The wvalue of/F wag assumed to be unity in éhia'
section, If'Fﬁis less than unity, then in every case,

the probability a circuit will be extinguished shortly

- after introduction of an extra pulse can only be in-

. \ \
| ereased, hence this assumption could not weaken our

5/6.2.4

results,

As pointed out in 5/6.2.1, the presence of 2
rnfraetpry period makes it less likely that a randén
pulse can enter certain positions of the cycle, and

hence may reduce the facility with which cyecles can be

’oxtinguished by noise. These points form an interval

to the left of the pulse points, and hence overlap the
interval of "left A-cells" of 5/6.2.2, It can be seen,
therefore, that if /0/ is itself short in duration, or
of the same order of length as /F/, that this effect
will not be marked.

Returning to the discussion of 5/6.0, it appears
that when F-stable cycles are embedded in nets in which
there is additional activity, or "noise," the oxtrnnoou;-
pglno effect will be a major contributor to oxjinctioal
We will ass(ime that the relative durations of theé
recovery phases are such as to favor this effect.

There is however, one further observation en extinction,
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~or related to extinction, that will tend to moderate

3 ﬁLe!necess;ty to impose strong conditions on the recovcri
sequence.* 1t may be noted that in cases'I, IIIa,
and IVa, Qﬁilﬂ F-stability is restored, it is not in
the original pattern. Ig many of the applications, a
change of pattern may ba‘;qﬁivalont to extinction. In
cages I and IVa the number of pulses msy be changed
(certainly in I), In this event, the alteration will
not be reversed by the effect of theorem 5/&.2;3; in
case IIIa, where the position of a pulse is niiply
shifted, that effect will tend to restore the equili-

brium pattern.

5/6.2.5 Suppose that /F/ varies from one cell to another.
Let /F/, be the /F/-phase of cell Nyo Let Iy be the
intervals between pulses in the cycle. Then it is easy
to see that the pattern c;n be F-stable only if, for

each j,

1,C 1 e,

* » Neurophysiologicely, , .. all tiat for widely

0 ng, it is the case that /i/ is short as compared
70 +/paf. However /F/ does become short (and may even vanish)
29w closely-spaced pulses, and it may be expected that
this will cccur shortly after initiation of F-activity. F7rt7.r—
more, dur the e "fatigue" effect, the length of /0/+/py
s her improving the f%-f] ratio.

spa
to
after a
I
is increase :

1
The fact that‘/‘/, the "subnormal™ phase, is quite long in 4h‘
most nerve inoro&:ga the probability of extinction in case IVb,/
and roved our result. A further effect of this property of
nerve is that if a cycle is extinguished, then it will be

exceptionably difficult to start it again for -an appreciable
fraction of a second.
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In particular, 1!'(}/?/ is cnpty, no F-stable
pnttorn is. possible. If the 1ntersoction.1a narrow

compared ggﬂnix Ffl)i, then few F-stable pattofna are
possible, and by the argument of 5/6.2.3,extraneous
pulses are effective in extinguishing F-stable patterns,

E-stability in random nets. 420

In this section we consider certain nschce of the
behavior of random nets, with particular emphasis on
the forms of F-stability. “Tho statistical parameters
of the underlying nets are, so far as possible, not
specified. Instead of attempting to describe the
behavior of any particular net or type of net, the
attempt will be made to describe various kinds of events
that may occur in any (sufficiently complicated) net.
Knowledge of the colplot;/ntructuio of a net would
make 1§-p08liblﬂ, in prineiple, to make a complete catalog
of its behavior, and to assess the prominence in behavior
of the types of activity which are emphasized here. :
However, in any non~trivial net, such co-pugntions
would be, in general, enormously co-plicnto&. In my
mpinion, detailed analysis of a reasonably complicated
net could be made practical only through the use of
modern high-lpcod caleulators, and the capacity of
present-day machines would be strained by a net of more
than a few hundred cells. -Specific questions about
special forms of behavior might be more ‘llil; answered
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kj,éonputation; when it becomes clearer what
questions are to be asked, this form of attack may seem
more reasonable. For the present, existential and

classification Qrgumonts will have to suffice.

Let N be a random net composed of celﬁa Ni and
connections which will remain unspecified. Ve will
not assume that each Ni has the same recovery sequence.

Assuming that F-stability will be of primary interest,
the following approach might be attempted: The net
can be regarded as qupportiﬁg a set 5 of potential
F-stable cycles, i.e., _

C €84ir ¢ =[lel, o's & g N°1°-)1' a cycle, and

Cic

Q/F/Jaéo. (See 6/2.4) (1)
One co:idithon attempt an algebraic theory of the
relations between the elements of S. Conceivably,
this could lead to another network theory, in which
the gells are the Fhstable cycles of N. This would
be very desirable, insofar as the F-stable cycles are
in a natural way functional elements of the behavior

oé\ﬂ,o.g.,if attention is to be concentrated on sustained

‘forms of aetivity.

In my opinion, such an algebraic (or set-theoretic)
appreach would not be feasible in nets whose connections
are predominantly of the multiple-~threshold type. In

such nets (and presumably the nervous ;yato- is of this
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f typo) the elements of sustained activivy, which .may

well be F-stable patterns, will net be simple cyeles
in general, but vill include more genoral forms of
oriented graphe, and the -relations between these grnphl
will be exceedingly complex. The graphs themselves

can be examined by qualitative methodsin many cases,

and some approaches are indicated below,

Suppose that the net N is quiet for t<0. ¢hooae an
arb;trary cell K as an input cell, and let K b; fired
(from outside the net) at times ty,tp, . . .

K sends fibres to other junctions. Not all of these
can necessarily be fired by K, for the other junctions
may require multiple simultaneous stimulation. However,
if J 1s a junction that gan be firod by K alone, then
it will be fired, eventually. J will fire regularly
in response to the stimulation from K only if some
condition like

n)no_)[ nyl=ty) € /F/]
is satisfied,
In such a case, we shall say that "J is recruited into
Ci-uctivity by K." J and K in turn may recruit mere cells,
and a rggnlarly firing pattern may grow out from K,
The statistical parameters of the net will determine
the bshavior of this pattern.
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~5/7.2.1 Definition: Suppose that at time t = tg, the properties

5/7.2.2
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o

of every cgllkare changed so that, qfter t
pl';'/p’-;‘#p =0, and F= 1, i.e., the trans- fi’

mission probabilities ‘are zerc except when the

cells are in /F/, and then the probabilities

are 1. And let the outside stimulation be

continued. Then the subnet which remsins

active will be called the "F=graph of N at time /Z,

i to," or "F(tp)-graph of N." In the present %

éaso, whqro only the cell K is stimulated, we
will refer to this subnet as FK(tg).

This definition is far from satisfactory; the term
"remains active"™ is not well defined. éf K is stimulated
at a fixed frequency, then at some time after the above
change in cell properties, ﬁﬁ, activity will become
periodie, and this periodic pattern might be a good
referent of Fx(ti]. In sny case, FX(t) 1l.lupp080d to
represent a measure of the extent.ef F-uctivity>in the
net at time t. (The formal alteration of the transmission
properties is not an operation actﬁllly propolid for
nets; it represents a formal operation of "freezing"
jus;‘thac activity that resembles F-stability, for
detinitionn{A;;rpoaol.i

Let K be fired at times t, (as in 5/7.2). Then
each cell of Fx(t) must satisfy a condition like that
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of 5/6:2.he If Iy ty = ty, then for each j, I.&/F/i
must hold in oide: thai Nyg cha member of FK(t), gi;.'hi
" eaeh atinulntidn'spoé%rum (the set of intervals between
1;ﬁww-$arﬁfﬁ”3r the stiﬁulution) determines a subnet of eoll;'ﬁ
" for sach of which, /F/ contains the spectrum. And each .
 F5(t) must lie in suck a subnet.* If /F/ is narrow for
each cell, then for different stimulation frtdhoﬁciou,
the domains of possible F-activity will be distinet,
NOTE:  The nets of the brain contain many morphologically
distinct types of neurons, in.a common (ap;tiully)
net. It is likoiy, then, that the brain contains cells
with widely varying recovery sequences. For different
stimulation spectra, more or less distinet subnets
will become F-active, and it is conceivable that these
subnets might function more or less independently, as
/ "sub-brains." This idea vill/bo further developed in
’ chapter 6, where a reinforcement theory for F-activity
is introduced. In this theory, it is possible to apply
roinfor&onont independently to these subnets. When any
given subnet is active, the activity of the others
canqot interlock with it in a regular pattern, and each
will be a source of noise to the others. Since, in
the theory of chapter 6, control of noise will imply

control of reinforcement, this means that our random

*Exceptions to this are noted in 5/7.2.6.
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n@tg-contain, in prineciple, the basic materials for

highly complicated interdependent reinforcement

>

systems.,

The growth of FK(t) proe;od- through the "reeruitment"
inteo Feactivity of cells on-tho fringe of the pattemn
at any time. -Only cells whose /F/ phase %onpaina the
stimulation spectrum can be recruited. While cells may
be added to the periphery of FK(t), other cells
alrea@y in FX(t) may drop out of the pattern. There
are a number of ways in which parts of the F-active
pattern can be lost. '

1). Cessation of stimulation. If K is prevented
from firing, then all cells of FX(t) will drop out of
the pattern except these which remain activated by
F-stable cyecles, if there aye any ih FX(t), or if any
form before activity ceasés.

2). Fefailure. If F is not unity then paius of
the pattern are certain to fail eventually. e

[In & theory of Fe-activity in nets, a notion of

dependency can be defined; a part P of an Feactive
p(@torn can be said to depend on a cell C of the pattern
ir F-failg;g#cf C causes the less of the part P.
Similarly, each location of the pattern may be said te
have a vulnerability index with respect to P, representing
the probability that P will fail if an extra pulse is

introduced at 6;3
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3)s Effect of extra pulses. The growth of FK(¢)
ma§ cause parte of itself to fail by direet inter-

ference, The next few paragraphs are axample;.

As new cells are recruited into the Fegraph of K,

the connectivity of the pattern may change. It would

ssem that whemever an increase of connectiyity oceurs

the probability of loss of parts of the pattern is high.

Consider, e.g., the effect of the rormntion of a simple

‘5;" GJ(QI
Jn L‘q - F{_A. GJ (*)Z

Cn-l,n n-t
Let FK(T) have the form shown in Fig. 1, where each

depicted cell is in Fi(T) except the cell J,. Then
when (and if) J, is recruited into the pattern one of
the following will result. (Assume ﬁhat F21l for
simplicity; the effects of an F-failure are ebvious,)

I, If the pulses arriving at Jy from the loop are in
coincidence with the pulses arriving from Jo at all
times, no part of the pattern will be lost. In fact,
the parts of the pattern previously dependent on Jo
vil@ no longer be so; failure of K or of any part of the
pattern bofg;g_do will not cause the part after Jo
to be lost. lence such & loop will tend to increase
the stability of the part dependent on Jo. Note
however, that the condition for this to happen is rather
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a?;ogg; K must fire at regular 1ntefvals, or in a:

séqﬁonce periodic with period n,

II./ If the pulses arriving at Jl from J are not
coincidental uith those fron Jg» there are several
cases. If the pulses from the loop arrive during the
refractory period of Jy they will have no!effect, (al-

! though they might serve to stabilize the system in the
cage of later Jo-failure). If they arrive at any other
phase of J; they will have a marked effect on the
system. For if they arrive in /pl/, they will act as
extraneous pulses, and as a ;toady supply of them!

Hence both the loop, and everything dependent on it,
‘ncluding 0¥ and GJ', will be lost, (with probability

1, since extra pulses are injected until failure ocecurs).

On the other hand, if the loop pulses arrive when Jl
is in /F/-phase, this does not imply that the system
is undisturbed. For the activity of the pattern
previously dependent on Jo is then dependent ¢u the
autonomous cycle. And the stimulation arriving at J1
from K via Jo plays the role of extraneous pulses, and
is likely to extinguish the cycle, since the extra
pufloa again are supplied until (and after) extinction’
occurs! Even if the cycle and the stimulation aijﬂablo
to return to synchrony at a later time, there will be'a
transient disturbance that »idq cause the loss of [
and 6°' if J and J' have short /F/-phases, or if GY
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qnd ov' themselves contain autonomous cycles whieh are
synchronous with/the stimulation, If the stimulation
and the eycle haveiindependent frequencies,-;hon‘ehn
extra pulses will appear at-all phases bf the rccoverf
cycle of Jl. Even if failure of the cycle does not
-eccur irmediately, Jy will be alternately deminated by
eyelic and by stimulatory pulses, and each times the
transition occurs, a transient disturbance will b.
transmitted to GV and OJ
Thus it is seen that the ingorporation inte
of a subr itgelfl Fa
(e

fragile. Such an inclusion may provide a continuous

source of disturbances to itself, and to other parts
of FK(t). and in general would seem to reduce the

stability of the total pattéern.

Another way in which connectivity may be increased is

depicted in Figz, 2°

,< ( [>_‘<<:::l‘b” i

/

If m and n are the lengths of the two paths from Jo
to J, then Jig)> gy (Stm=l), Jf y(t4n-l), If m- n
theve is no effect onGY when the second _path is recruited
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- and if it happens that m -.n = d/2 med (d) them pulses

MULTIST/BLE PATTERN

‘ gchain, (Fig. 5/8.1)
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intO/FK {t}). Otherwise, in general, extra pulses

will be introduced into GJ. and loss f of that pattern ;({

“may occur, (Also. in general the interval spectrum

of activity in the net will be-broadened. )

If stimulation of K is regular, with intervals d,

will arrive at J at regular intervale of d/2. In this
case, J may initiate another pattern of Feactivity in
the net, FJ(t) which operates at the doubled {;!gggggx
and is composed of cells from a domain different from
that of FX(t) (See 5/7.2.2). Although FX(t) and FY(t)
niy net be able to share the same cells, they may ‘ach
act as a noise source for the other, and perhaps inter-
fere until one is destroyed. It is through events of
this type thet activicj may arise in a>spcctrum domain
without prior stimulation by patterns within that

interval spectrum.

