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T The objective of this thesis is to investi#ﬁte some cognitive
aspects of the probébi]istic neural net modeling of thé association
cortex. Our main’ focus is the mechanism of mémory formation and the
subsequent operation of this mecha?ﬁsm iq the aét of remembering.

The association cortex is viewed a@ a randomTy connectéﬁ net that as

" - a result of éxperience becomes structured. . This structure is implied

( ‘ by fwo fundamental a§§umptions. The first assumption, due to Hebb,
states that if two neurons-are active together and one he]bs to fire

¥ the other,'then adhesion of the tws may occur. ~Neuronal éssemb1}e5'
are thus forméd: The second assumption, due to Szentagothai, statés .
tpat any two neurons in the association cgrtex may be conpected via
a small number of intermediate synaptic statjons. This second

o . assumption leads to the tdpological characteriiation of the strictures’

constructed.

/  These structures represent, in mathematical terms, the physio-
1

logical substrates of memor&. In this thesis they‘are valled memory
~ «Jomains Mi' It is found that as a result of the ;econd assumption
» the Boolean overlap of two such domains is non-vanishing. It is é]so'
" found that a given domain may go from a nonwosci11atqu capability to an
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exhibit short term memory behaviour. In this dissertation we asso- -

. S=111 (snMy). n s

v

oscillating one. Each su;h domain is found to requ1fe a threshold
exc¢itation be%ore it can start reyerbetating mode. In neuronal té}ms
this means that a minimum numbervof neurons within a domain must be
simu1taﬁeoqs1y excited before reverberation sets in. If this minimuﬁ 1
number belongs to the overlap of two ésnh1ns the possibility of firing
these.two domains in close time contiguity arises. The possibi]%ty,
in ,other&wo‘rds, iociation emerges in this model. It is further
found that the transition to a reverberatiné mode may be parametrized ° !
by a phase constant n, the minimum number of inputs required to fire

a zfuron in a given domain., A low n domain is a structure thit can

ciate the structured domain with long term memory and we further . |

associate the reverberating modes of this domain with short term .

pemory. An event S is said to be remembered if it can excite through ‘
¢

. its make-up a given number of memory domains*ﬁ’Th1s is possib1e . N

provided its Boolean over1ap with these domains is nék'vanishing o |

Utilizing the theory of sets we represent this by the formula ‘ ‘ 1

R
- * .
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c ‘ + . INTRODUCTION

e ase

".Preliminary Remarks

_The present work is an‘ettemptlto understand, via a particular- .
model, some aspects of memory operation of our central nervous'Systep
- (CNs for short). @pre precisely when we talk of neura] nﬁde111ng we
rﬁpeah as R. J. MacGregor and E. R. Lewis stated (1977) "The attempt to

.relate iq nervous systems, functionato strué¢ture on the basis pf :
operation" It must be stated at’ the outset that a general solution
to this problem does not exist. 'There,does not exist a unique model
'that p1aus1b1y explains the tota11ty of the funct1ons of the CNS
Partial successes do happen especialdy when pre-wired, genetically
peggrmiHEd cincujts, are 1nvolVed.‘ Tae existence within the mammalian
cortex of such anatomically diverse structures as the cerebral cortex.
- thalemie nue1ei, h%ppocampus and retjcular formation does not make
" one's task any eas1er ,One approach.is to simulate only one part of
these structures and by adjustment of ‘various parameters try to come

)

down to characteristics that are realistic. Artificial neural nets,

e w - . /
;- usually eimulateﬂ on computers, are one of the most powerfu1‘too1s at

our disposal. - | . ¢
B. Some }eminological Preliminaries ,
;% - The diversity,of neural structures hag as we 1mp11ed above 1ed

to.a great number of difﬁerent models each of which purported to show
corre]qyions to-this or fhat aspect of neural-activijy. Depending on

the background of the researcher one had models whose-inspjration came



m

: /7 . ' )
from an engineering, information, cybetnetic or some other such matrix.

Csermely (1968), for example;vménﬁions four different classes of such

models. For the purposes of this work we shall‘follow a newer classifi-

“cation ‘due to MacGregor and Lewis (1977). ‘This will, as we shall see,

further down, make our approach to the problem more compfehensib]e.

MacGregor and Lewis use the work "model" in at least three different

senses. By conceptual models (or C-models) they ﬁean something very
muchvlikela theory based on a set of concepts ané re]ationshigs among
thesé concepts which cou1d“brovide exp]anations/¥or phenomena under
their purview. The Hebbian schema .of memory formétion would thus be

a C-modei. A general purpose computational model (GP-model). gis a

N

computational instrument for spelling out dynamical properties of
. / k} o
C-models. Thus.a computer simulation model based on a C-model would

be a GP-model. The special computational model (SC-model) is also a

GP-model. The special computational mode]i(SC-mode]) is a GP-model

w
in the sense that it represépts a concrete realization of a C-model.
|
For-example the formalism of differential equations could be the
GP-model for Maxwell's equations whereas the specific class of B

differential equations of the form

a {GP-model might correspond @QVmore than one C-model. The contrary

can also happen:V"Two GP-models coh]d correspond to one C-model. . This

is the case in ?ggptﬂﬁ Mechanics where Schrodinger's Wave Equation

Eorrespbnds to one and Bofn's matrix Mechanics corresponds to another
> ‘ -

GP-model of the same C-model. The value of computational models is

e

e

/



| .
that they render C-models amenable to experimental varification and

e]abo#ﬁtion. Thus the energy levels of the Hydrogen}atom are a

direct result of the Schrodinger Edhations and ;annot‘direct]y be
derived from the axiomatic foundations of quantum mechanics. It
cannot however be overemphasized that . no computational model can

exist without a meéningfu1 C-model. Thus C-models. are necessary but

not sufficient condifions for thg existence of  GP-models.
\

. ° .
C. Anatomical Considerations in Neural Net Modeling

. The modeler's zésk would have been éasiew:had it not been for ‘
the &iveréity of structure one.fjnds in the brain. As Szentagothai
and Arbib haye stated (1915): "When looking at any piece of central
nervous tissie; the beholder is immediately aware of two conflicting
aspects and interpretations of structure. On the one hand, the.1ong
dendritic arbo}izations and Fheir frequent intertwinement with ’
wideépread, highly irregular and diffuse terminal axon arborizations
would suggest a random connectivity between the several Sre and
postsynaptiE e]émenté partipipagfng in any piece of neuropil. This
is particularly striking in the brainstem reticular formation........
On the other hand....... other..:,... investigations, seem to indicate
that theve is anxext;éme}y strift)specificity:’not 6nly with_respect '
to what kind of neuran is contacted by any given type of axon but also
concerning the exact site where the synapse is established". In

,

addition, the existence of a relatively great number of global

structures in the brain produces another dimension of difficulty.

3

Further, as Anninos has pointed out (1975) another consideration

from the point of view of the modeler is the intriquing question as to



the type of gonstraint ihposed by a given global structure on the °
connectivity pattern of its constituent parts. As an exgmﬁle he
takes the connectivity pattern where the majority of the efferent
processes pdin; out of the given nucleus. The coﬁc1us1on he draws .
is that apart from field effects na "cross-talk" can occur between
neuronf of this nucleus. He then goes on to outline a numbef of
princ{ples of interébnnectivity. Since more than one structure
e*jsts in the CNS no unique mddef is possible based on a fixed
paramettization of its structural components. Of parti;u]ar interest
to this wotk is the apparent lack of function-related structures in
the association cortex. 'As Anninos points out, the cerebral cortex in
general allows a greater degree in connections between neighBoufﬁng
cells fhan between distant ones. Igfbther words the probability of
connecting witﬁ one's neighbouring cells would be greater than with

1

more distant elements.

D. General Models of Nervous Systems

MacGregor and Lewis (1977, p. 297)|d1vide tﬁé‘various existing
.techniques of neural modeling of large networks into two classes. The
first class is the analytic and/or field technique whereas the second
class lends itself tq simulation by large-scale, high-speed computers.
It should be ﬁbinted 6ut however, that as we mentioned earlier one )
could have two distinct éP-models corresponding to the same C-model.
This "is the case with our efforts where'consistenpy between the
%1mu1ation'mode] and the analytico-probabilistic approach has been
shown by various workers. The germinal.paper for the analytic

techniques is a paper by Beurle (1956). The classical paper for

computer oriented approaches is the McCulloch and Pitts paper of 1943.

r
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Beurlels approach is to apbroximate,the\Hiscrete distributioﬁs of

neurons'by a continuous one. Thus neurons were assumed to be

~—13

distributed continuously with a volumetric density g. The axonal -
and dendrite fields were specified by a connectional'dengity‘ L
Variations were assumed to occur in the x-direction only and no
inhibition was considered and n{x) was assdmed‘to be of an exponential
hformi In other worq§ near neighbours were favoured. The cells had
thrgshold; synaptic delay, excitatory péstsynapt1c potential and
memgréne time constant. The proportion of cells sensitive to
excitation at a given time is considered via the basic field variable
F(x,t). The proportion becom%ng insensitive or refractonx per unit
time constant is also considered. A sﬁiéching effect is demonstrated
and under certain cons;raints the emergence of gistortiop free waves
of neural excitation is shd;ﬁ. Ann%ﬁgg.zi§75) compares this switching/
effect to the swi;ching of attention of a given organism. The -
emergence of wave.solutions as MacGregor and Lewis (1977) state is the
:resu1t of tﬁF basic assumptions, which stated in-a differential Torm,
read: ' /

R¢- F - (a)‘

-F.. . C () \

*

dF/dt

"

/
dr/dt

H

Here R 1is the number of cells that are sensitive to firing at‘a

given space-time ccordinaée (x,t). ¢ represents tﬁe probability that

a given cell will be excited abovg thresho]& in unit time. The first
equation states that the rate of dﬁange of the numbgr of cells. that
become ;ctive-at a given time‘is équa] to the 6umber of cells sensitive
to firing atcfﬁat time minus the ones éhat are already active at this

! /
same time. The second equation is simply a bookkeeping statement to

¢

é

~ a4
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" the effect that the rate of change of the number of cells that become
’ Vet
sensitive in a given time is the negative of the number of cells active

at thefsame time. Combining, (a) and:(b) one obtains
(1—R¢)dR - 0. . (c)
Fodt
7

t
a.
Nz\

t )

(c) 1s a very difficult equation to solve since ¢ is a function of
F, x, t and impiicitly it involves space differentials making the
equation a partial differential equation. According to Beurle

if ;_- m, (a eonstant) then one obtains the travelling wave solution of

1
Rz =—- gg—tanh B(t-to)
“m m
; gg_ 1

/ F =

m coshZ/B(t-to) -
A / . »
where B 1is a propagation constant determining the rise and fall of

activity. Griffith (1963, 1965), then Hoopen (1965) refined Beurle's
formulation so that the net was now capable of sustained oscillatiom -’

a property warranted by neurophysiologiqal considerations.