Although the addition of potentially F-stable
pactOfns to An Fegraph does not necessarily raise its
stabiiity. as was illustrated in 5/7.2.5, there may be
apcéinl cases’in which coupled circuits may attnﬁn a
high degree of invulnerability to extransous pulses.

5/8.1 Consider the case of two cycles with a common
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. There are various conditions under which nFch a net

AL

can become F-stable. The simplest condition is to let
the activity be symmetrical about the common chain.
Now consider the effect of introduction of an extra

&, y ST

pulse. ' There are two cases:
*4 . i, Iif the extra pulse is intreduced into a cell
of the common chain, or if it is introduced

PR

into a side chain, but reaches the common

chain before it disappears, then there is a
e high probability that all activity will be
extinguished, as if ‘extra pulses were introduced

if ' into separate cycles. (The probability of

i complete extinction is not, however, 2 simple

4 function of the probability in the single cycles
1 case.)

44, If the extra pulse is introduced into one of

S~

the side chains, and does not reach the common

chain, then the other loop will remaip F-active,
and may reactivate the loop in which failure
occurred. A long lg{-phaso would make this less
likely. See foetnote (5/6:2.A)e i/
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“extinction bacome'more)restricted. (So do the sonditions
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1 & circuit contains several loops, the conditions

under which 2 single extra pulse will csuse total

on the net for F-stability to be possible.) In the case

(Fig. 5/3.2) of three cycles with two common chains, an

-extra pulse would have to propagate through @ distance

of the order of a full cycie in order to enter &ll

three loops. (The dotted lines represent the trajectory

of a typical extra pulse.

It is interesting that total extinction in such a
net would seem to be favored by relatively high values

- /
of transmission probability in phases other than /F/,

in order to facilitate the entry of an extra pulse inte

each loop of the circuit.

Even if the extra pulse does not propagate _into other
loops, if loop 1 recovers F-stability in a diffe¢rent
paegprn, it is likely to interfere with and extinguish

N
the adjacent loop.
e
With small values of /p,/ and /p/, it might seem a

cireuit with many coupled loops might be so stable that
it might become a relatively permanent part of a net, or

even that a random net might assemble itself into a
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colL@ction of stable subnets. (Such a net would not be

useful in this theory.) Such an evantﬁality dogs not
“geem too likelyy for side-chains will tend to grow 6ut
from any F-active éircuit, and- if a side chain becomes
re-entrant, it is more likely %o be destructive than
,étabilizing. (In section 5/9 the growth of side chains
is further examined.) '
However, it would seem that the extent of the growth
of'autonomous Festable subnets will depend greetly‘qn
the statistical parameters of the underlying nets, and
it is not 1mpoasible that in particular nets, such
"Multi-stable™ patterns might tend to grow and dominate
the net with useless massive periodic activity. If
this happens to be the case for the random nets of the
brain, then it is necessary‘to provide a dependable way
of removing such massive acti?ity. The following pro=
posals suggest ways in which this could be done. They
are based on the provisional hypothesis that the cortical
nets are such that there is a tendency for multistable
patterns to become extensive. If this 1s not tlie case,
the? the proposals and interpretations are not necessary.
(Th;\behavior of the cortex in epileptic (and perhaps :
migrlnoous)’iiisuroa may indicate that the cortex has
the potentiality of operating in a persistent massive
synchronous manner under some conditions, although these
patterns might also derive froi abnormal subcortical
activity.)
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('{pnctional fatigue." PersistentAsynochonous-
activity could be feliminated if an additional synaptie
postulate of ﬁhg following nature were added:. "The /F/=
phase of any jﬁnction bacomeg shorter, or vanishes, after
a sufficiently long period of frequent transmission."

(For present purposes, an equivalent postulate would
{

' have the value of F become smaller, rather than have

the duration of /F/ become shorter.)
Such a postulate has a definite analogue in the
known behavior of real nerve fibres. The'aupernoflal

period is known to shorten and vanish after sufficiently

long periods of stimulation at suificiently high frequen=

cies. (3ee e.g., Fulton pl05, fig. 82.,) And this
effect is observed at frequencies whosp period lies in
the (original) F-phase, so that the analogy seems

plausible. . /

"External asynchronous stimulation." A multistable
pattern will necessarily operate in a narrow pulse
interval spectrum, An extimetion process could
operate through the simple medium of a nassiva"dil-
ch%fgo into the cortex at a different frequency, or
even a single occasional blast of noise.

(It is coné:I;abio that extinction processes ar; not
always adequate in the brain, and that in some brains,
the parameters of the net are (or become!) such that

growth of multistable subneta become a serious
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pathological problem. The effect of medical

"shock"™ treatments aight conceivably be a result of

=

Aextinction of these subnets; in the case of olec%:ical-)

shock by introduction of a massive diachargc'of extraneous
pulses; in the case of chemical shock, by the alteration
of the synaptic parameters in such & way as to-change

the excitability properties and make the patholeogical
multistable patterns untenable.) Any noise level

_sufficient to extinguish aultistable patterns will also

be sufficient to extinguish ordinary F-stable cycles.
Anticipating the arguments of chapter 6, if -.-ory.io.
in part, due to the éoaaolidntion of previously F-active
circuits, then extinction as 2 result of massive dise
charges, or "shoek," would also tend to produce the
"retrograde ammesia” whi®h 4s a familiar sequel to

electric or traumatic shocky

Hsthodologicgl note. It is frequently asserted that

it is premature, and hence undesirable, to speculate

about the nature of psychological and psychopatholegical
phenomena on the basis of an unestablished theorv.

(This attitude represemts, in my opinion, a reaction
against the wave of inadequate "mechanistic" ghooriol

of the early twentieth coﬁcury. It is unfortunate

that this attitude should persist in the preseat time,

for "mechanistic™ theories are in the process of becoming,
in my opinion, vastly more sophisticated than the
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(dyna-ie" theories of present-day psyehology). In all
branches of -science, it is inportant to examine the

postulates of & theory. But even when they hnvo not

been proven, it is customary to entertain hypothbsos

provisionally if they show_promise that, cnce establighed,
~they will provide convenient oxplanationg of the bshavior

of the system concerned. In the particular sexample

at hand, the pathological processes that are conceivably

‘attendent on the uncontrolled growth of nnleiacﬁblo

patterns, and their domination of activity in a net,

depend on postulated synaptic properties which at present

have not been verified. Suppose, for example, that
there is a pathological syndrome X which tends to cause
general broadening of the /F/-phase, It would seem
almost certain that this syndrome would cause the
extension of multistable pstterns, and cause a
behavioral (or "affective™) disorder. If "X" were by
nature an "observable" lesion,i.e., if changes in the
Junctions are observable by laboratery methods, the
disease vopld be considered "organiec." If nc "chaanges"”
were observable, the disorder would be considered
"Qunctlonnl." There seems to be a tendency among -ani
‘psychiatrie workers to regard this distinction as basie
in some way, although many recognize the notion of
"biochemical lesion" and the possidility that a psycho-

pathological state lnj be a consequence of an

@
o




5-63
unpbservable, yet "organic," disorder. I feel that.

it is particularly important to point out that it is
extremely probable €§nt brain function is greatly depemdent
on synaptic propﬁrtios, while our present-day methods '
of atudyihg synaptic properties in the brain ars
- inadequate (to say the least). Thus it is partiecularly
dangerous to imply that én the basis of no 'éblorvablo
organic pathology,”™ a certain condition is "functional®
;g_gggg;g. The methodological error would not have
sericus consequences, perhapsg, if there w;ro not an
associated tcnd;ncy to treat "érganic" conditiona by
-"biological™ methods whenever possible, but to treat
"functional™ disorders with "psychotherapeutic" methods.
I fail to see why it is less significant that a
"depression" may in some cases be relieved by certain
drugs, then that the psycholggical manifestations of a
meningitis may in some cases be relieved by the use of
antibiotics.

However, there is a sense in which the use of the
term "functional"™ would be appropriate in the classifica-
tion of behavieral disorders. It is easy to imagine
(aiihou;h I am not at present prepared to construct)
nets in which the a priori probability of occurrence
of a gross, autonomous synchronous pattern is low, but
in which such patterns are possible. In thias case, the
pathological behavior that eccurs as a consequence of
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the o¢currence of the multistable pattern may be

called "functional,"” in sense that no 'organic,"-inc;ndlng
synaptiey changes havok;ccurr.d.

It is important to add thgt in systems which have
extensive learning properties, the definition of

\,"ﬁaihologicll" behavior pattern must always be carefully

5/803.'0:

formulated, for evident rea;onc.

If, as suggested in 5/8.3, the nets of the brain A
require an additional extinetion mechanism, it might

be proposed that the large olocifocncophalogrnphic

‘ potentials are due to massive synchronous discharges,

'hich. whatever their nature, serve as extinction
sources. lowever, it is equally easy to suggest that
these potentials are due to the lynchropoua activity
of large multistable patterns. _Under this hypothasis,
the different frequencies observed might be associated
with the different spectrum domains proposed in 6/7.2.2.
Or these potentials might also be associated with re-
inforcement (chapter 6), With the evidence that some
of the rhythms are associated with sensory mechanisms,
ete., @t is more than likely that the "brain waves"

do not rnpro-ogﬁvnny one process.

The necessity for periodic sleep in the highest
animals may be associated with a need for an oc?n.ional
clearing out of multistable patterns. Sleep might be
the period in which subcortical structurvn,—o.g.. the
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\It is almost certain that the majority of certral
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hypothalamus, control the removal of organized activity .

from the cortex. The pccurrence of dreams during sleep
is not particullrly~1hca;;aeiblo with this propositien,
since (1) there is no-nccoclity to suppose that the
disorganization must be complete,-and (2) dreams have a
ngtéblo quality of disorganizationm, notwithstanding

the fact that the "elements" of a drezsm may have

slgnificance.

MULTIPLE JUNCTIONS AND F-ACTIVITY.

Multiple junctions, discussed at length in chapter 2,
5&1. been suppressed up to this point in order to
dcvoiop the notion of F-stability without becoming
involved with other aspecte of random net activity.

nervous system junctions require more than one pulse for
excitation (at least during ordinary states; see 5/9.1
below), and some of the consequences of this fact are i
examined in- this section.

Recovery sequences of multiple junctions.

Let J be a multiple junction, i.e., one for which

i
|
!
L

the trpﬂilinoion probability is (normally; in phases
/p1/+/p2/s and /p/) low unless a certain number, ni,‘ot
pulses arrive at J in a very short interval., In view
of the arguments of 3/2.3/27(100 also Fulton; pp 138-
1@0) the follewing postulates would seem to make a




biologically plausible, if idealised model.
J=l: AfterJ is firod it passes through the
; recovery pha&in}ac kcseribed in 3/2.1 and in
the present chapter. Tor each possible
stimulus, the transmission probability depends
‘on the recovery phase at the time. {

J=2: The transmission probaSility, for stimuli
containing less than nJ(tho threshold number)
of pulses, is (very) low except when the
junction is in /F/-phase. But in the /¥ /-
phase the transmission probability is of the
order of megnitude of F, at least for stimuli
containing ny-l pulses.

Postulate J-2 suggests that in the supernormally
excitable phase, the numerical thrishold is lowered,
/An addition to the raising of the t;;numiusion pro-
bability.

The postulates for multiple jumctions are idealiszed
in the sense that the recovery ecyc¢ls is not explicitly
dependent on the manner in which the junction is flrod.
and that g?o recovery cycle is the same for each type
of stinnlu;. Also, the "fatigue" postulate suggested
in 5/8.3.1 is notliggludod. The following chapter will
introduce further modifications. The important notien
here is the reduction of numerical threshold during

supernormal phases.
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Growth of Fegraphg in nets with multiple junctions,
If the underlying net is composed predoﬁiﬁantly.of
Junctions with mnlg;pio tﬁrosholda, then the growth of -
F-active patterns is dontinsonc on pulses me;ﬁing the
stringent conditions for firing a new junction, as well
as §n~vhe new junctiocn meeting the appropriats stimula-
tionrinterval spectrum conditions. Once a new junction
is fired the condition on the number of pulses required
is relaxed, by J=2 of 5/9.1, so long as the intervals ‘
between stimulations continue to lie within /F/. There
are two ways in which a new cell (junetion) may be re-

cruited into an already F-active pattern:

I, Pulses from within the existing F-graph may
satisfy the normal threshold for the new junc-

tion. Three examples are

+ Ie &N
—
In each case the path lengths for the two pulses is .

the same, assuring that the threshold condition of twe
pulses is met. (In Ib, the two cyecles are symmetrical
80 that the pulses arrive at J simultaneously:)
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- Assuming that J has an appropriate /F/-phase, once J

is fired, it will be reeruited into F-activity. '
The effect of the postulate J-2 can be seen in tﬁc
‘response cf the netzbf-lb to an extra pulse. If an
'oxtra pulse is introduced into oneﬂof'tho cycles, say
CI, and causes failure of that cyci;, (and assuming
thgtrthé extra pulse does not go as far aa.Jl) tﬁenlJl
will be lost from the F-activity, and J will receive
only one pulse at each stimulatior, Novertﬁelucs;
J will remain in the F-stable pattern. The same would
be true for Ic if in some way one of the intermediate
cells were inactivated. Thus the &ondition- for main-
tninink a multiple junction in an F-stable pattern may
be less stringent than the conditions for recruiting
o it. On the other hand, a single extra pulse can
extinguish a multiple junction from a pattern only if
'/it is able to fire the junction. J=-2 does not specify
whether the transmission probability remains of the
order of F when the stimulation is well beiow lhe

normal threshold.

5/9.2.2 IX. AP extra pulse, plus pulses from the existing
P-graph may combine to satisfy the firing condition of
the new junction.’ But then, by J-2, the jumction can
remain Feactive without the repetition of tha extra pulse.

C s s




5/9.2.3

N_ndt 18 1mporganp to note that, without the extra

pulse, it m.ght not have been possible for J to have
been recriited into the pattern.> Thus the presence
of "noise" in the net may stimulate growth of F-

activity, as well as its destructiou.

The ‘type of growth indicated in 5/9+2.1 will be :
influenced by the statistical parameters of the net.

If the threshold is high, growth will be slew. Both
the growth rate and the destruction rate vill increase
with the amount of ?—activity already in the net, since
the recruiting condition requires multiple coincidences,
and as in a large net, large parts may be destroyed
with a singlq extra pulse.

For'a net composed essentially of n-ary junctions,
with a complete statistical honogonoiey; growth rate
might/tend to depend on the nbh power of the amount of
activity at the time, since recruiting of a new junction
requires n simultaneous pulses. No such assertion
could be made within a net with significant spatial
preferences of connection, without extensive
examination. C
The type of growth indicated in 5/9.2.2 is due to the
prcionco of "noise" in {;:—undorlying net. For the
applications of chapter 6, it will be convenient to

summarize the effects of this "noise."
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Given a net N aﬁdf&n F-active pattern G, "noise with

\

respect to G," or "G-noise" can be defined as "all
activity of N which is not a direct zonsequenco of the
activity of G." The presence of.G-noise has "been shown
to have two effects on G. =

1) Noisq,:in the form of the "extraneous pulses" (
of thia'chapter, is an agent which plays a
large part in the destruction of Fegraphs.

2). Noise makes possible the incorporation into
Fegraphs cells (Jjunctions) which would otherwise
be accessible with very‘low probability.

Both effects are in the direction of changing the
existing pattern of F-activity.

On the other hand, assuming that the net is normally

connected to a source of noise, then removal of noise
tends to ge th en t w// t
X} ho-ovnl of noise removes the extra pulses which .
destroy Feactivity.
2). Removal of noise tends to slow the process of
recruiting new junctions into the F-graph.
(There is o socopd-ordcr effect in that removal of
noise tends to alow\the formation of side chains, and
the especially doitructlv%&%?¢§ho elosure of a non-

synchronous side chain,)

In the applications, it will be assumed that
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in its role as extinguisﬁer.

ii.
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The sffect off nolse is relatively large, at least

>

In the agaonce of noiae-éﬁa'atability of F-active
circuits is high, and the growth of side chains
slow, with the reverse holding in the presence

of adequate ‘noise levels.

of ﬁhese propositions will be favored if

F is cloa._to unity

P1:P2: and p are small, and their phaa;l are
broad. Z

Multiple junctions are preponderant.

Verification of these propositions for a reasonably

large net would require an enormous number of calculations.

It is hoped that in the near future it will be feasible
to studi the problem with the aid of a high-speed

digital cdﬁputer.

s
/
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CHAPTER 6 . A REINFORCEMENT THEORY FOR CYCLES AND SOME
APPLICATIONS
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CIAPTER 6. r E

THE REINPORCEMENT TBEOR! OF CYCLES AND CERTAIN
APPLICATIONS

: . Z

>

This hﬁnptcr begins with the proposal of a pessible
neural basis for reinforcement. This proposal is then

followed by various applications to mere or less
special assemblies of random nets with ;ho cbjective
of indicating the possibility of obtaining higher
forms of bohaviof. ‘
Unfortunately, I have not, as yet, found conmvineing
support for many of the propouitionn in this chapter.
ﬁhilc many of the statements of chapter 5 were
formulated in such a manner as to be invariant of the
statistical pnrilctorl of the underlying random nets,
thidTiothéd does not seem to oxtond;eho basic pro-
cesses of the presemt chapter. This is por;np- an
inevitable consequence of the fact that these proec-
esses lf. concerned with larger patterns of activity,
0.8+, control of one ﬁot by anetker. Still, it
would be equally unsatisfactory to confina the
arguments to any parrew class of nets at the present
time, for the pnr;ioo of the chapter is to present
several behavioral concepts and to make piausibdle the
possibility that they can be realised in an assembly
of random nets, rather than te do-criﬁo the behavier
of a particular net or class of nets.

A&
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Not entirely out ?r;(_ehoi'c.. then, we will take a
middle course. For the main part, the discussion
must bé informal and existential, fathor thanm formal
and con.cru?tivo. It is hopod';ﬁat the interest of

the propesitions will, in some measure, compensate

]
3

for the weaknesses of the arguments.

As part of\éﬁ; supporting structure for-the main
propositions, it has seemed necessary to analyse a
fow subsidiary notions, and to draw on some biological
analogies. Many of the subsidiary arguments are theme

selves weak, and I do not want to give the inpf;-lion
that I intend them to be entertained too seriously.

e

(Aecordingly, certain section numbers will be starred.)

A reinforcement theory for cyeles,
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Much of the discussion of this chapter will be

based on the assumption that in the nets uander con-
aidorntion,.F-aotivity of cycles plays a dominmant role
in behavier. There are several motives for this view-
point,

l. The resulss oﬁichnytor 5 on Feactivity hold in
a wide c¢lass of random nets for which the junctions
exhibit the recovery aoqnolcnf;?'chnptor'J. The

emphasis on F-agctivity is partly due, it must be
admitted, S0 the fact that I have not been able teo
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develop a correspon ngly advanced analysis of

random nets in terms of other ahstract behavier
patterns. The theorsms on P-nét,!./vity ‘are to a large
extent 1ndopendont of the statistical parameters of
the nets, and I have been reluctant to nstric:t the
class of neta\in’ order to obtain other types of
behavier, |

2. A source of sustained periodiec activity is an
essential for any theory of the brain, At least in
motor and sensory domains, single occurrences of
pulse patterns are not likely to have much aigx'ufionn.
A motor act requires a sustained flow of pulses to
each muscle :lnvol-vod, there certainly must be
mechanisms for extended persistence of various
internal uﬁ\n conditions. ‘

3. A technical problem arises in the consideration
of any hi{go net without cyecles. If a typical path
from sensory to motor chamnels involves more than a
few junctions, then (in-nets composed primarily of
multiple junctions) the propagation of pulses through
the net will tend to exhibit chain reaction properties.
There will be a vory/\urrw range between the mimimum
stimulus magnitude necessary to obtain any motor
response at all, and the magnitude lbcﬁ which the
entire met will explode into activity. In a net
dominated by Feactivity, this type of explosien is not
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likely to ocour, a8 tﬁofconpctition between cycles

prevents excessive puIl.(}onlitids in the net.

(Another way of limiting activity would be to pro-

" yide an appropriate distributien of inhibiter fibres

within the net.) For a given type of net, it might

not be too difficult to calculate the level of A

activity under various stimulus condieion-;'%hil

will be attempted when the time comes to specify net

© parameters.

he For the following reasons, it is not entirely ume

natural to consider the Feactive thavtor of a net as

diatin(uishablo from other combinatorial aspects of

the net's activity, with other activity regarded as

poise for the Feactivity. For an Feactive pattern can
be relisbly imftated only through extended periodie
ntinu1131094 and such stimulation can be -upplfgd

most conveniently from other F-active patterns. Other

sources are external sensory (an unlikely seurce of
periedicity, and poriodaé patterns generated by or
synchronised with autonomous periodic phenomena

within the brain, (which, in turn, may be zasociated
with Feactivity elsewhere in the brain). In a deep

net (ses (3) above) single pulses crossing unfacilitated
Junetions must have a low survival probability, or the
whole net would explede inte activity, bu§ the systom
of F-active patterns can drift sbeut within their
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.lpecirﬁm domains wgfﬁfrolativoly high aurvival.
probabilitioa, 80 lons a8 there are not too many of

them, Furthernero. while cxzinction of an F-active

pintorn by a single random pulse is only probablo,

sutual interfersnce of two F-active patterns is gertain

to dcntroy’éhé}-éince the other acts as a continueus ;
source of extra pulses. Thus the bshavior of the

Feactive patterns of a net can be described to some 3
extent in terms of these patterns, and the th;ory of
F—activo'pacterns has some degree of autonomy as part

of the complete theory of the net.

6/1.1 mww

A given, potentially F-active, subnet N can be
regarded as a miniature reactive system, Different

stimuld nny cause different reactions, and axong the

possible reactions are gstablishment of F-activity, and
destruction of F-agtivity. Suppose that we require

an operater L which can raise the "Fesxcitability"

of the subnet; i.e., if a given stimulus S originally
induces an F-active pattern 5(3) in N with preobability
pB(S), then application of L raises that probability,
One uny’of doing ihia would be to have applicasion of

L cause a rise in (the resting transmission probability)
p for each junction of N which is active in the

pattera B. (Note that raising the value of F would
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not have any such efféct on the exeitability of the

attern B; it would only make E
P el o €l i %ﬁ%’? i
initiated, If L is alse to satisfy the definition of

a local reinforcement oper » it must be such as to

have this effect selectively on the junctions of

:gggnglx pctive Faactive patterns.

The operator L of 6/1.1 will be a local reinforce-
ment operator if Feactive patterns are regarded as the
elementary reactive systems of the definition (4/5.1).
Of course, the underlying random net does not’lplie
disjointly iﬁco potentially Feactive patterns; two
cycles may, in g;neral, contain common junctions.
Thus, if L is tc reinforce a given- collection of
patterns, it will in general interfere with other .
previously reinforced patterns, and not only ncontlf
active Oﬂ‘l. It will simply have to be assumed that

the cross-effects are not catastrophic.

The remainder of this section is devoted to
description oficsuch an L., This L will cperate entirely
through neural chanﬁoll. There is a basic problem

o
involved: If L is to operate only on junctions which
have récently been involved in F-activity, how is it
to distinguish such junctions? We cannot expect te
find an L which operates bodily on cycléo, or gxpogt
to find that a junction J contains information about
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which F-active fatterns it has Been recantly.

involved in, However (I}, it’is not unreasonable to
expect that a jJunction woulﬂfipnta;n information
indicat'ing whether or not it has recently barticipatcd‘
in gome F-active pattern, for this fact can be ‘
determixed (with high reliability) from examinatien '
of the pulse history of the junction, This idea will

be examined in 6/1.7. Alsoe (II), if a junctien has
recently been involved in an F-active pltto}n, the pro-
bability is greater than chance that it is-so involved

at the present time, since F-active patterns have an

.extendod lifetime. This will be especially significant

if there has been a recent reduction in net ndin., since
this inereases the average lifetime of F-activity.

In order to construct an L using these pfﬁyciples.‘wo
requirg an additional axiom about synaptic behavior;
this is D-2 of the following section. (6/1.4)

The "density axioms.™ _

The following "axioms" are a series of proposals
about the behavior of interneural junctions. We do
not assume that éhcy all hold; the discussion is rather
an invostigatién of the censequences of assuming each
one. Each propeosal states that if activity at .a junction
satisfies a certain firing "density" condition, then
the transmission properties of the jdhetion'uldirgool

ey .-.&.



AXIOM Del: liet §2§ ve a condition which is satisfied, st !

AXIOM D-2: Let 2] be a conditioen (Tz,63) like |1 whieh

6-8

cort&tn’changes. Thés;‘Chanves are analogous tec those
in the recovery phase sequence 6f chapter 3, where if a '
junction satisfies the elemonta:y/"density" condition

of firing onge, then the transmission probability passes
through the excitability phases /0/, /py/, /F/; /pa/s

/v/+ This prope%ty will be considered as axiom D-0, A

AXION D-0: If a junction J is fired once, it passes

through the recovery cycle as depicted in 3/2.3 and 5/9.1.

time t, if in the interval of length Ty prior to t the
Junction has fired at intervals not larger than some Pre
Then D-1 states that as soon as a junetion J satisfies
condition {1}, the junction proceeds to pass through an 77
extended recovery cycle of the folléving form. The
jnnctiongetgins the properties of axiom D=0 except
that for a period P after condition 1| is saéisfied,
the valuo/Qf the "resting probabiliiy" p (the "p" of
phase /p/) is raised to a significantly higher vﬁluo
p(i11), The period Py is assumed to be considerably
longer than that of the whole recovery cycle of D=0,
It is further aaauno? that tho transmission probabilities
in the phases /0/, /pj/, and /¥/ remain substantially
unaltered during pi. (The @ffect is not really

assumed to be in the form of a step function over Hlo
but, as in 3/2.3.1, this is a convenient approxlnlti.l.) )




6-9

is nltiufiod uhon J has fired at intervals not gr‘utor
than [, for an 1nt£m1 Ty with §y <6, and T,> Ty,
Then D-1 states that if/ j2§ 1- ldﬁil(iod, the junction
caportoncca a rise in 'p! uhtch is (subjeet eo the

u;llficattenn of D=3 below) permanent, It 1: further
supposed thnc euccossivc applications of 2] cause
further rinon in 'p' and that the other remarks of Del
apply.

AXIONM De2': Lat [2'] be a condition which i1s satisfied
Af condition |1f is satisfied in a certain number of
disjeint intervals all contained in an imterval T,'.
Then the same conclusion as in the case of D=2,

NOTE: AXIOM D=2' is an altermative form of D-2 and
leads to essentially the same results., It will net be

connidorndilqyaratoly and is exhibited only to suggest

another aceeptable possibility. : P

In n/‘bnploto theory, it will be necessary to provide
some means by which the resting probability can be
reduced for long intervals., Axiom De3} assumes that this
can occur as a result of a junction satisfying some
(unspecified) density condition |3] and also thats:

AXIOM D-3: If p is r{gucod as a consequence of the junction
l&tig(’ins {31, then the vg;gg of p can be restored to
its previous value by

(1) satisfaction of some density condition weaker than
{2§, or alternatively,
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(2) application of fewer ocourrences of 2] than
would B;‘noco-aary IJ; ;'Juaetion for which p hzi ng§
been previously fnducéd ag a con;oqnongp of i3, A
possible ror-‘of 131 might be: '3/1; fired frequemtly
in an interval T3, but not so frequently that i2f 1s
satigfied.