Wilson and Cowan (1972) have also presented a formulation in
terms of field quantities building iargely on the work and. the .

methodology of Beurle (MacGregor and Lew1s, 1977)

They derived coupled nonlinea;\differentiai equattons -to describe
the d}namics of spatia]i& localized poquations of both excitatory
and inhibitory neurons. These equatiops were used to investigate the
’ respon§es of neural population to various stimulii\ Of “interest to our

..,,

‘work are ;their results shpwing that under certain conditions neural

N

popuiatiens are capable of exhibiting both simple and multiple : 1\)}\\

Y !

i

¥
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hysteresis pheﬁomena the putaLive substrates of memory ,organization.
~A critical role in the emerge&ce of hyste}esis phenomena was played '
N / -
by their assumption that inhijitipn arises from exclusively inhibifﬁ?y

neurons. This is known as Dale's law. (Eccles, 1964).
s' o ;

' Hor further details on the field thieoretical approach to neuronal
’popu]aéion phenomenalthe readér is referred to the recent and excellent
review of MacGregor and Lewis (1977). Angther évenue‘of the Sna]ytic
technique is that based on probabi]itx-considerations. Thi§ approach
usually considers neuronal populatioﬁs not as a cénti;ugm but as a set

‘ of elements connected according 'to some connectivity patte}n and other
anatomica lffinspired consideratipns. The first to consider the
A dynamics ‘of discrete;probabilistic nets was Rapoport (1952) whé showed |
- ‘ that‘such nets'are capSET; of accepting and subsequently propagating
“an excitation through the net provided initial activity exceeded some
: ~ threshold value. Subsequently sustained osci]]at{onhwou1d set in.‘
oo Otherwise activity would die down. Trucco (1952) extended this work by

providing conditions under which the net would gxhibii ignition
phenomena.

»

N

In a mathematically exéensive paper, Allanson (1956) investigated
the dependence of net dynamics on various parameters of randqmly
connected nets. Depending on the parameters, Such nets could oscillate

- . continuously, exhibif damped oscillations or remain quiescent. ‘

A]Bng probabilistic lines one can also classify the analyticé]

Eﬁnorkvof the Syracuse School led by Harth (1970). Its ?ases have been
stated in several places (Anninos et al 1970); Csermely (1968);

R A R A )
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Anninps and E11ul,’ (1971, 1974)." The two fundamentel assumptions are
in bréef: First, that the structure of the nervous system may be

approxﬁnated by sets of discrete populati "fof randomly interconnected

g neurons, which are ca]]ed netlets. The net]ets are coup]ed to one
another 1% a way which might be descr1bed as structure-1n the 1arge
but randomness-1n-the small. The second assumption concerng the .
importance,ef various dynamica] (time-dependent) variables that might
be;derirable from the function of such a model. The dynamic variable .
of neural significance is takengtp be the level of activity, i.e. the
hfractional numner of neurons firing in’each netlet. Details of all
these assumptions as well as some of their implications may be'fonnd in

Harth et al (1970) and Anninos et al (1970).

4

Harth and Edg;r {1967) used a schematic, called the connectivity
matrix {K--} to graphﬁca11y illustrate how the net1ets are connected.
The {Kia} is defined ag follows: \ let K be the change in the membrane
potential of nenson i ‘due to efferent 1nputs from neuron j. The

1
arbitrary units the net‘eftect of-neurbn j on neuron- i. This

' quantity is referred to ai the PSP. K.. in other words represent 1n

quantity is also called the’eoup]i g coefficient from the jth to the

; ith neuron. .A coupling coefficiept of zero implies no synaptic. link
between the two nenrons. In :neral, the coupling matrix of Figure 1

(see 1a) is asymmetric. qurexg(af shows a representation 6f a

H&pdthetfca] neural net. . Each dét represents a nonfvanishing element

of (Kij} . The net sHown represents three netlets, labeled A, B and C.

. The diagonaI blocks show the 1nternn1 connectivities ‘of these netlets.
. lnterna’l :

The .randomness in the distribution of\these p?ints represents the

A

.
\ . .
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¢ randomness-ih-the small aspect of the model. The off—diagona] blocks
represent the couplings between‘the netlets. The global feedback and'
servomechanism aspects of this model is shéwn in another diagram,
(figure 1b). In this model the netlets were used as building blocks
Vté‘simu]ate the desfgn of known areas of the brain. It was thought,
for example, that the neuron colonies observed by Anasuma and Safata
(1967) fn the motor-sensory cortex and the columnar structures found‘
by Hubel and Wiesel (1965) in the vjsua]lcor;ex of the cat were the
X neural substrates corresponding éo these netlets. \Mountcastle (195;5
called them "e]emeq;ary units of organization." Sgeﬂtagothai in a
' ser1e§ of papers (1969, 1972, 1973, 1974, 1975) has extended his idea

of neuronal modules to the association cortex itself; a fact which is

of importance to this work.

The purely analytic aspects of the aode], again in summary, are
a§ follows: (They will be restated more fully in the context and to

the extent that they are of need to our.work later).
' N -,

Oqe considers a set of A neurons a fraction u of which are
inhibitéry. Time is quantized in terms of §ynaptig time delays =.
Duriﬁg each time intgfva] a neuron is either “on" or "off". If the

" cell is "on" it can affect some other cell (provided itl§§'c6nnected
to it) by an amount K the PSP, ut, 7, represent respectively the
number of outgoing excitatory and jﬂhibitony connections. If the sum
of e*gjﬁatory and inhibitory connections exceed 'some threshold & the
affected cell fires on t later. During the v + 1 interval this same

cell may not fire due to refractorines. No space or time summation is

S
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is taken into account a&ﬁ there 15}65 relative refractory period. The
main dynamical variable of the model is aé the fraction of cells
activated at time . One proceeds on the basis of the aboye assumptions
and dgr%ves an expression for the expectation value of activity at time

(n-1) in terms of aqtivity%in time n. This is found to be

M
. m;
] - - Y - / l
< L > (1 an)-exp ( anhu ) ZO (mnhlJ ) m.

n-1

x {1 - exp (-an(1 -hu Y} (an(1 - H)u‘jz/zf
=0

Here % 1is the number of'excitatory postSyﬁEptic poténtials, m the
number of inhibitory postsynaptic,poteﬁtials and n_ the minimum number
of excitatory inputs required to trigger‘a neuron which hés jus;
received an inhibitory input. Details of this derivation may be found
in Annimos et al (]976). The basic behaviour of this gquétﬁén‘i§ shown

in figure 28. : o/

The family of curves shown exhibit positive slopes for small
values of ®; and negative for 3arge values of a . - Positive slope
means that the net increases its excitation during the next time unit.

Negative slope indicates excitation is dying down, a result to be

" expected due to refractoyiness 'especially since the areas of negative

slope occur when @p™ -5, The parameter n which measures {n the
minimum number of excitatory inputs pecessaéy td trigge? a neuron
in the absence of inhibitory inputs may 6e taken as a phase constant
indicating the excitabiijty properties of a given net. Under certain
circumst;nces it will be shown in this paper that nets with high n's
becomeJneys iith Tow n's as a result of synaptic facilitation. ,

f‘

. .
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More details about the working of the net w}ll be given ;n chapter five.
As we mentioned earlier Harth uses two mutually consistant SC-
modéls to work out the implications of his C-model. A very similar
approach wa§ followed by Smith and Davidson (1962) who following the
\ work of Allanson (1956) attempted a probabilistic approach in their
analysis of ‘simulated neuronal networks. Both analysis and simulationv
indicate an ability of these nets for self sustained activity. The
different types of steady-state and oscillatory activity that these
networks could sustain were shown ta be related to such parameters as
nétwork connectiyity, latent summation: refractory period and threshold.

Different levels of éteady-state‘behaviour were found for a given net.

Further work on sustéined activity and the importance of inhibition
was undertaken by Griffjth®j1963,l1965) who showed that stable inter-
mediate activity is possible either because one has a large scale
aggregate of richly interconnected cells and(o? because inhibitorf

connections make the intermediate stable values possible. .
= ' ' L

Thg first ECJmode1 based on a digital computer seems to have

" been that due to Rochester et al (1956). Using an IBM 704 digita]
computer they simulated a probabiiistic model of 69. neurons, Their
Clmode1 was the Hebbian schema only two aspects of which wére included:
excitatory conpections‘apérﬁynaptic facilitation. They expected
formation of reverberating nets: the so-called cell assemblies.
Contrary to their expectations the total net soon reverberated and not
just some determinate subset of this net. This periodic spkeading of
activity they called diffuse reverberations. In a second attempt, 512

neurons and inhibition were introduced. A 'distance bias' as to

Y
»
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connectiv{ty pattgrn was also used. Thus near néighbours were more
1ikely to be conneqted ihan distant ones. Synaptic facilitation was
modified so that the sum of sypapéic‘strengths for the entire net °
should remain fixed. VFour receptor.areas of four neurons each were

dgsignated in the net. Cell assemblies were now observed to be

° b

formed around the four’regeptor areas.

Far]%y and Clarke (1961) simulated a planar net of 36 x 36

neurons whose interconnections were specified by a two-dimensional

‘probability distribution with a distance bias» Spatial and temporal

summation but no inhibition were included. Whenever an ejem@gz
fired, its threshold was immediately set at a very h{ghnva1ue and was
subsequently allowed to decay exponentia1l& on its resting value.

An 1nit1§1 ﬁctivity was given to the net and the resulting activity
was noted in O.SLmseclinterva]s. Again one wasa1ooking at firing-

patterns as functions of network parameters. Their results agreed

- with those of Beurle' (1956). Interestingly enough their results also

showed that under certain circumstances, such as repetitive st1mu1at1on
and “Tow threshold the net would exhibit sustained oscillations in
spite of the aéseﬁce of inhibitions. Farley and Clarke used in .
addit1on another probab111ty distribution in wh1ch all nedrons had

an equql probability of interconnection. Diffuse osc111at1ons ‘were
observed thaf would efther stop sponténeous]y or continue indefinitely.
The physiological correlations to brain fuﬁctioning are obvious. The

lack of inhibition in the model is its negative feature.