6/1.5 Motivation for the demsity axioms.

6/1.5.0 Axiom D-0 has been discussed at length. It is the
basis for the theory of Fe-active patterns, and has a
plausible biological basis. (Chap. 3) 1

6/1.5.1 Axiom D-l is significant, not so much in the reine-
forcement theory aspects of net behavior as in behavior
viewed as a stochastic process over short intervals.
Suppose that for a given net N, the interval Ty (of
the cond}sionxlll) is of the order of magnitude of the .
duration of a"typical™ F-active pattern in N in the
presence of ordinary noise levels.* Suppese also that
the frequency condition [1 of §1{ includes frequencies
consistent with Feactivity in the net, i.e., some numbers
in the interval /F/ are less than gy. Call this
condition J1}¥, Then if D-1 and 11]¥ hold, the
behavior of the net will exhibit some coherensy over
extended periods (of the order of magnitude of small
multiples of Py), because cycles which have been F-active

__ *Note: The imterval Ty must be longer than the subnormal v
phase /P;!; ¢f- Aoct note $2qe S-HG. /} e

/ 1l
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'itpiﬁnafpiat interval of length Py will have a
greater than a priori exeitability, /The behavior will
tend té be compased of recurrin@;aicnoﬁtl in any suech
interval. If the net is viewed as a reactive system,
the occurrence of a particular reaction SO-R. na;lol
the probability that R, will recur in a short time,
even as a responl; to a random noise input. Inter-
nalistically, if it were desired to reactivate recently
active patterns, this could be done with greater than
chance reliability by simply introduecing noise }nco
the net. This might provide a basis for a "short

memory."

The application of axiom D=2 requires the following

g
|

condition: .

Conditig;flzlns We suppose that the interval T, (of
gondition [21) is of the same order of
magnitude as that of the duration of a

typical Feactive pattern in the net N in the
absence of external noise. We suppege further
that the duration of a typical F-active pattern
in she net N in the presence of "erdinary"

noise levels exceeds T2 with insignificant
7

probability. Also, it ia assumed that the
frequency condition of (2] can be satisfied
by the junctions of F-active patterns, in
N, i.e., thnf numbers £ §p are contained in
/¥/, for most junctions of N.
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‘It should be noted thst 121" 1s a condition not on

Ju;cpiona alone, but on the cénnoet{pns within and
external to the met N as well; and that §2{¥ can be
satisfied only if the concluaion; of chapter” 5 apply te
N. . ¥
If D=2 ‘and-{2}¥ hold, them it follows that: el
I1f, at any time, %, the noise level in
the net N, is greatly lewered for an imterval
of tbc.ordcr of magnitude of Tas then there
will be a (long duration) rise in the resting
transmission probability 'p! of each junction
of many of the patterns that are F-active at
time ¢, hence of many that were F-active
shortly prior to time t. (It is not possible
= to estimate how "many," at this stage.)

For 1[ the noise level is cut at time ¢, thln by
Ozlu, each of the patterns which are F-active at that
time will have a significant chance to survive threugh
the interval of lemgth T,, hence their junctions will
have a chance to satisfy condition |2, and axiom D=2
implies the connoqptnt rise in the value cf 'p' for
those junctions.. B

It follows that if D-2 4nd 21" hold for the net X,

then the ration of greatly 1 h i
in N for a sufficiently (>T3) long interval has the
effect of a Local Reinforcement Operstor L. e will

return to this discussion in 6/1.6.

s
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6/1.5.3 An axiom like De3 Uﬁli'undoubtedly be necessary

for any adequate lesmming theory of lcarnin§ for if omly / ‘
increases in synaptic transmissicn probahilitiel were

v

admittod, theé nets would probably become "saturdted"
and inflcxible. The particular form of |3| proposed

in 6/1. L is suggestive of the phenomenon of "extinetion” {

in which repeated evocation of a learned or oondltionod

response without rtinforcenont leads to voukoning of
the reaction.

The conclusion of 6/1.5.2 states that reduction of
neise in a net for which D-2 and |2lN hold has the
effect of a LRO, fho possibility of performing this

operation will depend on the connections of the net N

with the r‘niildor of the brain model. If noise is
defined as that part of the net activity vhich is intcrn
fered vith~f;act1vc patterns (thus one Fe-active pattern
can be noise relative $o another) there sre several
ways of contrelling it.

1. Removal of sources of pulses external te N,

by direct meana,

2. The removal df internally generated noise is
more difficult; presumably it gannot be done directly
from outside the net without prejudicing the survival
of the F-activity of the net. Internally generated

~— _noise is due to(a): Interference betwsen essentially
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1Q¢dﬁehdcnt Peacfive patterns through coentiguous and
common connsctions, and(b):.rropagation of pulses
through non<F-active pathwaysiv Nézsc of typo(%) will
depend on multiple junction coﬁditions, and will be
reduced when_extornal noise is cut. The néise of type
(a) is more serious since it cannot be directly remeved

without interference with the F-activo‘patt.rn-. But

- this can be done indirectly: if the net is normally

operated in such a manner that the number of simuita~
neous active F-active patterns is kept small, then
there will remain little typo(n) noise when the external
‘noiao is out. - But this can be done simply by keeping
the normal noise level (in non-reinfercement intervals)
at a high level. Since this condition ia probably
ne¢sssary anyway in order that (P hold, it costs little
more t¢ assume that it will hold in our aets. If
normally there is high external noise lesvel, a reduction
in this level will cause an associated drop in the !
internal noise of both types, and the exiternal neigse
reduction will have the effect of a I.R().,r

(A slightly d%ftcront technique that aight work if

external noise were not normally high would be te
yrocido the dreop in noisé(g; a brief inevease. It
seems plausible that a wvery short burst of noise would

effectively destroy some F-active puttorns,,bls would
be unlikely to initiate any. The oporuzxoh would destroy

% Nove, comdt he untuld ’“—C’Wj,l\ o Hun{ - pelnee w from.
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IOIG\Of ‘the F-autiviﬁy. but it would give the rtnxindcr
a better chance to survive long enough to satisfy con-
diticn §2| and be thus reinforced: This technique
does not seem promising as coupared to the normally
high noise level technique.) -
Tho’purpose_oj the seecond provision of condition .
l2|“ is designed to prevent the (random) reinforcement
of F-active patterns in the absence of an overall
noise reduction. The alternative condition of ii'l,
on the other hand would imply that patterns which are
Feactive sufficiently often would be facilitated by
virtue of that fact alone, without the necessity for
application of a reinforcement operater to the whole
net. It is conceivable that this would be a desirable
property—of ; brain model, but on the other hand, it
is not dif;icult to imagine ways in which such/a type
of "learning" might be antagonistic to attempts to
organize the net by other means. D-2' is mentioned
only as an example of hoﬁ a synaptic property lighé be
reflected in net behavior; we will not assume it for

the nets of this the .
o

6/1.7 Bielegical aspects of the density axious.

The evidence for the normal recovery sequence of
axiom D=0 is reviewed in chapter 3. I have made no
systematic effort to assemble evidence for the validity
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of any form of axioms %~l = D=3 in the nets of the
central nervous system. The following arguments are
intended only to show that these gx;éis need not be
regarded ss arlargebnumbor of arbiﬁrary assumptions

about the behavior of intermeural junctiens, but aay
instead be regnrged as the single proposition that, in

a special way,‘th‘e“intemeural Junctions exhibit a sat
of properties which arc more or less universally observed

in living tissue.

It is frequently the case thit when living cells
or tiaauoa are exposed to an "irritating” sti.ulus.
their responses exhibit the following rorm.}_’;Os 1 J
the "irritation" is transieant, the tissue responds with

a transient change in properties, either morpholegical

" or biochesical.

/,

I-l, Theré is a "density" condition iI3§ for
which, if the "irritation" is intense and prolenged
enough to satisfy tI,{, there is a change in the
properties of the tissue of relatively long duration,
with eventual restoration of the original behavieoral
properties. /

AN
I-2., There is a density conditiou 11z4, lcrongcr

than IIll, for whigh, if the irrieation latilticl
fIz)l, there is a more or less permanent change in the

properties of the tissue,




\(¥3) - If thro -Some process, a tissue which has
been exposed to irriéations satisfying {i,| but have
later been restored to their origingl properties,
subsequent application of an irritation of type 1p0
causes a ;reater change in the tissue than véuld other-
wise be thg‘case, i.e.; apparent "healing" may be "
incomplcte,\éf'thc tissue may have becoms "sensitized,"
in some way.

A typical example is provided by the classification
of the sequalae of chemical or theérmal trauma into
"first" (Ig), "second" (I;), and third (1p) &ogreo
burns. In ihe third degree case, the permanent change
is exemplified sy the (morphological) conversion to
"sear" tissue. Other examples gre available, but there
is little point in cataloguing them. In certain cases,
the (biochemical) process of "sensitisation" to foreign
aubatnnc‘; may proceed along these lines.

For the case of interneural tranamilsion. the axioms
D=0 « D=3 may be regarded as examples of 10-13 if the
foliowing provisions are made:

l. The transmission of a pulse at a junction is
regarded as an '1r41tation" teo one or beth of the
afferent fibre chding or the-efferent cell surface.

2. The changes in the properties of the tissues
involved are such that the transmission probabiiities of

the junction is raised in the appropriate intervals.
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Thetfg;;owing is a gpoPoeal of a simple mechanism
through which D=0 - Dé3icould be realized in the nervous
system., " It is proposed only to show that D=0 « D=3
need not bhe qecessarily regarded’hs a large number of
independent hypotheses about interneural transmission,

A frequent’form o; response to irritation is a lecal
edema or "swellihg;" This is often the case for thermal,
electrical, chemical, or even mechanical irritation,
Suppose this were true for the surfaces involved in the
"irritation" of intermeural transmission. Such a local
edema or swelling will bring the active surfaccnchOIQt
together, DBut then, on the basis of either an electrieal
or chemical agent transmitter theory, it would be
natural to expect a rise in the transmission reliability,
since in_!;théb case the concentration or field stremgth
of the tr;namitting medium will be increased at the
efferent snféace. D=2 suggests that if irritation is
sufficiently prolonged, the geometric changoi are relative-
ly permanent. The other axioms have an obvious analogy.

c r" ral" ment .

The noise operated LRO of 6/1.1-6/1.6 has the
feature that in a rtqlk;cnso it is contained entirely
within the network structure of,;;c net., It is possible
to describe alternative models in which the reinforce-
ment control chamnnel is not a part of the net proper,:
'o.;.. as in the SNARC machine., If such a model is
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propéiih as a brlin(cﬁiory, the most natural correspond-
enco to the extra-neural reinforcement control channel
would seem to be "humoral" or vaseular distribution of
a biochemical reinforcement agont; Such a "réinforeing
substznce” would have to selectively alter thé trans-
mission properties of intermeural junctions which have
recently been acﬁivo; or have recently naéiaried a
density condition.‘ It 1s rot difficult to emvisage
a mechanism through which this eould ocour:

It might be propesed, for example, that one of the
effects of the "irritation" of interneural pulse trans-
liilion is to render the boundary membranes of the
Junction surfaces permeable to penetration by the
circul.t1n;\rtintorno-.nt substance. Thus the substance
would éslectively enter regently active Juncﬁionl and
produce thé appropriate d teration of their p;;portiou.

There are limitations to such a "humeral™ theory of
reinforcement. Fi/fThe time of circulation and diffusion
of such a substance through the brain might b2 too slow
to be adequate for some types of learning. f‘lﬁajl;,
it would be difficul& $0 lecalise the domains of the
brain in which a particular reinforcement aet is applied,
without having to introduce :ﬁi;rgc ¢lass of different
agents, or pestulating their injection inteo specialised
vascular channels.

A propesal which might be a good compromise between
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tﬂd’hnﬁer&l theof&:ind the completely nqtiort theory

is the following: There are many morphelogically
distinct types of neurons (afnd other cells!) in sach
subnet of the brain. It is no§ inconceivable that there
are associated biochemical distinctions, and that the ‘
discharge of some particular type T of cell causes the
release, 1nto‘tho surrounding 1nc0rat1£ill fluid of the
brain tissue, o; the hypothetical chemical reinforeing
agent. It need only be further assumed that the cells
of type T are widely diatribuyod, but can be loloctivoli
fired Chrough one or more central channels, which thus
Socolc the reinforcement channels for the brain. Suech

& system would be acceptable for the theory of'cyelcl
with firing of the control channels of T replacing the

s

redistion of noise in the role of tho.roiﬁ{yrcc-.nt
operator. However many of the mechanisms of the remain-
der of this chapter would be difficult to realize in a
simple way with this local chemical type of operator.