E. Outline and'Methodology of This Thesis
Jh'this dissertation an attempt will be made to correlate neural

net behaviour to cognitive behaviour. . The basic results of this work

-

4
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will be found in Papadopoullos et al (1979). This thesis may be
éﬁnsidered as a Font1nuation of those aspects’ of the work of the
.Syraquse SchdoT workers that djféct]y beér on 1earnin93 memory

and cognition. The associative properties of the brobabi]istic"

~ .
neural net model can be found in Harth and Edgar (1967). The basic

° ‘ Timitation of their work is the non existence of inhibitibn in the
- X net. Csermely's doctoral dissertation (1968) gave us an insight//i/
(’ ' 1pto various types of ;ondition{ng whereas Anninos' results concerﬁiﬁﬁfg
hystpresis behaviour is the first clear indication that p}obabilistic' .

LS

neural nets are capable of exhibiting pHase changes as a result of

174

learning. Our work, in this dissertation’ has attempted to trace ‘
X , 4
aspects of memory processes such as memory search and recognition

_toan underlying mechanism which in psychological terminology could
be best described as generalized gestalt completion. At the neuron
pool level we assume that two assemblies; for examplg, owing to their
interconnectivity ﬁever really have a vanishing boolean overlap. o

<

Learﬁing has the effect of increésing this boolean ov%r[ap. Conseqyently,
' triggering one assembly tends to trigger the other assembly as well.l We-
é;plain this by saying that in soﬁe cases, boolean overlap, has the
effect of triggering the second assembly via Qestalt comp1etioﬁ. The
~mmen  existence of a boolean overlap fs shown to be a result)of the a§sumption ’ o
that any two neurons in the brain may be connected via finitely small

. numbers of syﬁaptic relays.

Looking at correlations between our model and overt behavioural

- @

*=  acts, as well as underlying neurological facts could be considered

nas an attempt to fulfi11 the admonitions of MacGregor and Lewis-(1977)

1 T .
R .
¢ . B °
«
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- concernhing desirable attributes of a good model.

shou]d'firﬁt look for a system of concepts that could parsimoniously-

.'cover the ground in a logically consistent fashion and in such a way

—~

PR N » ¢ . &

“This writer does
not fully agreé.with MacGregor and Lewis with regard to his insistence

that a falsifiability criterion shoul® be included in the mbdel. This

is the well kQOWn Popperian view (1959) with which few practising . o, |
scientists would agree. The Popperian precept could be shown to have -

) S
some' value” for mature and theoretically stabilized theories. It is :

this writer's belief that theories trying to encompass new ground f -

H]

-

that they could-also- lead-to new experimental ground. This has,

certainly been the tradition in physics.

. !
According to MacGregor and Lewis (1977, p. 354) the substantive

.

-

content of brain modeling shoulg be guided by a pr1nc1p1e of strat1fi-
cation of variables. "The main assumpt1ons in thi5°approach are: that o !
the varia@]es, c6n§tructs and knowledge which define the problem - | o Lo
context of brain modeling arrange tﬁ;;selves natura11y (or can be |
arranged) jnto strata suchnthat individual strata 1dent1fy highly

#4ere1ated concepts, and causal (or -at Teast- mean1ngfu1 and more or

less direct) relationships can be identified or sought between ‘-\ ‘
adjgcent strata". The main difficulty in establishing entirely

;atisfactorj stratification at this stage of brain modeling seems)to : ®
be tﬁe relatively incomplete &évglgggent of the neurosciences and the
psychological sciences. From the yarious models possible those models /
' We think that this |

. /
It is based on two conceptual

are considered good that relate adjacent strata.
investigation represents such an effort.

The first C-model is a composite construct that emerges from

" ) . . | o

models,
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an attempt to, find common implications among the various memory

theories now in fashion. We\undertook an invest?gatioh°of soﬁ%
psychological theories of memory with the express purpose’gf tracking
.down this common grouﬁd. Th{s is the subject matter of the second
‘< chapterl ‘jhe third chaptér presents ;@ﬁe neurophysiological &ata
which are‘necessafy for subsequent discussion. The fifth chapter is
a présentation of anoﬁher C-model, namely the Hebbian Theory which
may be characterized ‘as one of the most powerful schemata whose main -
purpose is to correlate hsytho1ogica1]y overt phenomena such as memory
and attention tq their putative neuronal substrates, the cell assemb]ig§‘
.The ontogenesis of cell assemb1ies ys'a very important role in. this
%heory: It algo serves to make the connection froﬁ'a higher level of
integration to a iower one! As Freeman (1972) has very perspicaciously
pointed out in another regard, this."search must undertake the déscrip-
tion of neural masses in terms peculiar to their own properties, -
ar1sing out of but dist1nct from the properties of single neurons. The » ‘
conclud1ng pages of the chapter on Hebb's Theory show where both Hebb
g and the memory theorists could be pointing from the po1nt of view of
_%he topology of cell assemb]ie§ or memory domains.

The éyracuse hode] may be considered inipart as a speciéﬁ compu-
tationé] model based on Hebb;s Theory. gThe next chapter of this work
is a brief presentation of the Syracuse model, a set theoretic adapta-
t1on of which has been used to present some of‘its cognitive aspects.
In another chapter we continue with the cognitive implications pf this
model and we présent quantitative evidence to the effect that overlap
and’ overlap gﬁawth among mémoﬁ? domains (or ce11‘assemblies) is crucial
to an understanding of the phenomena relatéd to memory search.as defined s

L]
’ . -~
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Qe suggest that different membrjes-may~5e identf#ied with phase changes

"*Concordia School.

17
by Shiffrin and:other bsy;hologists in the second chapter. Cdnsistency
is thus indicated Between the various dimensions of analysis se& far.
We .then continue on Ehe basis of our schema to an ‘hypothesis concerning
the solution to the problem of the existence of more than'oqs\:emory.

Y

of the same neural mass under coherent excitation just as eigenstates are

" due to different excitgtions from the ground state of a g{ven quantum

. b4
system. -Finally areas where this work could fruitfully be pursued

-

further are indicated. |
. . |
In summary this theory is a development of the work Zﬁ the Syracuse-

Concordia group in the direction of cognitive function studies. The new
analytical tool developed is a topological category by the name of memory
domain. This is a non nefric topological space composed of fuzzy sets
corresponding to neuronal pools. lThe dynamics and infEraction/of these
domains have begn studied via both analytic and simulation methods and
conclusions have been reached regdrding their cognitive importance. Our
level of anaiysis is situated at the neuroﬁa] pool level a§ can be seen in
the chart in the appendfx.~ Our effort has shown that one can correlate

thg‘nemohy domain category to both the current theorie; and models of memory

‘and to pertinent néufophysio]ogica] findings. "In other words this work

is both.a consistency argument correlating various theoretical constructs -

and an original anaiytica] development of the formalism of the Syracuse-
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CHAPTER II . - ,

td

SOME ASPECTS OF PRESENT DAY MEMORY RESEARCH

/PAﬁT I: PHENOMENOLOGY AND THE STATICS OF MEMORY
—— . P 2 B
A. Introduction -

Present day studies in memory can be classified'under at least

_ three headings: (a) phenomenological aspects (b) statics and dynamics

of systems that result in behaviour covered under (a) and fina]ly; (c);

\ d . . s
investigations at the neurological level whose purpose is to find

neural structures correlating with (a) and (b). The study of memorial

p#;feSSes has a history beginning with Aristotle. The literature is
va ?, growing and contentious. There exist% a very large amount of
information concerning various eXperiments'purporting to test this or
that aspect of memory. We do not propose, ;here, to cover or to -
review the wﬁole field of memory research or, gveﬁ less, to give
complete account of the various issues 1nvo]ved: This is certainly
beyond this writer'g competence. Ra;pér, what we have in mind is

to first present some of the phenomenology that g}ves rise to the‘

contention that a memory structure exists. Sécondly enough detail of

‘ v
processes and putative structures giving rise to them will be given,

"s0 that our own work on the topology of memory structures can comfor-

'} :
tably be interfaced or imbedded in the current literature. Our account

is bound to be uneven for.in some cases only enough detail will be
given to make the account coherent. In other places we intend to §0

into considerable detail for if is in these argas where we must find

3
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correspondence with our own work. Further beyWnd this and the’
following chapter where most’of the current non neuropsychological
work will be presented, we will still have to refer to various other

results in other chapters. -

13

B. - The Behavioural Context of Memory Research

Simon (1976) in a review article, on the current %tatus of
memory research mentions eight parameter§ that he considérs useful in
parametrizing the properties of vafious memory units. According to him
memory can be characterized and identified by, (1) Ehe kinds of inputs
that can be storedﬂiﬁ a given system, (2) the time required to store
new information in a given store, (3) the time required to access "
information Pesiding in a §tore, (4) amount'of time a given piece of
information can reside in a giveg store, (5) the type of processes and
the conditions leading to loss or inaccessibility qf a given informa-
tional unit from a given structure, (6) qualitative nature of the ]
deterioration of stored information, (7) the nature of the cues needed - LY
for accessing stored information, and (8) the form of organization of

the stored information.

Two things can be stated abou&' the above. First, Sjmon is g
‘abstracting from current research on memory and he therefore uses

< .
parameters that various researchers ‘'used so far. This does not mean

th;t these are the most appropriate or that some are not more funda- |
| mental than others. Secondly, this parametrization §1reédy pfe- \ \
supposes a yemoiy structure of a particu]ar kind and in some aspécts

it alrea?y forces the issue. (See for example the“controversy over

the existence of STS and the arguments of Craik "and Lockhart (1972)

4

in this regard). ° )

M !
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Nevertheless, we feel Simon's ‘arguments are quite useful at least
from the point of view of limiting our universe of discoursé_to'only

those issues that are of'interest to this work.

Simon bases his discussion on four fundamental experimental
paradigms. Most current theories of memory processes, as a matter of
fact, try to build structures whose explanatory area includes an explana-

J . M
tion of these paradigms.

Paradigm 1 (Immediate Recall Experiment)

. . ’ ¥
A 3 x 4 matrix made up of english letters is shown to subjects

‘(Ss for short) tachistoscbpica]]y for 50 msec. Ss are then instructed

" to repoft what they have seen as soon as stimulus is off. Typically

Ss can recall four to six letters correctly. (Sperling 1960; Simon

1974). /

Paradigm 2 (Partial Report Experiment)

One uses the same experimental set up as in paradigm 1 excepﬁ
that now tonal é&és are used to instruct Ss to report contents of a
given row. Results show that for cues whose onset is near stimulus
offset there is almost total recall. As the .interval between stimulus

offset and cue onset lengthens to about one or two seconds the results

.~ of the partial report procedure approach those of paradigm 1 (Sperling

1960).