It may be noted that this local chemical system would

be much faster than a vascular system in its aetion,

and that it is cltrcr t0 being a part of the underlying
net. It is perhaps worthy of mention that the fact

that no "reinforcement substance"” has been discovered

is not good evidence with which to attack such a chemical
theory of reinforcement. For in this model, the

reinforcement subatance is released directly into the -
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1:;p§:sasia1 fluid of the brain. If, like mest
-ﬁbutnncca. it dees not penetrate the bleod-brain
barrie}, it would never enter th(’kon;bll ¢ireculation,
and would not be detected there; linilarly it would net
have any effect when injected into the gemeral cirecula~
tion, lincozit_wéuld not have access to the interneural {
Junctions. (Finally, it would have to have a short
lifetime in the brain tissues if it were to provide an
acceptable reinforcement operator.) i

Regardless of these poscibilities, we will
investigate primarily the noise cbntrollod reinforcement
operater of 6/1.6, Whether or not a process of this
kind has a realiszation in the brain, it is a convenient
basis for the operation of some systems of non-trivial
behaviordl c;nplnxity. '

/

The arguments of this section combined with those

of chapter § show that it is plausible that if the
conditions D=2 and 2| are satisfied for a met K,
and if N 4s normally operated at high (externally
generated) noise lovéls. then the act of sharply
redueing the (external) nolagflgvtl has the effeet on
N of a loecal reinforcement operator,

It seems likely that only computational, i.e.;
Fexperimental™ techniques could determine whether this
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1a\c$e'ca$e for any(pérticular net No. It would also

seem that only such metheds could verify whether or

not the resulting local reinforeéncntxoporttor would

haQo; to an adequate extent, the éropertien of i global
reinforcement operator. (See 4/5.1). It seeciis advisable -
teo charactertza:ness for which these conclusions held {
by a special notation; we will call them l!!:ncta .

Feost of the nets in this chapter will have these :

properties. 8
6/2 Newrsl primary reinforcement thecries. )
6/2.1 In this section we discuss the possibilities of

realising, withiﬂ a neural-analog network, systems of
the form (M,Z,V) (see 4/2ff), where the Z is a local
r.infogg,ncﬁt operator,

6/2.1. We first consider nets of the following form,

/
/

>ﬁl}

—p

T

(

B >

The main net N-I is assumed to be a (randem) meurale
analog net provided with a local reinforcement operator

&. Eor the moment, we will not assume that the net

= . operates in the mamner described in chapter-§5; the 4
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ﬂ;ppraédenéy be regarded as operating on either the
priﬁcigles of 6/1.6, or those of 6/1.7.3, or on any

other workable principle. is wat”boin;ed out in 4/3,

for global reinfyrceuent, the behafior of the system,
gg_gglgggg_gg_ggfggxlggggggg. depends strongly -on the

nature of the information used by the V to contrel the ¢
application of reinforcelent. This is equ‘lly true for
local reinforcement operators., We shall examine some
possibilities, vith'attention to the bioleogical

applicability of each model.

-

In simple érgnnisn., learning must be directed in
such a way as to ﬁro-oto survival, (Te put it somewhat
less teleologically, it can be expected, that with
probabi};tykiuch greater than chance, the process of
ovoluti&n will tend to provide those organiams which
have an M;(;V system with a V which tends to promote
behavior which is pro-survival.) It seems to me that

in those lower animals which have an appreciable

learning capaecity, this is accomplished in the following

way. BEach organism may be described as having an
"INTERNAL PH!SIOLOGIéAL STATE."™ It would be quite
futile to attempt a precise specification of what I
mean by this expression; I mean to indicate an "imaginary")
catalog of the instantaneous metabolic and mechanical
condition of each tissue of the body, excluding
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spfcitically those ?agscts»of the state of organs and-
chammels which can naturally be regarded as infermation £
theoretic (e.g., the gg;gg_gggg;/';f the narvous
system, or hormonal conoontrationd). Let us suppose
that this internal state can be described by a finite
number of distinct real parameters (which are supposed
to represent ghihga like concentrations of nutrients
in the blood or interstitial fluids, or the mechanical
forces at work in speeific organs). There will be a
subset of these parameters whose values must y, maintained
within some “normal range" if the organism is to de
able to survive (or at least to bs "normal")., Examples
are (i): the concentration of circulating oxygen (er
of C0z), (i1): the concentration of "essential”
uotabo;;tc|~11ko glucose, (iii): the internal tempera-.
ture of eé, body, (iv): the relative and absclute
concentrations of electrolytes in the local and gemeral
eirculations.

Now, of the "eritical™ intermal physielogical
parameters, some will be maintained within their
"normal range" by -ﬁ?na of "built-in" imternsl regula-
tion mechanisms ("homcostasis”). Such mechanisms may
or may not 1nvolvo.noural or/meghanical adjustments.
Glucose concentration is partly regulated by such a
built-in mechanism utilising a hormonal channel.
Respiration, similarly, is partly r.;ulnﬁod by
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neuromuscular builtein channels. So is internal temperae

- ture and water digt}ibution._ However, the builtein’

regulators are not, in general, ‘capable of complete
stabilization. For many of Eho-physiological para-

1)
meters, some form of inte on wit e

8 ential fo i wi .

In some cases, the form of such interaetion may be such

that again a built-in mechanism will suffice.

1y

In the case that the environment is not sufficiently
dependable, or oquivalpntly, if the organism is to be
able to survive in a wide variety of onvirodhontn,
then ovoluiion may fail to be able to nroduce a
sufficiently versatile eollection of builtein mechanisms,
and another methed will be required. Consider the case
of sg:;mni stabilization. The internal regulators have
a limited success in regulating the bedy temperature,
but if the level falls toe far, it is necessary for the
organism to find a way to make the emvironment provide
heat. It would be valuable for such an organism to be
able to learnm how to recognize and exploit sources of
heat. It would also be essential for the erganism to
ba able to learn d& do this only when it "is cold";
we will call this "motivated" or "drive-metivated"
behavior.

This type of learning ¢an be exhibited by an (M,2,V)
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eysﬁeﬁ eguipped with(ag_appropriate V system, Tho most

elementary scheme that seems acceptable is that of

"drive-}eductionrreinforcement.ﬁ,/Sﬁppase that V is so

constructed that the reinforcement system is activated

(Z is operated) whenever a physiological parameter

that has been Quﬁside the "normal range" is returned

to normal level. .(This of course can equivdlently be

restricted to those parameters which do not have

complete bullt-in regulators.) Then any reaction which
precedes the restoration of normaley will be reinforced,
and this will tend toward the learning of "adaptive"
behavior. (It will, of course, not always do so;
preceding reactions may not have had anything teo do
with the restoration.)

Such_ggoysiem has at least two possible defects:

(1) "uotiv’tion" is absent; the above orﬁaniaﬁ/will,
porhaﬁs, learn what to eat when it is hungry, but
there is no prevision to make it stop eating when
it is not hungry. This is a serious consideration,
since when it overeats, another internal parameter
will go out of rrn;c. and, by.a similar process,
it will lmrn teo avoid eating. Then there will be
a conflict. . S

(2) In many cases, e.g., in that of gating, the reste-
ration of the physiolegical parameter to its normal
val;o may be delayed until long after the "adaptive"
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“réaction has q%cﬁrred. This would insctivate
the learning precess in sjstgmakwhere reinforce=
ment applies only to very-rébent)reactions. For
a carbohydrate-dependent aniﬁal, the V-gystem must
be activated long before the food has been absorbed
inte che‘circulation, since this may take minutes
or even hours. One solution, in ani;als, is
slmple; the taste receptors of the mouth have V
or reinforcam#nt potency; the reinforcement is Dot
of the direct "drive reduction" type of the first

paragraph,*

The motivation problem (1) can be solved by the device
of providing the main net with information about the
state gg the Yeritical"™ physiological parameters in the

form of stimulus. Consider the effect of adding such a

channel,

*An amusing result of the attempt to correlate physiology
and learning theory is provided by the following observatiom,
It has long been known that the salivary fluid contains a starche-
hydrelysing ensyme. The "function" of this ensyme has been leng
in question, since the amount of digestion that it can accomplish
in the mouth is negligible; it is quickly inuctivated in the
acid of the stomagh, and there is a vastly greater supply
of suth ensymes in the intes tract, What use, then, is
there in having such an cnxynohin the mouth? ::::.::. p::u: o{;
ew of reinforgement theory the ans eens ' 8 there
N & 44 ! ;zro presisely, it is known
excitation of the "sweet" taste receptors
of the mouth, has reinforcement power in (hungry) animals,
Unhydrelysed starch does not excite these receptors (;rion.nbii
begcause {t does not penetrate the limiting rane of the taste
“Tregeptors). But the sugar molecules which result from the
hydrolysis have the power to execite these receptors!
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"Crrtical e
f\’ece'o‘f'o rs

‘ For this system, a "stimulus" at the input_of the
main net will always be the sum ‘of two components;
one component S is that which comes from the environment
through the "exteroceptors" of the organism, the ‘other, :
8¢, conninp information about t.ho' internal state of the
organisi, Then a reaction, which gxternally appears
to be of ghe form Sg=Kg, is(when the organiu/ is in an
internal state giving rise to the stimulus component SO‘)
really a riaction with the stimulus Sp* Sg. Thus, if
this reaction is reinforced, the response Ry will not be -
associated with Sg unconditionally, but only when the |
organism is again 1,\ an m.mx astate represented by

L
So*« The organism will tend to use behavier which has,
in the past, been successful in normalising states like
its present ome.
The selection of eritical channels for quick re-
inforcement is largely a matter of evolutionary
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d'ypl;pnbnf. If the taste system is to have reinforce=
ment cgpacity, and still be co-phtiplo with the 'nott:i»;
tion" channel, then the taste system must tend to be
active as a reinforcement activator only when there is
a2 "nmed" for nutrients. We may expect each oerganisam to
“contain a uodirnﬁp‘nunbcr of such special devices;
however for colplix and sequential loarnini. this type
of reinforcement control cannot be adequate. Reinforce-
ment systems in which the content of V is "builtein®

-

will be called PRIMARY reinforcement systems,

6/3 Primitive Organisations

There are certain aspects in the behavior of random
nets with primary reinforcement operators that may be
of crne{s; 1iportanco in brain theory. This section
will discuss these aspects informally. Untortunnt.ly..
they have dos yet been analysed in abstraet form. The
gentral idea is that of "vocabulary," or the notion
that the gvert part of bohavior can be analysed into a
relatively small number of elements.

lotor Vocabularies.
Let the model ofﬁé72.k be drawn so as to represent
explicitly a set of exteroceptors which have reinforeing

potency.

—  xSee (*)6/1.
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EXTEROCEPTORS

Consider the behavior ef the system in the early
stages of training; before the net contains highly
organized and dependable reaction. pathways., Sijpolo
that the net ia "long," i.e., that most paths from
the sensory end t& the motor end have a fairly large
number of Junctions. (Nete: this sssumption may have
to be relaxed, perhaps by having a shert net in pnrnllpl
with the long one during "infancy" of the system), Then
the initili/S~R behavior of the net will tend to be
quite random.

Suppose that an early rsaction is Sy=R, (where S, s
a pair ,85* as defined in 6/2.4).

Suppese, also, that the result of this reaction is
such as to cause it 4; be reinforeced.

In a "long" net, a single reinforcement of a
rta.tiom is not likely to make that reaction dependadly
reproducible. For if the reaction is mediated by
relatively long chains, the failure of any junction
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in tho\\gyiau ean anl(' '{{uﬂurﬁ of the
reaction to occur. Until the net con-+
tains a collection of wu«-ut.abif;.}dfd 5
paths, little dependability can be ex-
~ pected from 1‘tu reactions.
In general, the pathways uq_i\af.ing\ Sy=Ry may be expected

Rt

to have the following appearance}

.. <0 O
$3 SO GRS
SV F o 7 R

Ng i
For the stimulus 3, sets activity which tends to

branch and die out randomly., Looking backward from the
R end of the net, it may be oxpoc.tod that the response
Ry can be attributed to the firing of a relatively small
number of intermediate 3}011;\ such as the N, &f the
diagram. Each of the in cells will connect to the out- g
put cells tihrom a (ml.{) w&s. and these tedis will
be reinforced whem 5;-R; is. It is these s in
which we are interested.
What are ui. conditions under whieh a mnioa 8-y
is reinforced? The basic fact must be that within a

mae ocsus L 2 X l\\x' S11% FAlAGIL € € vilG@ 30\ f 8t
of the V-system. My assertion is that there is greater
than chance probability that the response Ry (%o
stimulus S;) had something to do with the environmental
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“event which led to gointoru-nt. (For 1f this were not
the au s then the mor behavior o/f the system vould be
generally incapable of unmncng the onviromu) in
such a way as to bring about "desired” types of mna.)
Te put it another way, there is greater than chance
probahuuy that the ruponu R). is an action on the
part of the system which ean ‘bo uocd to manipulate the
onviron!unt in a deasirable way (from the point of view
of V). This i{s a nom-trivisl statement. Consider,

' @e§e, 2 response which con-uzod in the equal contraction
of a pair of ntigouht muscles, Sueh a response is g
not likely to cause a significant change in the environe

ment, and is not particularly likely to be associated

with reinforcement. On the other hand, a manipulative
response, such as grasping an objeect, is likely to B
result in i -uniﬁoan? environmental change. If nothing
‘the organism does is l.lkdiy to have much ol:fcct on the

A

environment, then these arguments will not heold, but
then there is little chance of the organism beiang able
tol acquire any adaptive behavior.

Now if the stimuli presented te the system are

M

complicated, as in a retinal image,  but if it also is
the cu\o /t}ut in such a complicatad atimlu;L only e
small part is significant (i.e., that part whieh pro-
vides information about that part of the environment

which the organism can immediately influsnce, €.g.+,
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noaéb!)obdnct- rather than the color of the sky) them
evean if the response ﬁl has manipulative significance,
it isnot particularly likely tha¥ the pathways of the
complete reaction S3-Ry have i;5h~sisnif1canco. For
many of th; paths of the reaction may be cxeigod by
meaningless parts of the stimulus 31. The organisation
which is reiﬂfoihod at the 3 end of the not will tend
to be rather aceidental,

But the paths whieh get reinforced toward ths motor
end of the net will tend to be "meaningful.," The patterns-
which get reimforced at this end are such that proper
introduction of a few pulses at locations like NR will
gause a motor acf which has manipulative significance
for the environment-V combination.  Thus the motor ead
of the net §111 tend to beeome a sort of "keyboard,"
where ;heoring pulses will tend to produce "coordinated"
novnlnneuf/ (This is the sort of activibylnctually
encountered when the brain is stimulated elose to the
motor area of the cortex.)