Paradigm 3 (Delayed-Recall Experiment)

aSet up is in principle iike that of paradigm 1. Ss are, however,
upon stimulus offset, instructed to do a distracting task such‘as counting

backwards for about 30 seconds. There is now a definite drop in performance;

b}
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Sslreca11 about 1 or 2 items in a list of several lette§s. (Peterson -

t

and Peterson, 1959).

Paradigm 4 (Rote-Verba] Léarning,Exggriment)

Ss now have as chh time as they want to memorize, After a y
* \\

. 1apse of time following learning Ss, are instructed td recall. Perfor-

mance can be up to criterion for:deiays o% up to several hours (Under-

wood 1969).

Some inferences from the Fundamental Paradigms

The most fundamental conciusion one- reaches is-the conclusion
tha% memory exists since Ss can recall a giveﬁ stimulus after its offset.

i

| . The partial report paradigm implies that there exists memory
|

lasting for about half a second which contains aTl twelve letters of

the matrix. One is led to this conclusion because Ss,.during this

i

time interval of half a second, can scan this memory store and report

contents of any given gued row. Furthermore, considerable information
. Y . * v Lv
is lost after one secp%ﬂ.

/

fhe‘Immediate-Recig1 experiment, which resembles the behaviour
of the later stages of tHe Partial Report Procedure, tells us that a

small amount of information can be retained for a few'seconds.

H

On the basis of these two experiments alone Simon (1976) point§

out that one is justified in drawing either of the two following

" #
conclusions: »

v

Option 1:” One could have a unitary memory store with capacity

of twelve 1eftér§. whose forgetting rate. would be very fast in the

!

T

]
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beginning and slower in the, end.

Option 2: . One -could have two digtfnctimemory stores with unequal
forgetting rates. '

" The type of-errors $s make in reporting stimuli in either of ther
two pgradigms seem to settle the quest10n11n favour of option 2. It is
found that confusions in the Inmediate Recall éxperiment are auditory;
(Spen]ing; 1963). Thus one réﬁorts seeing a V ("vee") instead of a ¢

Z ("zee"). In the pa¥t1a1 report‘proceddre confusions are of a visual

character. (Sperling, 1960). These confusions are taken to imply that .

one is dealing with two types of stores. (Reynolds and Flagg, 1977).
The memory involved 1q the partial rgport experiment is called iconic
whereas the Immediéte Recall memory is called Short Term Memory. In
general we can conclude, (Simon, 1974) that the mehory involved in the
second paradigm contained information of a visual nature (the formJ
characteristics of the stimulus) whereas the méﬁoryﬁinvo]ved in the
Inmediate Recall experiment contained information about phoneme features
" of the stimulu;. A recoding process is assumed to occur in transferring

information from the iconic to the Short Term Memory.

Before leaving the above conéiderations we should mbntion;the'
fact that with regard to thg nature of the Short Term Memory vis-a-vis '
iconié stqrége and their putative differences one has data that coﬁld
cloud Simon's picture considerably. Thus Reyhb]ds and Flagg (1977)'

- citing results due to Phillips (1974) show that one could recode
information not into an aural form but into a visual form again.
Phillips' data seen tohindicate'that whgreas the icon 1E’Sf large
capa;ity and short\duration there éxists a "longer 1astingﬂ7;hort term

memory of smaller capaci}y and of larger duration, up to 9 sec or more.

-
v

/

. / ~
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Furthersahthough iconic storage is strongly affected by the relative

position of the letters, visual short term memory is not.

For the sake of completeness we should also mention that each
sensory modality has its own iconic memory. Thus one talks Qbou; an
echoic storage that presumably holds auditory sensory information before
it is processed e]séwhere. The generic name for all these memories is

sensory information storage. (SIS for short). ’ &

b
@

If one takes an information processing point of view, (Norman,

1972), one can describe the above as fd]]ows:

The job of extracting the feagu}es of a sensory message in order
to determine what the given message means may take more time than the
duration of the actual physical signal. The sensory information storage
system plays the logical role of holding the message for a sufficient
time for this analysis to occur. Not only docs the SIS seem to retain
a good image of events that have occured during the past few tenths of
a second but as the Immediate Recall paradigm {ndicates there is{more
information there that can be'extracted; This discrepancy between the
capacity of the SIS and the amount of information that can be processed
by later stages implies a 1imit on the rate of processing information

from SIS to STM.

Comparison of the results of either the immediate - or delayed -
recall experiments seem to indicate that there exists yet another memory.
This memory created by stimuli of relatively long duration seems to

survive all sorts of distract1n§ tasks. Further no capacity limitations

~ seems to be observed. We see this from the fact that memory exists in

the rote-verbal 1earnin§‘exper1ment, that goes beyond the 11mit§ of the

L S
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memory of del?yed-recall experiment. This memory is known as the Long®

Term Memory, (LTM for short)

PART II: SOME MODELS OF MEMORY PROCESSES

A, Introduction =~

As said above, most current theories of memory processes attempt
to build, systems which are consistent with the four, fundéménta] paradigms.
The usual practice is to build up a model 1ncorporat1ng features and/or

parameters the modeler considers relevant. One model that more or less \\

encompasses most of the accepted views of memory and one which has been '

quite jnf]uentia] in the last few years is that of Atkinson and Shiffrinp
(1968). A companion piece was written in 1969. (Shiffrin and Atkinson,

- 1969). In brief this model of the human memory system focuses on two

aspects of memory: memory structures and control processes. Memory

structures were defined as "both the physical system and the built-in

processes that are unvarying and fixed from one situation to another."”

"Control processes were defined as processes that "are selected, construc-

ted, and used at the option of the subject and may vary dramatically
from one taskuto another" (1968, p. 90). Schneider and Shiffrin (1977)
further refined this model in 1977. We shall also have occasion to A
refer to this work as well, but only to the extent that it pertains to
our discussion and position. Let us now take a closer 1ooL at the

Atkinson and Shiffrin model.

These authors view the memory system along two basic dimensions.
In one of the dimensions one has the structural features and the control

processes. that the subJectAcan«vary at will. The permanent features of

' memory which they Eall the memory structure inciuded, as we said above,

both physical system and the built in processes that are fixed.
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"Control processes on the other hand are selected and uti]ized to suit \,
the wish of the subject. Different control strategies may be used for
different situations”. Atkinson aqp Shiffrin say that if one considers

our memory system as a large computer system uhder the direction of a
programmer, then the permanent mémory, computer hardware and library
functions of the system would correSpond to the penmanent features of .
memory. The.programs however that the progrwnner can write at his

console, as well as any instructions he might initiate thereon in order

to control computer processing would be analogous to the control

processes of ‘the fiuman\gemorial structure. ‘
B. Structural Aspects .

A second dimension of analysis, in this scheme is the division
of memory into the three structural components mentioned in the beginning
of this chapter. It should be pointed out at the outset, however, that
'htkinsoﬁ and Shiffrin have repeatedly stated (e.g. in 1969) that this’
divis{on of memory into three stores does not imply that one has three
distinct physiological entities that serve the purpose of being the )
substrates to these functions. As early'as 1969 they made the proviso
that STM could be a temporary atctivation of information stores in the
LTM. They thus view memory as being made. up of the sensory reg1sters,
the short temm etore and the Tong term store. Incoming sensory 1nformation
-enters the sensory store selected outputs of which proceed to the short
- term store whtch is the Ss working memory and which in addition must‘
receive inputs from the long term store. Information in the ST§ decays
completely within a period of thirty seconds unless a contro] process
known as rehearsa] maintains it there. The long term store is the

.reoository of permanent information. The long term store "copies®

Thr A 8t 220l
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c \ :
- selected information from the STS.. Information in LTS is of a more or

less permanent dUration The basic structural division is as shown in
figure 2. It should be pointed out that the form, character and

coding of.information in STS does not depend, necessarily, upon’ its

form in the sensory input - if it came from there. Thus.a work presented
‘visually in the seﬁsory register might be coded in an auditory fdrm when
it is acquired by the STS; Atkinson and Shiffrin usé(main1y the auditory
mode of the STS which they term the audio-visualzlinguistic mode. They
do this because the various confusions that are contingent upon it are
rather difficult to ascribé to any particular fact of this mode. They
further maintain that the flow of information from store to store is
uﬁder'the control of-the subject. py control of infonnatién f!ow they
mean in the first place a seléction of information to be hahd]ed and
secondly the decision as to whether a given messége or bit ought to be
copied from one'store to another. Information remains in a given store
during and after the copying process and decays therein a;cording to.the
decay rate of the particular store. After input to the sensory register
the subject in?tiatgé a control process that transfers information to the
STS. In certain parts of their paper they seem to imply fhat this \\\\
process is accomplished by- first scanﬁing the SR and relating what one
finds there to %nformatjon in the LTS. In other instances they imply a-

direct, transfer. For various reasons having to do with this writer's

understanding of perception we believe that it is un11ke1y that 1nformat1on
enters the STS directly.. Atkinson and Shiffrin further mainta1n that as B
long as infdhnation‘resides in the STS one has the opportunity to transfer

it to tﬁe LTS under suitable control conditions. They also accomodate

the view that the STM is correTated to consciousness. Further they must .
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take ac;éunt of the fact tbat duripg ; problem solving task such as
the addition of two to tﬁo in order to obtain four Ss must remember
the steps and e]eménts they ménﬁpulaté in order to producé coherence -
in their mental productions. )They are thus ob]iged to admit that the
LTM sends information to STM.

€o

»

We mentioned ear)ier that by the term "control processes" "
Atkinson and Shiffrin refer to those procgsses that are not -permanent
and invariant factors in a memorial process. Rather, they are’

transient factors under the control of the subject. Their appearance

. and utilization depend on such factors as instructional set, experi-

mental fask, past history of the subject etc. To make our discussion

i 4
-more concrete-we shall examine some of the more important ones in
.- 2 i <

some detail. \

Control Processes in the Sensory Register

‘Information ¥1ows continuously from our environment)intoaour
SpNS‘via all the senses we have. The first obvious choice is the
choice of which modality to attend to. This decision is the primar&
contro]rprocgss re]atingnto the SR. A related attention process is
in the transfer to ST§ (direct and/ortindirect) of a selected portion
gf information originally rgsiding in"the SR. Scanning processes within

.

the SR can d1so become-control processes. , .

*

Control Processes in the Short Term Store -4 .

,:\ Storage; search, retrieval, rehearsal, coding and transifer are

some of the processes mentioned by Atkinson and Shiffrin. For the,T

pﬁrposes of’this work only some of these are of interest and will be

\
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dealt with. c S | ST
(1) Rehearsa1§ Laboratory tasks on memory often.involve meanjngiess
tasks sych as memorization ofinonsgnse syllables. In such si;gations
rehearsal of ﬁéperia] becomes quité‘importaﬁt - in the same wa;~that
t§1ephone'numbe; memorization is doné through silent internal Q;rbali-
zation of the number. Furiﬁer. as Atkinson and Shiffrin believe, as
L Tong as.a givenlpiéce of 1nformation residés in the .STS it can and is-
S copigd into the LTS. Believing %n some %;rm of consolidation theory
. Atkinson and Shiffrin claim that the more information reverberates in
the STS the stfonger its trace in the LTS/ And finally, via rehearsal,

a process that increases the lifetime of a given signal, one gives the

opportunity to the coding processes of the LTS to work on the signal.
A .
There are capacity 1im1t§ for rehearsal capability. Experimentally

. we find that we can rehearse between 5 and 8§ items at a given tiﬁ\ei This

; gives rise to the notion of a rehearsal buffer. This is perceived to be

29

some sort of a bin in STS in which there are exactly.n items. Each new .

item entering the rehearsal buffer 'knocks out' an item already there.
The maintenance and use of the buffer is a process under S‘sycoﬁiro1.
. There ard some constraints however. There seems to be some sort of
* upper limit of nervous energy ;5511ab1e per unit of time.” This means
that if all our efforts are devoted to one thing we cannot do another.
For example‘in setting up a maximum size buffer Ss bgnnot at the same
. -timglperform other activities sucﬁ as solving croséyord puzzles, say.
o7 o In ;ther words, a trade-off occurs between allocation of buffer size
and other contro? processes such‘as coding and problem solving.
L Atkinson and- Shiffrin believed then, that the best way of understanding

memoéygprocesses was to consider informat?oi flow in.and out of STS

N . -

’ .

teeibe e



and contro1.processes that come into play via this flow. Figure 3
shows the rehearsal buffer and its relation to the memory system.
Whatever resides in the buffer comes from elements in the §TS.
Presumably, they oriqina]]y entered the §TS either froh the SR or
from LTS. The arrow tow;rd LTS'is to be understood as»indigatiﬁg the
'process of building up a tr se.jﬁ,LTS. Tﬁe second arro# on the.left
(within the STS), 1h&1cates the "ﬁumping of f" prggess. Items entering
thekrehearsal buffer bump off soée others already in it. The rejected |

items decay from STS. ) -

(i1) Coding.and Transfer of Information between Short and Long Term Store

@

Usually there is no direct transfer from SR to STS. Rather, a

Tong term search arid matching process is first assumed to occur in the
LTS whenever sométh1ng is presented in the SR. Once the 1tem is 1dent1f1ed

it then is transferred to STS. For words and other familiar stimuli the

»

process is autométic and it is executed quickly. From STS we can transfer

+

information into our LTS. Usually this transferwis coded. By coding
Atkinson and ébiffrin mean "a select alteration and/or addition to the
information in the STS as a resu1t of a search of the Iong term store.'
This change may take a number of forms, often us1ng strong pre-exist1ng
associations already in our LTS.

\

"In this writer's view the authors' treatment of information

transfer from STS to LTS and back, because of its abstractness tends

i

to be rétﬁer schematic. Without ‘going into.arguments concerning deep

and suj*ace structures in linguistic andlysis it should be obv1ous that

S

~
a person upon hearing a sentence such as “The sky is red" would probably .

proceed along the following lines (at least):

0 » -
~ 7 .
/ )
Q
’
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(1) Extraction and apposition of meaning to each of the words making
ub the sentence. The meaning should be extracted in the LTS and

‘trénsferrzd to the STS.

(2) Attribution of meaning, via deep structures, to the words organizsd
in the string "Thg sky is red". In other words the string is now
transferréd back from STS to LTS for apposition of meaning to the
string as a whole. & ' '

Following this, one has to transfer to STS'aga1n From the point of

view of Atkinson and Shiffr1n this process must be obv1ous1y automatic.

(1113 Control Processes in the Long Term Store

Let us now consider what happens to the LTS-sidd pf the STS-LTS
interface during the encoding process. T6 illustrate the}r argument

Atkinson and Shiffrin use an experiment done by Clark and\Bower. In

“this experiment Ss were required to learn Tists of paired associate

words. Two groups‘were tested. One of‘the grouﬁs'was told that the .
best way of remembering the 1ist was to form‘e1aborate visual images
connecting the ﬁaired associates. The control group was not thus
instructed. Subséquent1¥, the groups were told to pair-associate
sequeﬁces of words. It was found that the experimental groub out-

performed the control group by 40%.

fhe effectiveness of the visual image methods has been known
since antiquity. Such a method, for example, is the locus method, a
fuller account of which may Be found in Norman's book (1976). Through

this method whole speeéhes could be remembered word for'word. Locys

‘techniques were in fact part of the curriculum of the study of §\‘tor1c

Norman c1t1ng a manual by Quinti]ian describes this method by say1hg/

-~ N
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. that artificial memory is established from places aﬁd'image§. (Consfat

- igitur artificianca memoria ex locis et imaginitus). "A locus is a

¥

place easily grasped by the memory, such as.a house, an :jntercolumnar

T SPACR. e or the 1ike. Images are forms, marks or simulacra

(Formae, néfae, simulacra) of what we wish to remember." If we wish
to remember much material we must equip ourselves with a large number
of loci. Within each locus we imbed éche item we wish to remémber.
Further, if these Toci are arranged in order their contents will then

be retrieved in order. Atkinson and Shiffrin thus led to examine why

_ some particular techniques such as the locus methods and others like

them help in memory acquisition. They reach the’quclusinn that success

of a given method depends on the fine structure of LTM.

‘According to them a likely reason for success is the po;sibi1ity
that the encoding process might be making use of stroﬁg pre-existing
associafions. In their f{rst paper.Atkinson and Sq{ffrin did not have
much to say about long term search processes. These processes they
studied in a lafer paper, (Shiffrin and Atkinson, 1969) to which we now’
turn since this part of their work bears directly on the results of our

own work. . T

' \
jii (1) Storage and Retrieval Processes in Long Term Memory

¥

In order to speak about placement of information in LTS,

Atk?nsqh and Shiffrin make a further assumption concerning the nature

6f LTM: Given the vast amount of material in LTM, and since it seems

unlikely that all information in this store is searched when a\ggrticu1ar

jtem is quuired one must assume that-the long term memory is partly

self-addressing. Self-addressing proceeds by determining an appropriate

1

4
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and uniﬁue storage location based on ihe information make-up being
' _processed. In their own words (1969) "An ensemble of information,
presented to ‘the memory sysiem will defing a number of memory areas
in whicH the infdrmétion i;_1ike1y to bestored... just, as for . .
example, a book on caulking methods used for the 12th centufy Egyptian
riverboats, will be placed in a specific Tibrary location. (The Egyptian
Room). If a use% desires this book it may be laocated by following the
shelving plan usgd to store it in the first place.. The LTS is assumed
to be partially self-addressing in that thg degree to which storage
} ‘ locations‘are specified by the ensemble willivary from one ensemble to
another and 1% will also depend on the task in which the particular
| ‘ ensemble is imbedded. On the basis of the above one would not R
expect an exhaustive search in a recognition process. For example, an
ensemble‘of information pregznted‘to a subject for recognition would -
' 1 determine a search procegs whose spread would be proportiona]\to the
’ , number of sharp features the ensemble could be brokeplinto. The 1969
article does not specify the microstructure in any further det§i1. For
example, the term "location" in memory is defined in relation to the

organizational schema of lo giterm memory; a “"location” in the LTS is

~

basically definéd by. the place in the organizational structure occupied )
by an information ensemble. \Two Tocations are supposesyto be "near" or- ‘
"close" to each other if they\tend to be retrieved together. A "cbde"

or an "image" is an ensemble'of information that is closely related and

1ikely to be retrievedatogethe with the stimulus ensembfé. It sho\id .
be born in mind that a given code might comprise several codes for J her

inputs, depending on the tasks at hand.

o e e e
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491"(2) Storage and Retrieval in fine detail

The Fequirement of a partly self-addressing memory makes storage
and retrieval two very closely related processes. One reflects the
other so to speak. For purposes of logical clarity each of these
processes is subdivided 1nfo three subprocesses. Storage is assumed
to. consist of three basic Components or mechanisms: Transfer,

p]aceméht and image production, The transfer mechanism includes those

control processes whereby one decides whét, when and how to store in

‘e

LTS. The placement mechanism determines the location in which the
information vector (or ensemble) is to be stored in the LTS. Obviously,
the‘primary mechanism that determines storage location and placement is
the actual organizational network in place. Self-addressing can work
provided placement depends‘bn prior, already e%tab]ished, LTS organiia-
tion; each item is sent to locations that;ﬁepend upon a pre-existing
organizational framework. The image production mechanism is supppsed

to detefmine the proportion of the currently available inforwation

in STS that gets stored in LTM. On the basis of/What we said about .
rehearsal, image production is supposed to be linearly dependéent.on

the amount of rehearsal. Atkinson and Shiffrin do not invo1veyany B
other mechanisms determininé transfer from STS to LTS. It ghou]d be - g,
obvious -that there must exist othérs. gForeif STS is to be construed

as some sort of working memory then a mechanisé\must exist whiEﬁ
decides which parts of our current stream of consciousness are relevant

to a given task and which are not. In essence we are talking abouyt

the mechaniém that controls attention and set.