Following the establishment of the above elementary
"motor vocabulary," it can be expected that the cells of

form Ny (the motor *;cyboard') themselves become

erganized inteo trees whose exsitation causes even more
highly oiganilod motor acts. Thus one may expect %o
find that a little further away from tho‘lotor'old,
stimulation causes more highly organiszed actions.
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*6/3.2, In\a "lomg" net, 7: the type considered abovo. it
seéems to me that until such a motor vocabulary is
established, no dependable roactiga structure car be
developed. For without such aAa;pondablo reproducibility
of simple a;tion elements, an organized ruacti;n would
require conp;icateg pathways extending across ;ho net,
and such a itfﬁéﬁuro would be required for. each reaction.
Ongce a motor vocabulary is constructed, a few 1ndnp§nd‘nt
chains running agross the net would make dependable
reactions practical., I believe it could be shown that
a "sensory vogabulary“ will then develop, llthangh my
present arguments are weaker than those for the motor
vocabulary., (Tho'latter, I believe, cuuld be rigorously
demonstrated under general conditioms. I have no doubt
that fquntibn of an "adaptive" or a "manipulatively
aignifiaant" motor vocabulary occurs uniformly in the
training 6§ neural-analog nets with local reinforce=
ment operators.)

An argument for the sstablishment of a sensery ;

voeabulary can be formulated in a way parallel to the
main argument of 6/3,1. FEach stimulus can be separated
into an "adaptively gaaningfnl" component and an
Tadaptively -oaningloss" one,—Now a given reaction
S3=R; is more likely to be reinforced if 5; contains
an appreciably meaningful component, because Reinforce-
ment will occur at a slightly later time only if




- that a more detailed analysis would show thies to be the -

‘area, there is no elear and constant relation between

'onotyihgradaptively gdgﬁifieant has occurred

rceintly. Thus reactions are more likely to be rein-

forced when there is an adaptivtlz/dignfficant event in
the semsory field. The parts of reactions which. depend
on responses Lo non-significant parts of stimuli- will
get, almost by definition, much less regular reinforce=
ment than rasponaeé to the significant components, and
this will hold true also of the paths in the early part
of the net which mediate these responses. Thus oh§ may
expact the consolidation of trees in the early part of
the net also. (The arguments here are somehow weaker

than those for the motor case. The above argument does
not indicate that the sensory vocabulary must post date
the construction of the motor vocabuliry, but I feel

case., Weak jrguments can be formulated which indicate
the opponit;; however,) The fact is, that stimulation
of the cortex near the primary sensory areas in a
developed animal indicate the presence of a sensory
vocabulary., It is easy to see that there is ne reasen
vhy a meaningful schn7 of localisation of this voecabulary
should be expected, gn&‘it is not found. (In the moter
areas, point stimulation yields organiszed movements of
mus¢ular groups associated with nearby pyramidal connec=-
tions. In the areas peripheral te a primary sensory
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the location of a ppigt and the sensation which arises

on stimulation there (except as to modalityl); this is
not surprising; the motor areas send zheir output to the
primary motor cells and théir geoﬁetric.arrangenont;

the sensory areas project into the entire brain, and

away from the geometric arrangement of the primary

sensory cortex.

While on ¢the subject of sensation, it should be noted
that it is almost certain that much of the so-callad
"sensory" and "motor" regions of the cortex is constructed
in ways that‘cannot be assumed to satisfy the notion of
"random net,." I€ is highly probable that these areas
are, ab initio, organized to some extent, and that the
orxanigsyil“given an important "head-start" toward the
development of adaptivoly significant perceptual and
motor or‘{;ilation. I had intended to devote an entire
chapter to sensory special mechanisms, but this has been
omitted to reduce the bulk of this paper,
of such special mechanisms will be represented in the
diagrams by special strips at the input and output

extramities of our ‘;in nets,
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The special sensory (393) strip may be regarded as con=
taining, for example, mechanisms such as those proposed -
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(MeCulléch-Pitts 1947) for visual and auditory abstrace

tion, ﬁnd retinal contrast mechanisms, etc.  The speci#l
motor (SK) strip may be conatd@r«avtoﬂcontain such
mechanisms as the cortico-aplno-cefebellar postural
stabilization circuits. g

Perhaps the_mésc inmportant consequence of tue
development of a pair of adaptively lignificant vocabu=
laries is that behavierally complicated reactions may
be mediated througﬁ relatively small numbers of junge
tions. The association ireas of the cortex do not need
to be concernsd with the comtrol of individual muscle
movements (and indeed are actually incapable on
initiating such in many cases) and the information
required to perform a complex act niy be much less than
might @ expected from observation of the orkanism from

/
cutside. /

6/, 3egondary reinforcement mechanigms.

6/4.0

A1l the systems treated up to now have involved a
fixed, given, Ve-system. It is abundantly evident that
no such system can ever be adequate for a theory of
activity of higher &Qi-aln; the class of events which
cause reinforcement ia higher animals is pok fixed, and,
in faet, definite methods are available for altering
this class for most organisms.

A fairly gemeral observation is this: A stimulus
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time of reinforcement itself a ggg&’ res reinforcement .

poteney. Inan ord.rlj envix_,‘p‘aﬁ/ent: such a mechanism

has great adaptive value. Foru:ﬁject;ir; r.;xg“:ensory
field at times of reinforcome‘;x‘tmguire reinforcement
value,are Iikely to be just the objects which are ;
regponsible for the oceurrence of reinforcement, Thus,
to some extent, the objects which acquire reinforcement
value, as stimulators to the exteroceptive u'nﬁos,

will be those which in'some immediate way can satisfy

the needs (as determined by the primitive, given Ve
s&stem) of the organism.

The operation of such a mechanism can tranaform the
behavior of the sysfwm (X,2,V) from its rather crude
reactive behavior to more elaborate sequential and -
"partialegoal-motivated" patterns, Consider the case
of eating. With a primitive V-ayltém involving only
the less discriminating senses, only actions that lead
immediately to the ingostion of food are reinforced
(in the hungry animal). With a "secondary reinforce-
ment" mechanism operating, it is fairly certain that the
sight of food wi_ll\acquire reinforcement value, and hence
the pursuit (if successfull) of food will be reinferced

(again for the hungry animall if the connections of
6/2.4 are included), If this "secondary motivation"
ever becomes detached from the original internmal 'drivo,
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then patterns such s Mhoarding” of food can appear.

AR

If the system is further constructed so that after
a certain period (which might céffeapénd to "infahcy")

the origindl'v-system loses control over rainforce-
mentjthan we huYU a very {lexible system. For the
"secondary V"\system established in this period then {
becomes dominant; During this perioed, th; content of

the secondary V system can be dictated from cutside by
appropriate systematic training, te a large oxt"ent, and

the trainer thus has wide control of what will be
"motivation” of the system after.the "infaney" peried.

This systematic training can be of the general form:
whenever primary reinforcement occurs, a certain object

A is placed\in the sensory field. Then A acquires re-
inforcément potency. Now the choice of A isAquite
arbitrary; it need not be of any value in, sa;; the
stabilizing of the intermal physiology of the system. ‘
Neverthelsss, any behavior which leads to the occurrence ' g
of A ia the sensory field will be reinforced (assuming )
that the internal state 6/2,4) a:c the time is one of

those which occurfod{at times during the secondary
training of A). The\system will have A as a goal;
pursuit of and collection ofr;;ings sufficiently like
A will be part of the behavier that the system will
tend to acquire at later times.

A great deal is known about the establishment and




cxtingtion of -oeondary r.intoroorl. and I will onit
tnrshor dissussion ef it. role in higher animal bch-vior.‘
Let us fnstead see how secondary reinforcement may be
incorporated into random lourllii;alog nets.

A first attempt.
Consider the system below (fig 6/h.1).

(LR

This oy‘io- comes c¢lose to being a sscondary reinforce-
ment system, Stimuli present at or shertly before times
of primary reinforcement. cause Net N-II to react in some
way, znd this reaction is reinforeed. Becauss ef the
way in which the output of N-II is connected, its
reactions are potcnt(glly capable of controlling a secend
reinfercement operator (z,) ggx,I-I. If the way in
which Zp must be controlled requires non-trivial activity
on the part of N-II, however, there is no guarantee that
the reactions of N-II will be such 2s to exert sontrol

over z,.

%
L]
4
&
&
-
&
i
&
¥
&
§
&
w®
g
¢
8
B
€

AR




6/be1.d

6/k:2

6=-41

Thers 1s a system of the above sort in which it is
fairly certain that NI will exert control over Zj.

S

Suppose. that %, is activated only when N-II produces at

its output a signal of large (riiié;vu %o its usual)
magnitude. ‘sﬁppoao further that N-II has the property:

If N-II is on many ocecasions presented with some stimulus

S and then r&ihfb;ﬁilout is applied to N-II, regardless !
then the magnitude of the response of N-II to 8 is much
inereased. (It is, in fact, difficult teo construct a

net with a leocal reinforcement operator for which this

is not the case.) Then it is clear that stimul! (1ike

the above 3) whicli frequently accompany reinforcement 3
(by Z3) will tend te acquire gontrol over Z,, and hence
agquire lccdndnry reinforcement value.

If Z; 18 of the (noise-cancellation) nature of the
operators of 6/1ff, then Z, oould be realized by a net
which has the property that it emits noise gxgept when
it receives a large stimulus from N-II, This would
not be particularly difficult to comstruet, especially
if it were admissible to make the tract from N-II te
Zg out of inhibitery connections.

A scmewhat -oro'colplcx. put much more geaeral, way
of insuring that N-II will learn $o comtrol Zp can be
provided by adding a feedbagk channel. This will be
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1lp¢r%a§$ in the event that Z, requires more delicate
control than that suﬁgﬁit.d in 6/h,1/1.

\7

%\' e e

7LN-I ]

NI, 21, and Z, are supposed té be such that applica-
cioi of either %) or i, will reinforece N-I, However,
NeII, Z , and Zp are assumed to be related so that
reinforcement of N-II requires the (coincidcntal)
application of both %, and Z,., The square naff,d LU
is included te provide for this coincidence-conditional
behavior in case a special device is needed.

The "feedback" connection of 22 with N-II has the
following effeect. Whatever the input requirements to
activate Z, may be, N-II will be reinforced if and oenly
if its reactions, dlﬁfl; a period of concomisant
primary reinforcement, are such as to meet these require-
ments. Hence, if there is a possibility that ¥-II ean

properly operate Z,, the reinforcement structure, as
applied to N-II itself, is such as te train N-II to
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exercise lnch control, and to oporgﬁo”za as a rnaavioa

to stimuli whieh havo been temporarily aatooiatcd,
5

with primary reinforcement. 1ho—aot—l-ii—nt?fbtizngaa‘od '
. : 'S ro : :
’ component of the reinforcement system for NI is—the -
assemwbly 41yZp,V4Ce 7N

6/he22e1 The above system can be realised using {-| mets
(6/1.8) and a noise-reduction reinforcement operator L

. in the following way:
= e
& 3

—

NS is a seurce of noise, , G,,0, and G, are "gates," or
devices by which the noise channels can be interrupted. y
If Gp and Oy are operated by the same signals, them
Af N~I and N-II are }-j-nets, the system is equivalent
to that of 6/k.2.

~ The system may be simplified by<fcpln¢1n¢ Gy and G
with units which centain their own moise source; then

NS can be eliminated. NOUE; By "NOISE" we mean, of
gourse, ANY form of activity which is efficient in
extinguishing Feagtive patterns in |-j-nets.

If N-I is such that relative reduction of neise acts .

o ‘¥

)
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local roinforcemqnt operator, thon the system
may be simpliried further (provided chat N~II requires
greater noise reductions than J-;;dooa)ﬁ

E N-T

6/1.3 WWQ

The connection schemesof the systems of 6/4.2 are
inefficient to the extent that N-II does not receive
the special sensory stimuli available in the early part
of met N-I. It would be unlikely that the secondary i
reinforcement mechanisms of organisms have their own
cxxorocoptt4; processing mechanisms, and a more plausible

connegtion scheme would be:

E N-T

7
]
d

NIy |-

In fact N-II could bo/eensiguouo with N-I:

r
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In iﬁy’caao, we wili)ﬁlsuno that N-II has aecess to the

same external sensory devices as dbos N-I. Assume, for

the monent, that N-IT has no meﬁor conneetions.

The behavior of N-II will then be composed of silpla

reactions; for certain stimuli, N«II will activate Zz.

The class of such stimuli is important, for it defines

the Ve-system for the secondary reinforcement. There

are a number of important questions related to this

content of N-II; the answers will be differemt in

different systems, but some general remarks ¢an be made. ¢

l., Is it possible to détermina the content of N-II

by direct observation (behavioral) of the system?

2. Is it possible for the "goals" of the V-system

directed By N-II to be contradictory to those

““directed by the primitive Vesystem?

. 2
3. Can the machine as a whole gain gontrol over the

content of N-II (in some non-trivial sense) and

thus direct its own evolution?

L, What behavioral disorders would be consequences
of injury to N-II?

If the only con‘octionl to N-II are those specified
in 5/k.3, then the conmtent of N-II could be determined

only by prolonged observation of the behavioral time

series of the system.

is possible.

No form of direct interrogation

AT o hminsns

iR
n
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\I};whoﬁever, the(agplicaeion of reinforcement is
associated with any behavioral_pecqliaritio., then
a routine procedure for &xaming;;éé of the content of
N-II should be possible. If the application of i,

a

produces distinguishable neural activity in N-I, then
it might b.,pgggible to train the system so that NI
reacts to this distinguiuhod activity as & itllnlun,
and the reaction response to this stimulus would be a
behavioral indication of the oeccurrence of z,.~'1n
any such interrogation, motivation conditionn‘y&thin
the organism would have to be considered, and it might
be very difficult ti find out exactly which extermal

:tiluln- was responsible for eccurrences of Z,.