Retrieval is assumed to consist of three mechanisms: Searcip,

recovery and response generation. The search process of which we'shall /

>

<
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speak mére on, is basica11& a recursive loop during thch different ;
memory locations are pulled up for examination. The recovery process
determines what proportion of information must be selected per recursion
;and inputed into STS. The response generator examines the contents of’“
STS after each recovery and decides whether the process must be terminated
or another loop of the recursion p#ﬁcess must be executed. The retrieval
proceés begins with the presentation of some sort of query such as "what
did you have for lunch two days ago?". This type of query delimits the
contours of thé search process and the type of answer that is considered
satjsfactory. On the ba;is of these S starts the recursive loop by
look%ng at one likely memory one after another. The process of recovery
of information from a particular chosen location is actually called
recovefy. The recovered information is put into STS which must also
contain, at that time, 6ther pieces of information necessary to correlate
to the recovered information. Depending on the suitability of the
recovered 1nforﬁation the total current contents of STS are "processed"
*ang the next stage of ‘recursion is set if necessary! Basically, the

STS is .considered as some sort of "window" to the sequential processing

"of information in the LTS. The decisions regarding the suitability of

curren% contents of STS (from the point of view of the task at hand) and

what to do with them come'under the title of the response generator-
process. 'Ef a decision is made to cdn;inue the ‘'search then a new location
is sé]ect;d on tﬁe basis of infprmation just recovered, or in accord to
some external search strqte*y. The total cyclic and recursive process
that continues untilgsermination is called the search process. .Shiffrin
in his 1970 article paid special attention on the problems relating to

the topology, so to speak, of the search proce§§. By this we mean the

/
”»
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'M‘_,<¢he §pace on which the search strategy operates. His ideas, as he -
himself admits, were based on ideas of William James and James Mills,
The search process according to them is akin to the activities of
somebody who lost something and is trying to find it by going and
Togking atlvarious 1ikely locations. To sharpen his analytical tools
he first modifies the definition of memory trace. Instéad of conéidering
codes and images as they are elicited by given stimuii, he studies the
content of codes directly. Accordingly he breaks up the trace into the
information units (or I-units as he calls them) that make up its code.
He assumes that these units of information are .interassociated and, as
'é rule, tend to be recalled together. The sear;hﬁprocess is based |
on these -elements rather than the images.” (Images are supposed to be
,compasites of informational units).’ The LTM is viewed as a space of -
I-units on a subspage of which the search process sequentially happens.
Th1§ suybset is known as the search-set. Schematically, the topology
of the LTS is shown in figure 4, due to Shiffrin (1970). The large
irregularly shaped area enclosing all others is supposed to represeyt
the LTS. Crosses stand for the units of information. The search set
is the large solidly outlined areas within the LTS. The search occurs
in this area. The dotted circles with their crosses‘seﬁarﬁted from

‘each other to emphasize the unitization praperty of images. An image
is supposed, in other words, to be a ;et'of distinct objects |
Oys 1 = Ty 24enns n . The selection phase of the sequentially accurring
search process consists - according to Shiffrin's schema - in randomly
choosing a unit information from within the elements of the search.set.
If the search set has say n units in it, whereas a particular image'
--——{s composed of M units then the probability of 'hitting' a particular

/o,

image *is ny/n.
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Figure 4. Assumed topological structure of long term memory according
to Shiffrin (1970) ‘ . ‘
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1 Anticipating our own discussion we must state here that it 1is ‘ ;
unlikely that the iﬁage'sp;ce'is made up of mutually éxc]usivg imageI'

sets Si’ For example in a paired-associate'task Qords which weréAr

1earnéd together will tend to have 1mages S Sj so that Si( Sj = 0.

This would be a result of the context within which a learning task is
initiated. Triggering of Si implies triggering Sj because processing

of Si finally leads/ontoll-units of the S1 Sj set which is 5subset s

of S..
of

In the Shiffrin schema the unitization property of a given o
trace is further exhibited by his claim that if one I-unit belonging

to Si gets triggered the whole of Si gets triggered as well.

The .global aspects of the search process is shown in figure 5. ' ‘ |
lfIt is basically the same as that.of the Shiffrin and Atkinson article
(1969) only now Shiffrin usgs search sets and I-units to describe the ’
process. In the Shiffriﬁ recursion a search-set is selected at the
/ﬁ " start of each of the 1oobs of the search process. This is the crucial ;
| aspect of the whole operation and of major interest to us. .0f course
) one must somehow de;cr%be the conditions, factors and constraints that
,/’ | determine a particular choice. Among the constraints Shiffrin mentions ‘//
/ such things as the task set for the subject, response required,"c]ue§
or stimulus infénnation4given in the test. \An extremely important
factor governihg selection is bésed upon temporal clues. Search sets
-may changé after a cycle is completed. This would be due to information

uncovered during the search of the LTS. In problem solving searches .

this 1s exactly what we do. For example, if qée is queried as to what

he ate for lunch five days ago one is obliged to embark on a recons- '

. tructive search tracing one's actions backward in stages - each stage
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defining a new search-set:with a differgnt,tiﬁe tag."The jaformation
uncovered after each loop helps to &efine fhe new search-set. To )
further understand Ehe,process aspects df memory one must havé a more .
intimate acquajntancelof the micréstructure of memory. Basically,

what we q%e talking about is the representation of oﬁr world in our a

own LTS. Figdre 6 shows a global schematic of the memory system from

. .
the point of view of Atkinson and Shiffrin. o
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SOME -ASPECTS OF PRESENT DAY MEMORY RESEARCH

v

'PART 11I; PROCESS ‘ASPECTS OF MEMORY CREATION AND THE REPRESENTATION

OF INFORMATION IN LTS

. .
The representation of know]edge is one of the fundamenta] and

probab{y the most difficu]t subject in present day memory research
(Norman, 1976). Answers to some of the questions its problémat1que
poses will have serious and far reaching consequences in such fields
as educational sfrategies for children to treating nedrotic and

psychotic conditions. Answers to oost of the questions are, at this

" stage; specu]at%ve with very little experimental data to go on. "Most

of tﬂe evidence is indirect. A-typical question in this kind of

research would be the following: "In remembering a book, for example,
B .

do we somehow remember the physical attributes of the book such as

visual appedrance of words and sounds of these words, or do we have in

mfnd some abstraction of its meaning? Do we keep some menogl image of

'the events in the book?" Q@%ﬁp :

.<:;j§::;e/wg.embark on a more detailed presentation of some of
these Jis it is perhaps useful to define some of the vocabulary

used in these studies. y;

<

When mental'representations'of the external world reflect our

perceptual experiences directly we say that we have analogical

representations of our world. Another closely studied representation

is the so-called propositional representation. " This approach takes its -

. 1nspiration from the work of linguists such as Chomsky and others and

1t has adopted .a great number of the ana1ytica1 categories of these

a .
" .
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'is often related to the way we have categorized it. The simplest
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disciptines to the requirements of memory research. (Such for example,

- -

is. the attempt tp énalyze incoming verba] messages 1nt6 surface and
deee structures) A propos1t1ona] system encodes information in terms
of i ntergrete and/or abstracted statements concerning the external
world. This is Just1f1%d‘by the fact that the meaning of a given word

e A

propositional representaﬁjqn in linguistics is the declarative sentence
oftthe type "A is B": Psyehologists such as-Lindsay, Norman and" ' - J
Rumelhart, known as the LNR research group have constructed models fér | ‘
the structure of LTM and have made models claiming that all knowledge

of the world is of a propositional nature. ~ ' . |

B. . The Propos1t1ona1 Representat1on of Rumelhart, Lindsay and
Norman (1972) )

" This representation unfolds along two basic dimensions of the S
memdry system: On the oﬁe hand one ‘must take into account, the ;
permanent structural components of LTM namely what,%hey call"the
data base. On the other hand the nature of the processes can be

considered to be part of the data base and can be activated to

process data from the data base. An external interpretive process . ‘ ' |
operates on the data base, retrieving information when necessary or |
activatiﬁﬁ\ijrary subroutines when i€:is necessary. This process is

responsible for example, for answering qdestions, stdring end evaluating
new 1nform;tion etc.J Tﬁe LNR group takes the attitude fhat memory works
basically 1ike a ;fob1em solving process, fack]ing serially par;s of the

memory structure until final solution is obtatined.

7




".interconnected by a relation R, and symbolized by R(CP ...,/C ).

s

’Bl . The Structural Aspects

The basic structural element of the data base is a set of nodes
A n

Nodes represent any cluster of information iy memory. A relation 15,‘
in other words, an association among a»)'\set of nodes. Two important
properties of a relation are its label'ir!g and its ‘direction. Dependingj
on the direc;tion of a relation the relation assumes its meaning.
Reversing the direction of a relation cha‘nges its ‘{ ning. Our memory
system is supposed to be uging these 'relatfon;_iﬁ:b:sociations) to

éncode semantic and logical relations among nodes.

The graphic representation in the simplest possible case i.e. that of a

binary relatton can be symbolized by

- R
The rationale for the above abstract construction becomes clear if
one examines gf“:he lexical definition of various concepts in a typical’
'S . ¢

dictionary. One finds that typically definitions inciude one or all of
‘ * A

the following: T

(i) the class of concepts to which the given concept belongs

(i) the properties or attributes that particularize or make
the” concept unique.

(i11) examples of the concept.

Schematically, then,a concept may be gefined‘accord'lng to the

schema .below. (Lindsay and Norman, 1972).

A AN
Clas . .

. property‘._;Q

Bty

{
i
3

B

J
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In general, and to economize space, Lindsay and Norman (1972) adopt -

the following conventions .in verba1izihg the above schema. -

class «—> isa . As in ‘John is a man' ,

Property «—> has . As in 'John has feet' (properties are objects)

property 6——>.j§_ . As in 'John is tall'. (properties are qualities).

"\\/) F1gur§‘7, from Lindsay and Norman (1972) woﬁld represent the
definition of the word Eé!ggg as it is imbedded in the semantic memory
net. Thé meaning of the concept is extracted from the interelationship
it has to other proximate nodes. Further, every piece bf information is
stored as a node plus its relations. The node is the only addressable

unit in thé data base.

-

B2. Primary and Secondary Nodes

Consi&er now the process of coding the sentence "Leo the’
hyngry lion has a sore mouth” (Lindsay and Norman, 1972). The seman;ic
net fragmeni’appropriate to this sentence could be something 1ike the
schema shown below. ’

| Lion o ’

isa

Leo __!I_&_S_) Mouth

e s

hungry sore

» 13

*.,_,,,,L,,, , S0

.




/. "7
_ One requirement, hoyever, of our constructs must be their ability to
:\ interface with new incomi ng 1nfonnatioﬁ without destruction to the
rest of the semantic nét. How would we than add to the above frlagment
- the addj.;ional piece of information t\hat "John is a person who has a big
mouth"? If we just grafted this piece onto the old piece we would geE:

N Lion
' A Person

Tisa
_ has .
Leo ————> Mouth ¢&—— John

is is is
' Vv

hungry..—~™ sore big

This 6bvious1y won't do since the Tion's mouth in addition to being
sore now becomes sore whereas it is only big. The way out of our
difficulty is to realize' that the concept (mouth) can become the name of
a class with parficu]ar instances as they occlr in specific situation;.
We only need to have one‘defini‘ﬁion of the word mouth known as the
primary definition. Specific\.déi1y instances of the definition are

§
called secondary definitions. The usual way of denoting secondary

* definitions is with brackets. Consequently, oues new correlated graph
would now. Took like the schema -shown below (

Lion .

mouth | . Person
) isa isa : isa r isa
‘ Lo has ,
‘has 3
: Lleg ————=223 (S1).- (S2) &———John
, is lis Ls o
-, : sore big

. ‘ . hungry

.. - / N
Here, when we are retr‘levi}ng information about the mouth of the

lion Leo we will only read the secondary node (S1) which tru%y describes

the soreness of Leo's mouth. . .

[/

to-
e T, S
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-+ Establishment —» Business

isa

Drugstore

S i e kbt

&
\ ha B is Fermented . o
s - eer - > H |
_— ., main :
tsa _
\ W . . . S Y : 1
has Wine = - » Beverage ,
isa  isa
s 1 - Cabernet
‘ : isa sauvignon
s " ° . Fermented ' S /
o fruit

Figure 7. Nodal structure in long term store: the definition of
the word ‘tavern' according to Lindsay and Norman (1972) - )
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Rumelhart, Linﬂsay ang Norman in addition to concepts, consieer'
such situations ;s events and episodes. An event represents some’ sort
%% scenario with actors and actions, and an episode is a connected
series of events. This, in other words, represents the {internalized
aspects of human activity. Since this is of no cbnsequenee in this
work we shall make no further use of it beyond the final statement that
events and scenarios can also be represented as nodes. As a final
example of the kind of net one is assumed to have stored in his LTS
the reader can consider figure 8, due to LNR (1972). This figure
{1lustrates a section of the memory space which encodes the proposition
that "In 1865, an avalanche destroyed a tiny village at the ‘bottom of a
mountain in Switzerland." The figure gives the entriey for avalanche,
mountain, fall, move, tiny, high aed mass, as well as ége proposition

itself.

The definitions of relations and concepts is called the m _gggjgg;
store and is presumed to be derived from experience with repeated
appearances of the 1ex1ca1 item in specific uses or by some other
mechanism. The exact physiological process which is the substrate
for meaning aceuisition {s the subject of a great number of hypoeheses

the most interesting of which is the Hebbian Theory and its various

1

The picture that emerges from the LNR construcyfis that of

modifications.

memory system consisting of sets of decision points (nodes) and directed
routes. In principle, however, it is possible, starting with any given

node to reach any other by making the right kind of decisions as to

directions. The important: conclusion from this is the interconnectivity
property of all information. This is quite important whenever one comes
to study such aspects of behaviour as free associations and their

physiological substrates. /
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€. Process Aspects of the Model

We must now consider the kind of cognftive_processes that operate

on the data base. We will then be able to see the relation between this

model and the search procedure of Shiffrin. Since the memory system

must be(ab1e to accept information from the environment we must see how
. _ .

- New facts are added to the bése. Second, we must examine the reyerse

process, namely, the output in a coherent form of information already

imbedded in the memory system.

C1. Addition of new information

<

This process has already been illustrated ip fhe previous

paragraph. If one is informed for examplé—that (Lindsay and Norman, 1972):

"Mary is a fat, pimply person". Then one decomposes this statement into
three p;;positions:

Mary is a person oy

Mary is fat

Mary has pimples
The ensuing three-branched node <Mary> is grafted on the appropriate

position of the data bése. - |

C2. Making Responses and Searching the Data Base

Assume we have a data base shdwn on ;1gu§e 9 (due to L{ndsay and
Norman, 1972). I% the gwéer of this data base is queried as to the
meaning of the word 'teapot’ hg could produce the following string of
statements: "A teapot is a pot. It is ;eramfc. It ha; a hahdle, a
sﬁout and a(11qu1d in it that is hot. Further, a pot is a container
that........... 3 The procedure impiied is the following. A control

procedure is involved that first accesses the node "teapot". The

PEVW P
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b Liquid e85 Jug — 52
Isa
, < Cl >=
has
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Kettle
tsa
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Pot -
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) isa
\
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’ 1’ .
' . a
Container = <C+> ’ - . 'R
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- j
( - ) . Large
: . ¢
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Figure 9. Primary and secondary nodes on“a fragment of memory space
as they are understaod in the system of Lindsay and Norman (1972§
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attempt is then made to follow the various paths emanating from this node.
The.sirategy for recall that this process seems to imply is seque?}igll\
First we describe the information immediately surrounding the node. Th1;3

always brings us to some other node. We now describe this node and so on{

Lindsay and Normaﬁ (19725 show that their system can, not on{y scap
the data base but also readjust it to a certain degree’in 6rder to' make
rcorrections due to new empirical findjngs. A typical adjustment occurs
when the system generalizes and produces abstract concepts. This it does

" by exdmining a11\instancés‘where a given property‘or quality is held in
common by several concepfg. Whenever the same information is found to be
stored in all concepts one generalizes the common information. In other

words one "moves upwards" or abstracts the common attributes.

. We should here poinf out some common ground between Shiffrin (1970)
and Lindsay and Norman (1972). A node representing a concept is a
connected unitized set of informational e]ement§ I, such that a concept
‘is defined by the assembly of its information units. According to

Lindsay and Norman, however, a-node corresponding to a given concept must

be analyzed by other nodes. Recall the definition of the word:"pot" above.

We believe that Lindsay's and Norman approach is more adequate. It.has
greater analytical power. It implies among other things the sharing and

interpenetration of nodes. This becomes obvious whenever ong. considers

e

_'the fact that many attributes of various nodes are held in common.

ponsequently, if ¢,, c, are two _nodes that are defined according to
/

' 3

attributes a, so that: < '
c, = {al, IORRY FRTRRRY a}
- ! ! ! ‘ I
.c2 {al, 2,...a, a }
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one has many times the bossi6111ty that a; = aj.' In other words, if

(:.| and C2 have attributes in common C]nC2 # 0.

In. general, both Shiffrin's and Lindsay and Norman's schemas may

be abstracted so that the search and recognition process for.a given

[

concept C may be represented as an attempt by the CNS to pro&uce

memory unit "vectors” M1 so- that for any given concept C:

! 4

N
c= U (camy..

- —

i=1 : Equation 1.

The above representation based on set theoretical grounds implies,

among other things, the following:.

" 1. A given input signal C may have different meanings for a

given individual during dHfferent times of his life and among

©

different individuals sharing different experiences.

2. The fearn1ng process_defined as the process whereby the
q

different M1 ife Taid down on a CNS by'soc{eta1 institutions such as

¢

schools, etc. have the effect that a great number of Mi's are held
A

»
v

in common. ' “

3. Djscoufse becomes possible because of 2.

4, If one takes the 1ﬁ?qpmationa1 point of view one can say

that C 1is decoded into the set of"M!'s or C 'means' the set
, ;

of Mi's. If no Mi's occur for a given input signal C no meaning

exists or C cannot be decoded.

5. The structure of the memory system is used to analyze the .
external world of experience in a dynamic fashion. Our perceptions
of this new proéess will be direct results of our-mqmor} base.

"
-~
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6. Eor any'givén civilization and historical epoch the max imum

'+

set of Mi's is 1imited and slow to change.

C3. Possible Constraints on the Scanning Process

It is obvious that~a11 of the data base cannot be handied at '
once. The scanning mechanisms of our memory system is assumed to be
workiﬁg in a_sequential fashion interpreting a fixed number of chunks of
information each time. Lindsay and Norman (1972) view the interpretive
process as the ana]oghe of a beam of 1ight shone on the data base.”
Depenaing on the distance the apex of the cone o% Tight has from the

data base - viewed as a flat surface -- one covers more or less area. . '

~

Specu1;t1ng, Lindsay and Norman postulate that there exists a
maximum number of distinct chunks oné can view. }his maximum -number is
the span of STS. ~ Since they take the chunk as the node they claim that
the interpreter keeps 7+2 nodes under its illumination. each time.

b
The number 722 1is the well known span of STS. .

3

ca. Memory as an Information Processing System

‘ Throughout their expositjon Lindsay and Norman go to great pains
to distance themselves from any vigw that presents the memory §}stem as
a passive system. In their model no account is thus given to either
classical or operant condjtionqing. Their main emgﬁésis is on the process, ;
integrative and control aspects of memory systems. In thjs writer's view, o
however, it is very difficult to explain first the "seeding" and secondly
_ the growth of the sem;ntic net without association processes. Simon
Newel (1971) in fact makes the flat statement that a mémory structure

© cannot’ be built without the ability of 6ur CNS to form associations. We

) ~ believe that the ability of our memory system to form associations in a

necessary but not sufficient condition for, constructing a dynamic memory

o
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system. For obviously control processes are there as well. In fact one
has not-only conscious control processes. Automatic processes that
become unconscious as Schneider and Shiffrin (1977) have. shown also
exist. Other non-conscious control processes must operate as well.: Lét
us recall Lashley's (1958) paper on Cerebral Organization and_behaviour.>
In this paper Léshley cites a great number of non-conscious control
processes with memory componeﬁts. One such cited example is the control

~ process implicated in the grammatically correct enunciation of sentences.

Recapitulating their view of how their data base grows one says
that there is a céntinuous grafting of new information (via new no&es)
onto fhe old structure. At any given time the world .can only be per-
ceived with the aggregate structure that exists. In a profound sense the
sta;ement that oné perceives the world with the ‘tinted’ glasses of one's
structure is obviousl} tfue. As the systeﬁ matures reorganization becémes
more’difficult. The child's system; however, is quite 1a5i1e.‘ Further, a
message encoded in a chi]d's“;rain qoes not get the same elabogation it
gets in a gorwn up brain. For children each new concept encountere& must
be bu1]£ from scratch; by rote according to Lindsay and Norman. In our
viéw this rote learning occurs via all sorts 6f conditipning and associa-
tion building. Further, the ontogenesis of memory must proceéd via a
preponderance of conditioning in its -early stages whereas control
processes play a major role in a mature memory. The last remark -follows
from the fact th;t the basis of the semantic net is already 1ﬁ‘p1aée.’
New. things Are learned primarily by analogy to already exist1ng‘
structures. Thus in the aBstraction process associat10n§ are now being
set uh with selected groups of clusters of nodes rather ?han with
individual nodes. As, however, the external world affects us both in

a commop and 1n an idiosyncratic fashion the idiosyncratic aspects of

P

{
]
:
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ah individual are ai % buflt up. - o ) ) ,

The _progess view of | memory due to Lindsay and Norman, as we noted

 terized STM as a mode of excitat1on of the LTS. ' SRS

57

above, made it easy to understand claims that the STS and LTS are not h
two-distinct structures. We saw them speak of STM as the activation of

a finite number nodes from the data base. Atk1nson and Shiffrin chara¢- . r '

FIR e a—

" The last paragraph brings us to the work of Craik and Lockhart

_which is a conscious attempt ‘to explain the hitherto known results of '

2
memory research from the point of view:of the process aspects of memory

systems. N

"

PART IV PROCESS ASPECTS OF MEMORY OPERATION AND THE-"LEVELS OF
PROCESSING APPROACH"

~

In 1972. 'F. Craik and R. Lockhart of the University of Toronto

published a paper of considerable importance. ‘It was an attempt to

explain the whole spectrum of,‘m'emory phenomena d1rectfy from the pracess

aspects of the memory system. Consideﬂng the set of data then available,

(see figure 10), they showed that these same data could ‘be 1nterpreted

. not only from the storage model point of view but from another point o ‘ |

‘ of v1ew as well, From ‘their point of view, in other \ords-, the criteria ’ |

v ’ . J
.

4

N 4

l“tsted in the table, which incidentally, are more or 1ess”the same as

those. qf Simon (1972), d1d not provide adequate grounds for dist‘ln@uishing |

. between separate stores. The actual theoretical stracture of Craik and

‘ ’Lockhart 1s of interest to us and hence, we shall go 1nto it in some \\ /
. . . : . !
. detail. T :
: . % ) L
- ; ,‘ v‘ lu . . b}, N ” .
A. caﬁ(ﬁtz “ .. * - : ’ « 1‘
4 . \ , {
. . . . - Y |
.+ " One of the. sa]ien:c},tfferences between STM and LT is their
. P . ) T : |
) ° °) . . N . '
- "I\ . -
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' 5
Feature Sensory Short-term  Long-term
Registers Store Store §
_Entry of Preattentive ~ Requires Rehearsal
information ‘ attention
Maintenance  Not possible ~ Continued ’ Repetition
of informa- attention
tion S
Format of Literal copy  Phonemic Largely
~ information  of input ’ " serhantic
: ‘ ' Probably Some auditory
visual . -and visual
Possibly . "
semantic
Capacity Large - Small No known limit
Information  Decay - - Displacement Possibly
loss | - no loss
‘ 'Possibly Loss of
decay accessibility or
: discriminability -
: i - by interference
| Traceduration .25~2 sec Up to 30 sec "~ Minutes
' to years
.| Retrieval Readout Probably Retrieval
, automatic cues
) " Itemsincon- Possibly search
' sciousness  process
Temporal/
' ) . phonemic
R t
. - ) | cues 4, .,
; o

Figure 10. «Some commonly accepted differences among the three stages of
verbal memory, according to a structural model.

.1972)

(From Craik and Lockhart.‘

/
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hypothesized difference with regard to capacity. STM has a limited, whereas

LTM has un1ih1ted capacity for information. Craik and’Lockhart, however,

- shrewdly pointed out that it is indeed unclear as to how this limitation-in

capacity is to be interpreted. ' One could, for gxample, consider it as a

Timitation in processing capacity of the memory processor rather than a
limitation on storag; cépacity of STﬁ. In other words they askgd themselves
whether the STM bottleneck is in the amount that can be stored or the rate
‘at which information caqzbe transferred to, or copied into LTM. Attempts’
to measure STS capacity usually imply a measurement of storage capacity.

The problem, however, with all these measurements as Craik and'Lockhar;

- point out is the variety of results one obtains. The range is, from about

three, (Badeley, 1970) to about twenty words in a sentence. (C}aik and Massa-

ni, 1969). Craik and Lockhart take the dispar}ties of ‘these results as a

,”phenomenon to be exXplained by any valid memory theory. The fact that

chunking has beeﬁ proposed as a mechanism by various storage model theorists

fs unacceptable since as they point out chunking 1s an elaboration process.

- Hence, they conclude, this capacity limitation must be taken as a limitation

' of processing; storage capacity being a derivative of processing capacity

which is the more fundamental of the two.

B.  Coding N ‘
We saw that according to Atk1nson,$nd Shiffrin information is

3

coded in STS in the acoustic form (a-v-1), whereas when'dt‘passes to thé‘
LfS it 1; éiven a semantic mantle. ﬂCraik‘;nd Lockhart pointed out
however, that even this gistinction between the two stores can bé blurred.
Citing evidence from various workers they indicate that STM can be visual
as well as semantic in addition‘to its being acoustic. On the other

hand the LTS could be shown to hdve a visual component as well.

&
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C. Levels of Processing .

Takiﬁg their cue from Selfridge and Neisser (1960) and others,
Crafk and Fggkhart make the claimlthat perception involves the rapid
analysis of stimuli at a number of levels or stages. One recalls the
pandemonium model of feature extraction for which a hierarchy of feature
extractions progressively fi{ter and finally define a given stimulus.
‘(Lindhay and_ﬂorman,f1972). Preliminary stages are concerned, for
example, with‘thq filtering of different angles, Jines, brightness etc.
whereas later stages'"tempf;te" ﬁatch against stored abstractions of these |
stimuli from past learning. In other words the last stages of analysis are
supposed to attach a semantic label to the input pattern. In the Craik

and Lockhart treatment, this series, or hierarchyfof processing stages

i§~c§11ed depth of processing. The word depth is to be taken to indicate

the number pf.;ognitive acts required for pattern or input recogniiioﬁ and
elaboration. Greater depth is.to imply a greater degree of semantic or
cognitive analysis. Aftef'the.stimulus has been recognized furthe; processing
is possible via elaboration and/or associgtion with other relevant structures.
A typical example is a recognized word t;iggering its attendant associations,-
images etc. from the S's idiosyncratic memory. "In general, 5né1ysis is to

be ﬁerceived‘as proceeding through a series of sensory stages to levels
associatgd with matching or pattern recognition and finally to semantic-
associative stages of stimulus enrichment". (Cpaik and Lockhart, 1972). One
of the results of perceived analysis is the memory trace the strength and *

coding characteristics of which are a function of depth of processing.:

" Deeper levels of anéﬁysis are associated with more elaborate, longer-lasting

© .

and stronger traces. Preliminary analyses are usually not stored since we

are. usually concerned only with the éxtraction of meaning from a gdven signal.

1

1
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What are called the SR and STS are basically the sensory part and the inter-.

mediate part respectively of this a}lalysis.

Further, highly familiar stimuli such as sentences and any other

well known information can be retained more easily because these structures

are h1gh1y compatible with previous]& existing cognitive structures.

Consequently, elaboration for these will be greater and hence their trace

will be stronger. This implies that if a message is imbedded in. familiar

cues the ability of the system to retain it will be greater. This has been
verified by a great number of workers including Craik and Tulving (19757)7.
These authors presented yarious words to Ss and by asking them various
‘que§t10ns during the time of présentation 1nf'1uenced the degree of elabora-
tion the given stimulus would have. In fact the stimulus oW should be
understood to be word + environment of word (in question).Shallow encodings’
w;re produced by rhyme imbedding of the word whereas deep imbeddings we

pr-bvided implicating the given word in some sort of semantic or sentence

structure. Results are as shown in figure 11.

In another éxperiment by Craik and Tulving as related by Reynolds
and Flagg (1977) the degree of encoding was-varied by imbedding the word
in sentences of varied complgxity. Steady increase in accuracy of recall
was obtained with increase of semantic enrichment. On the ba.;,is of these

experiments Craik and Tulving speak of spread or elaboration of the coding

process rathery than depth. Presumably, since sentences were used the same

depth was attained for each one of them.

In summary, Craik and Lockhart view memory as- tied up to perceptual

processing which can be viewed as a continuum of processes. Memory, too,
\ ’

is viewed as a continuum of processes. On one end of the spectrum one

, fin:ls the transient products of sensory register analysis. At the other

i
:
w
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Figure 11. Effect of elaboration on-recognition. (From Craik and
Tulving, 1975) _ T
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end we will find the permanent products of semanticfpssociafive operations.

Superimposed, however to this continuum of memory'processing,,they
consider the existence of yet another memory mechanism. This mechanism
is able to r;tain the cﬁrrent results of analysis at a given level via the
process of recirculation. By this they mean the same thing as such state-
ments as "keeping items in primarj memory" etc. This process Ehey call
primary memory (PM) because they attach capacity limitations to it. They

view brain function as being similar to the p%ocesses of a limited capacity

central processor of,a computer centre that at aﬁy given time can do a
finite number of tasks. For example, if the prqpessor is forced to keep
the results of analysis at a fixed level of perceptua] analysis then the
observed phenomena of STM will appear. Another characteristic of this
Timited capacity ig that the amount of information held at any one level
would be a function of tﬁé "hgight“ of the level at which recircu1ét10n
occurs. At the deepest level already existing structures make for gFéater )
caﬁacﬁiy. The basic characte}istic of PM is that material here 1s cgptif
nuously attended to. If attention is shifted elsewhere memory for material
just attended to will decay. Information, however will be lost at a rate
proportional to the level of analysis. The deeper the analysis, the

longer the trace Recirculation at a given level is called Type I
grocessing. Shift to a deeper 1evel is termed Type°ll processi;g. Obviously

one can rehearse w1th Type II process1ng as well. This kind of processing
students do when they prepare for an examination. According to Craik and *
}ockhart this is the kind of process'thgt leads to better and']onger

lagting memory. - T

As Reynolds and F1agg (1977) have pointed out the essential components
of the "levels of process1ng“ alternative to the duplex theory of memory

are:



|

1. The memory t;ace.of a givenygtimulus is proportional to the depth
at which the stimulus has?been analyzed. Since more fami]iar stimuli get
elaborated more they can be more easily remembered (if we followed Craik ’
and Tulving'we should talk, perhaps in terms of spread of coding rather than ',
’ depth). 1 ’ ) /

, 2. Memory persistence is best seen by analogy to the continuum of

/

N

- perceptual processing.
r

!

3. Recirculation or reheersai in PM is not sufficient to improve
memory because, if attention must be diverted from information in fM to
elsewhere, one would have loss of information at a rate which is éropor-

: tional to the height of the level the process occurs. /

It is obvious from the above that their approach to memory processes
could fit quite easily with the abstract cbaracterization of the
'gperation of the memory system we presented in the coneluding remarks of
page 54. Thus‘eqﬁation 1 can be adopted to the Craik and Lockhart scheme

as follows: If S] and 52 are the memory traces of two comparable stimuli

and if (say) 52 is better remembered than S] this would imply the

t

following:
| | 52 (2)
-2 (3) |
’ and (4)

with N > M,

s
1 Y
¥




Using the Tanguage of topology we would say that:
The space S2 triggers, ib} spreads) and contains the sbace that S1
triggers. This is the equivalent to saying that: |

N ' ‘ ‘