It is easy to devise schemes bw which the values of
N~II u;;rhighly "non-adaptive.” The trainer gan
establish’ a "dangerous® obj;ot as a secondary reinforger
by preventing injury to the system during the training.
When released from the supervision of the trainer, the
behavior would become non-adaptive. Any higher animal
can be "domesticated"” into behavior patterns absolutely :
incompatible with those of its primitive "drive-redustion” |%
reinforcers (or which would be se if the organism wers  §

returned to its traditional environment,)

If N-I is able to react to the occurreace of Z,, thea
N-I should be able te learn for itseif the content of
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N-IT, A 1t 1s "suff194§pt1y intelligent."” In
principle, N-I sould alse discovgr.thé theory of secondary
reinforcﬁment, and thus gain conggo!wovar H~I1I, IF :
THERE REMAINS ANY WAY TO CHANGE fEE'COHTENT OF. N~II after
the period of "infaney." It may be the case for some |
organisms thapagegondary values acquired zarly are
difficult to alteriby any ordinary form of sectivity.
This would be true if the original primitive Z operater
were to disappear after infanecy.

If a system like that of 6/k.2 were considersd as
part of human neural organization, it might be Q;ccooary
to provide that after infaney the channels of primitive
reinforgement become weak and that the secondary values
dominate adult behavior.

Injur;qio N-II would have the interesting rﬁ;ult of
NO effect ofi overt behavior in any short interval., If
N-IT were destroyed at time t, the bshavior patterns
which had been acquired by N-I under its influence would
remain. But no new secondary-motivated rsactions could
be learned thereafter.

Another important {uestion is whether the system
can ostablilh higher order foigg_of reinforcement, i.e.,
chains of values. There is no provision fer this in the
system of 6/4; the simple expedient of connecting Z,

 to N-II as well as to NeI will make it possible for
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stimli\ to acquire reinforcement value by being associated

with & ggcogdag! reinf&?ﬁiment. Ov ove cadd odd why  N- iﬂ
-T2, . owata W/"'Q(.'IM

6/5 Iaterna) reactive propertiss of mets. 5

6/5.1

Consider a net N, such as that ox 6/2.1. This net
has been regarded as a reactive system with rclp;ct to
a set B of input eollu, and a set F of cutput cells.

It might be convcnicnt to regard the ncc‘;;;ﬁh;:opoct
to some other pair of sets of cells, even though under
ordinary conditions (within some specified brain model)
these sets of cells would Bp considered to be "inner
cells” in so far as all pulses arriving at these cells
come from within the net.

in particular, suppose that a surface D is passed

through the net so as to separate the normal input and

output ch;nn.lﬁ of the net,

P ;;Z
S\ ;
F

Let ED be the set of fibres and/or cells that intersect

this surface. Then any form of moter activity that can
be induced (at F) by (Cnor-nl') stimulation at E can
be evoked by removing the part of the net to the left
of U unt’introdncilg the apprdg;;azo pulse pattern at
P, If, for example, a reaction S-R can be evoked

in the imtact net, theh the response R can be obtained
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from\ the mutilated net by introducing at E° a stimulul
St ihere 8¢ is the é;tivity pattern that appears on the
surface D' wheq_(in the intact net) the stimulus S is
presented at E, /f/.

If it so'happens that (in the intact net) the fibres
crossing D all conduct in just the directiom f}eu B
to F, then ] ;hﬁib; produced by introducing 2' at E'
in the intact net. Thus, in the case of 2 net in which
conduction ie unidirectional, for each input stimulus
8, there is, at oach crossunection level D, a "pseudo-
stimalus S which ean produce the same activity to the
right of D as does S. This will not, in general, be
tke case for nets in which condustien is not unde
directional., In particular, to tha extent that nieondnr1
sensory cortices have a one-way connection from their
prinnr;T;onaory cortices, it_should be possible, in ;
principlo{/to manufacture a "pseudoestimulus® which when
applied to the secondary cortex will produce the same
reactions in the rest of the system that would arise
from a4 given external stimulus. The more ths surface
is crossed by loops, the less likely it will be that a
pseudo-stimulus can Qp found for a given extermal stimulus,

Similar remarks hold for surfaces passed between the
- primary motor cortices and the rest of the brain., To
the extent that conduction is unidiroatiQaal from the
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"premotor” to the %;i§nry motor cortex, arbitrsry motor

acts could be induced by direct stimulation at the moter
cortex. The patterns of activggy"at‘the premotor cortex
could be considered to be "pseudo-motor" responses.

This discussion will be continued in 6/7,

*6/6 "Gomtiuity" of stimuli.

Any brain model must include a provisi;n Ior some
kind of "associative" learning. An analysis of this
aspect of animal behavier would be out of plaéo here;
to do justice teo pr.;cnﬁ knorio@;o about the subject
would require a large volume. The nets of the type
considered here wouid seem te show some types of
*agsociative learning," e.g., the acquisition of
similar responses to "pairs of stimull which occur
to;otg;} frequently."* An informal dinculsion of how
this may ‘come about is appiopriate here, if ;ot for its
own sake, then to make more plausible the realization
of the important system to be deseribed in 6/7.

*The term "stimulus" has been used in all previous sections
in such a way that the cxpression indicated by quotes would be
meaningless, for "stimulus" has been used to denote the tetal
input pattern to a system, ‘!d in this sense, two "stimuli"
cannot occur together. In ordimary parlance, one talks about
_sets of simultaneous sttlulig each originating from some part
of the "gtotal sensory field," and ressions like "total
environmental situation," etec. are used to denote the tetal input
to the system or organism. We have used capitals to demote
total imputs; lower case letters will be used to demote "partial
inputs™ henceforth.
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"lmﬂﬁ‘n " of d‘aﬁ neous llillll s pairs.

Suppose that in the past experience of the lyatcn.‘ | &
a certain pair s, s' of atilnll/Sava%rroqaontly occurred
together.' Assume also that roinforoo-nnt has been
appl&od frtqucgtly following the stimulus, s¢ that some
response R70er-Pitaor, some "sensory vocabulary element™
of the sort coﬁJocturod in 6/3.2) is a dependable con=
sequence of the stimulus s+s'. Now, assuming that ths
net is composed c;son&ially of multiple thresghold
Junctions, as is probably the case im higher animals,
it 4s likely that at first ovocition of the response R
r;qniro- pulses derived from both s and s8'., However
after extensive reinfercement, the numerical threshold
of the -ulgiplo.junctionl will bn.lavhrod. and 8 or s'
separately will have greater than chamecs probability
of eveking R. ' !

From the point of view of association theory, it may
be better not to consider the relation of s and s8' to

any particular R, however. Instead, consider an inter- Qﬁ
cepting surface D of the type considered in 6/5.1. Let
D be 5o close to the semsory input end of the net that \ f§

pulses traverse only one or two synapses before crossing
D imto the main net. Now 4f two stimuli s and s' were
such that they produce the same activity at the surfage
D, then their "consequences” (the dilsftiustqn of
internal responses of the system to the stimuli) will -
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be ygi»saio. it sognn}aafo to assume that in genmeral,
tﬁo more similar are the patterns qiakod at.D oy & ll“_
s', th; more similar will be thg/¢;n.;§ucncou of these
stimuli, and that this ought to provide some measure of .
a kind of "association"™ between s and s'. Now- if we
assume that\ny}a#gg propertion of the junctions between
the input of the net and D are of high numerical thres-
hold, then the activity evoked at D by presentation of
the compound stimulus s+s' will be largely derived from
Junctions which require pﬁlaos from both s and s'.

If sts' ocours froquohtly followed by reinforcement
(without reference $o any particular responsel!) then
these junctions will have lowered numerical numerical
threshold and will become cxeitabio‘by both s alone

and l'-gionc; Thus (even with a random reinforcement -
séhodulo)/}ho activity evoked at D by s And 8" will
begome more and more similar if s+s' oceurs frequently.*
(The activities at D will not, in general, approach
identity, however.)

In 6/6.1 it is indicated that stimuli which oceur
together may tend to(;cquir. similar net consaquences

%It is not difficult te establish/quantitative measures of
the "similarisation” effect discussed here; the theory has been
omitted for brevity. A basic result is that the higher the
numerical threshold of the net junctions, the more marked is the
similarisation effect, in ¢ nets contain one or two
~—layers. of unidirectionally eriented, but otherwise randem

connections.




6/7 Predigtion _
6/7.0 A stochastic neural-analog net is, in sou&ri%, capable
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(pgd\ti*lbno -cnno_ghéﬁld accordingly acquire rtlatod‘
"meaning”). Another form of a.noc;ition thﬁc might be :
desirable 1s the following: suppose that s is fre- ' |
qgintly followed by s', and u1£h a constant delay.

Then, s' will often ogeur at times when a psencostimulus
¥ (6/5.1) ﬂqu 1e in the interior of the net. Then

by a mechanism parallel to that of 6/6,1, s' and the
pseudostimulus 8P of & will tend to acquire similar
consequences and in effect s? will become like s
ploﬁdostiuulun of 8'. This "sequential nsaoe{ation"

will be discussed further in 6/7; it will be seen that

the occurrence of s will, in a certain sense, set up an

"expectation"” of s'.

of many t‘sponuos to a given stimulus, depending on its
internal state, and beyond this, on a probabilistic
basis. The adaptive capacity of a system dspeuds on

its ability to exploit this reactive flexibility. The
following scheme seems (introspectively) an important
aspeet of higher 1u@olloctnal processes!

Given an caViron-nntn}ﬁg;tuation, one "contemplates™

a particular "potential™ action, One then, in some
way, makes an estimate of the consequences of that
action, i.e., of what changes weuld oceur in the
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gxt;rnhl'situacion(hire the contemplated aetion

made overt. Then a valuation is yﬁdo on this

estimate; if the estimated consiéucnzel are deemed

acceptable, the action is performed, if not, -the

action is rejected, and then a different action is

contﬁnplatedl :

In this section a system of random nets is deseribed,
and an attempt is made to show that the behavior of this
system will conform.;to some extent, to the abeve scheme.
(It is necessary to enlist the sympathy of the reader
in connection with the use of aont‘toruinology of
1ntréapootive psychology. If the reader rejects the
possibility that a net may have an attribute like
"foreaigbt,"v;ct him interpret the aigument- as attempting
to show merely that the system may act "as though it haa o

v 4

this attribytc.")

Motor gates.
The first preperty required of the system is that

it have in some sense the capacity to "consider" a
response before actually translating it into aection.

How this can be done Ko indicated briefly in 6/5.2.

A surface is drawn cutting acress the net near the output
tracts. If this surface is replaced by a "gate" which
can be opened and shut to pulse patterns, then this

. gate can be used to control whether or not an overt
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action will take plade at any time. Consider the

following system:

lkfém(}fw “tract: PAT

D b 0 b

b AI—I

P ':"5 _———-—o(ﬁfl;" ‘fraF"_
MmAN- NET S 2

.Em
aie

D) {

?Q’[Q Con"r:. {

‘T\\is will also he refresea"ed asy F"'“'"" —{r-ac'f“

N-T @ Q/) —>
Gaﬁz 0ut

Ma2in net

Net I

The system is composed of three nets.

correspends to the NI of earlier sections of this chap=

A /
ter, except that the final output traet is removed.

Two tracts emerge from the right of Net-I; one of

these, FPMT, will be unterminated for the moment, the

other goes into a special net which we call the "motor

gate" MG. (The two tracts emerging from the right of

N-I are supposed to E?ve the same origin, and contain :

equivalent information,) MG is, as its name implies,

a device which can either -té;kbulaos, or transmit them
to the final "output net." The gate is qontrvllod

through a channel G by a signal 'g'; if g(t) = 1 the
gate is open (transmits), if g- O the gate is closed
(bloecks pulses).
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Néwkgf the channel from N-I to MG conducts onlyvin
that direction, then g;ory motor act/ must be preceded
| By activity at the right end of N-Y, and information
about this activity will be car?i;d along the accessory
tract PMT., If the gate G 1s closed, then thers can be
ne overt motor act@on, but activity may still ;ppoar at
tract PMT, Suﬁhraciivity may be regarded as potential
or non-overt action, which, if the gate were opened,
would become overt,, If the scheme of 6/7.0 is to be
realized, there must be some way of using the output of
PMG as an input to some kind of PREDICTOR mechanism
which is to méke an estimate of the consequences of the

potential action.

R Vet The predictor is to make an estimate of the changes
* that would result in the external situation if the
potential sction is performed. It would seem ﬂaturnl to
arrange tgc system g0 that the output of the predictor

produces a‘paoudo-otilulus (6/5) representing the changed
situation. (Pr.aumably,ﬂtho pseudo-stimulus would be
incomplete and/or the system would have cther ways of
knowing that the actijon had not yet been performed.)

Thus the predictor could be inserted as shown (Fig. 6/7.2)
i s




The predictor net has PMT as anut; its output tract,
PST, enters into thevmain net close te the input end

of that net and spreads out over a region D of the sort
discussed in 6/5.1. The job of the predietor net N-P
is to construct » function which, given the "gontemplated"
action at PMT as domain, has as its range a set of patterns
which act as pseudo-stimuli for the consequences of

these acEIbna; This may seem like an unattainable
requironnng,/sinco it may seem to imply thas H-§ con-

tains informaticn about the reactive properties of the
environment. (Note: it is true that N-P may have to be
supplied with 1nformationvabout the present state of the
environment; this can be included by allowing PST te

transmit informatien %? both directions. Nevartheless,
it appears that it may be sufficient to let N-P be a
! g PST rgnd

appropriate regions of N-I!
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6/7.3 muﬁ&umgﬂa&_z_uwz

6/7.3.1 °  Consider first the case of actions which usually
result in definite sensory conscgueneos. How it is
clear that in order for a particular action (i.e.
pattern of muscular movement) to have a definite sen-
sory conaequengq§ there must be a corresponding
regularity in the:reactivo properties of the environ-
,ment, There is one class of such regularities quigc
independent of most ordinarily variable features 6!
environment: ir we regard the physical Sody o(’an
animal to be part of the environment of its nervous
system then all actions which produce stimuli by 5
interactions between parts of the body have highly-
regular consequences. A simple example in man is that
the act—of céhtracting the flexor muscles of the hand .
will (aluog; always) cause a tactile stimulatién of
recopcorafin the palm and fingertips. (Any muscle

contraction will produce dependable excitation of re-

lated joint and tendon ricoptora.) What does this mean
in terms of the internal behavior of the system of 6/7.2?
Let R* be any activity pattern at K (in the "premotor"

0

area) which, if the gate were opened, would result in
g o closing of the hand. Suppose that R¥ occurs often, and
is followed by reinforcement, and -that the gate is in

€

fact opened on many of these occasions. New R*(t) is an

input to N-P, hence (assuming that N-P does pnot have any
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lqarﬂinﬁ‘pfopertieslﬂ NP will reaect producing at PST
a pattern (or more likely a proﬁab;lity distributien of
patterns) P(R%){t+l). (The timgxﬁﬁanéisation is used
for convenience only). Now let s be the stimulus
representing contget with palm and fingertips.- Then
s and P(R*)‘écguf together frequently, and will be
"associsted” in the manner deseribed in 6/6.1. It may
then be sald that the net N-I becomes modified in such a
way that P(R¥) becomes & pseudo-stimulus for s. In
this simple manner, it mdy be said that N-P becgomes a
predictor., For even if the gate'ﬁ is closed when R¥
occﬁrs, the pseudo-gtimulus F(R¥) goes threugh, and a
"pseudo-sensation” of hand-closing is experienced by
the system, . v

The sdme érgumente apply to more complicated
environmegpal regularities; motion of the hand/will
become associated with the visual stimulation consequent
to the mution of the hand across the visual field, ete.
It scems to me that thc&o regularities consequent to
physical body structure are‘rathor well-distinguished,
by their depondahili}y, from other interactions with

N

most environments, and that through such a predictor

mechanisk a "body image" can’be constructed.

The system as described is not adequate for prediction

of environmental events which do not depend only on the

gl

]
-
)
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1nupdi;§iﬁn§tor activity of the system. The system
should be able to predict the behavior of the enviroament
W whers W has the form indicated 4% 4/3.2.2 or exhibiss
regularities'of this form. (i.e., where the change of
state of W depends on the activity of the systesm even
if the state itaeif‘doos not.) To some extent this can
be accomplished by'allowing the trset PST GJ transait
information both ways, or otherwise providing N-P
with an input from the sensory end of NI, Then stimuli
for N-P will have the form s¥ R{ where s* is the image
at D of a stimulus s, and HI is on; of the set of possible
responses at K to the stimulus s. If the gate is open,
RI results in an overt action which ;nducoa a transition
in the state of W and produces a new stimulus "1
w(.,R*i)ffSoc‘h/3.2.2, (1) and (2) for notation, and
overall system. The time indices have been dro;pod.)
This s'y evokes an image 0'1* at D, and this is accom-
pied by the ﬁrrival from NP of the stimulus P(s* R*i).
If this occurs fr‘quontlyrwith reinforcement (random
reinforcement will do) then, if the contiguity mechanism
operates correctly, P%f* Ry ) 'ill become a pseudo-
stimulus for "1' and N-P becomes a predictor for this

type of environment. JO

Allowing NP to have learning properties yields a
Superfiecislly, it might
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appesr that "good pfediction” wouid tend to lead to
positive reinforcement situations, and hence the lurﬂu
ecapacity ought to tend to imprevé E-P ia its predistien
role. lNowsver, there is tie danger that the predictiem
capacity of E-F is too delicate tc tolerate iatermal
altc‘ratlons.'*an‘q that if ¥~ is alterable, it might
become absorbed into the simple reactive structure of E-I.
Un the other hand, it is perhaps worth notilg that
if 5-P can have the same kind of structure as does E-I,
then there is no need t¢ delineate N-F as z distinect
structure. For in this case l—P‘ may be nothing more
than a distinguished subnet of 5-I; for example N-F
might be simply the subset of cells and fibres of E.l
which conduct puises primarily troi right to left!

—

The discussions of 7/3 indicate how the systes ny
'cstint.‘/tho consequences of an actioa™; it does not
complete the scheme of 6/7.0. Nothing has been said
adbout closure of the gate, and what is to conmtrol this.
Sow this gate is to be controlled by a device 7% which
acts by evaluating the ocutput of X-F but this output is
meaningless except (h relation tothe pseundo-stimmli it
produces st D. Hence, it would seem that the evalustor
¥# has to have its input taken from D or later in
net N-I. rLf this is the case thea the evaluator camnot
unm;mmlmmmu.'nuw

{
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that if a certain ac‘idﬁ consequence is ostinntod;
action taken, and tho'predictod'éonpoqgonco realised, then
the gate will remain open and thi/fblléiing pattern at
K will go through to action. I do not see any particular
disadvantage to this except that the ability of the
system to avdiuatg potential actions is suspended for a
short interval after a successful action} f

Nothing has boenlsaid about the nature of the action
evaluator V¥, One possibility is to use the ouiput of .
the net N-1I of §/4.,3 to control g;m the motor
gate MG, (Note that the output of the N-II of 6/k,2
wili not work since the input te this NeII does not
have access to the pseudo-stimulus output of net NeP,)
The gate MG must have characteristics opposite to those

of the gates of 6/L.2,1 in that signals from NeII which
.

~have a positive evaluation should gpen MG (while in

6/4 such signals closed gates @, and 03.) If this is

done, then V¥ is N-II plgs the connection from N-II to

MG, For this V¥, the evaluations on potentisl actions
will be consistent with the goal-structure of the
secondary reinforcement system. The system is admittedly

S
incomplete in that there probably must be other ways

iR

/

of oponihg gate NG,

The appearance of a pseudostimulus at D should have
a special effect on the following reactions of the




9

_system. Suppose that s 13 a .udoatilnluc of s and
appears at. D\Ju;;Vboforo a st lus 8=, an 1n¢o~p1¢t|
fraction of s, is presented to N-I. Now .' iil; (by
its definition as a p-ondoubilulus of s) sond ’lll.l to
many of the Junetiona that would normally be o:nttod
by s, and s~ will do tyc same. Hence the response to n;
can be expected to ro;c§51b<§ho ordinaryyrvlp.ano to
s toa groaterncxtcnt than would be expected if s'
were not present. Anothe: way of putting it would be
to say that in the presence of a"?he system will tend
to react to parts of s as though all of s were present, ~
or the system appears ﬁrndispo-od to react to "weak"
prtcoﬁtation-‘of s. It could be argued that the systea
might be described as being in a state of "expectation"
"of 8. ; :

Ic.-ould.bc féiilo'to analyse this aspeet of the 3
system without a pv‘iininary analysis of sensery

mechanisms, a subject which has been exe¢luded from this

work, for reasons mentioned in 6haptor I.

6/8 Remarks :
A complete discussion of the biological evidence for ‘
the operation of the ayutollzdiloua.od in this chapter
would carry this ‘work beyond reasonablée limits of sise.




*M“n, Je¥e

Hebby, D.0. rganization of Bek '
Wiley sen o.. New York 1980
Kleene , S. C Rg vuu‘( ahow wm\s \ hlk Avlomata Gut paet N
Rovhd Memirandym WM 704,
MeCullogh, W.S. lll‘ Pitt.. Ve LreX GEA O J hg I
i¢ IEBE eX) jerveus Activit
BpVedy Pedll

MeOulloeh; W.S. and Pitts, We
Bull. Math, Bie e8, Ve

: Rﬂb\l(vb\'\" N. / MM_(LLM Pf\uu'. Prags quuqm Tad, 1947

Shannon, CeSe
ne stem 08

Wiégner, N, .
y m and Sons Inc., New York 1948
Probab:ighc L ogic s (al tech lechove notes 1452

(

N
N R e ’* e \-uluiu\'s,““ fh7“°|°1"‘l Yc&cvuu.s W
—

Genfined L- Pig hextbookn

Ven Neomann R b




	DH1420001-voorkant
	DH1420002
	DH1420003
	DH1420004
	DH1420005
	DH1420006
	DH1420007
	DH1420008
	DH1420009
	DH1420010
	DH1420011
	DH1420012
	DH1420013
	DH1420014
	DH1420015
	DH1420016
	DH1420017
	DH1420018
	DH1420019
	DH1420020
	DH1420021
	DH1420022
	DH1420023
	DH1420024
	DH1420025
	DH1420026
	DH1420027
	DH1420028
	DH1420029
	DH1420030
	DH1420031
	DH1420032
	DH1420033
	DH1420034
	DH1420035
	DH1420036
	DH1420037
	DH1420038
	DH1420039
	DH1420040
	DH1420041
	DH1420042
	DH1420043
	DH1420044
	DH1420045
	DH1420046
	DH1420047
	DH1420048
	DH1420049
	DH1420050
	DH1420051
	DH1420052
	DH1420053
	DH1420054
	DH1420055
	DH1420056
	DH1420057
	DH1420058
	DH1420059
	DH1420060
	DH1420061
	DH1420062
	DH1420063
	DH1420064
	DH1420065
	DH1420066
	DH1420067
	DH1420068
	DH1420069
	DH1420070
	DH1420071
	DH1420072
	DH1420073
	DH1420074
	DH1420075
	DH1420076
	DH1420077
	DH1420078
	DH1420079
	DH1420080
	DH1420081
	DH1420082
	DH1420083
	DH1420084
	DH1420085
	DH1420086
	DH1420087
	DH1420088
	DH1420089
	DH1420090
	DH1420091
	DH1420092
	DH1420093
	DH1420094
	DH1420095
	DH1420096
	DH1420097
	DH1420098
	DH1420099
	DH1420100
	DH1420101
	DH1420102
	DH1420103
	DH1420104
	DH1420105
	DH1420106
	DH1420107
	DH1420108
	DH1420109
	DH1420110
	DH1420111
	DH1420112
	DH1420113
	DH1420114
	DH1420115
	DH1420116
	DH1420117
	DH1420118
	DH1420119
	DH1420120
	DH1420121
	DH1420122
	DH1420123
	DH1420124
	DH1420125
	DH1420126
	DH1420127
	DH1420128
	DH1420129
	DH1420130
	DH1420131
	DH1420132
	DH1420133
	DH1420134
	DH1420135
	DH1420136
	DH1420137
	DH1420138
	DH1420139
	DH1420140
	DH1420141
	DH1420142
	DH1420143
	DH1420144
	DH1420145
	DH1420146
	DH1420147
	DH1420148
	DH1420149
	DH1420150
	DH1420151
	DH1420152
	DH1420153
	DH1420154
	DH1420155
	DH1420156
	DH1420157
	DH1420158
	DH1420159
	DH1420160
	DH1420161
	DH1420162
	DH1420163
	DH1420164
	DH1420165
	DH1420166
	DH1420167
	DH1420168
	DH1420169
	DH1420170
	DH1420171
	DH1420172
	DH1420173
	DH1420174
	DH1420175
	DH1420176
	DH1420177
	DH1420178
	DH1420179
	DH1420180
	DH1420181
	DH1420182
	DH1420183
	DH1420184
	DH1420185
	DH1420186
	DH1420187
	DH1420188
	DH1420189
	DH1420190
	DH1420191
	DH1420192
	DH1420193
	DH1420194
	DH1420195
	DH1420196
	DH1420197
	DH1420198
	DH1420199
	DH1420200
	DH1420201
	DH1420202
	DH1420203
	DH1420204
	DH1420205
	DH1420206
	DH1420207
	DH1420208
	DH1420209
	DH1420210
	DH1420211
	DH1420212
	DH1420213
	DH1420214
	DH1420215
	DH1420216
	DH1420217
	DH1420218
	DH1420219
	DH1420220
	DH1420221
	DH1420222
	DH1420223
	DH1420224
	DH1420225
	DH1420226
	DH1420227
	DH1420228
	DH1420229
	DH1420230
	DH1420231
	DH1420232
	DH1420233
	DH1420234
	DH1420235
	DH1420236
	DH1420237
	DH1420238
	DH1420239
	DH1420240
	DH1420241
	DH1420242
	DH1420243
	DH1420244
	DH1420245
	DH1420246
	DH1420247
	DH1420248
	DH1420249
	DH1420250
	DH1420251
	DH1420252
	DH1420253
	DH1420254
	DH1420255
	DH1420256
	DH1420257
	DH1420258
	DH1420259
	DH1420260
	DH1420261
	DH1420262
	DH1420263
	DH1420264
	DH1420265
	DH1420266
	DH1420267
	DH1420268
	DH1420269
	DH1420270
	DH1420271
	DH1420272
	DH1420273
	DH1420274
	DH1420275
	DH1420276
	DH1420277
	DH1420278
	DH1420279
	DH1420280
	DH1420281
	DH1420282
	DH1420283
	DH1420284
	DH1420285
	DH1420286
	DH1420287
	DH1420288
	DH1420289
	Nagescandepaginas.pdf
	DH1420292
	DH1420293
	DH1420294
	DH1420295
	DH1420296
	DH1420297
	DH1420298
	DH1420299
	DH1420300
	DH1420301
	DH1420302
	DH1420303
	DH1420304
	DH1420305




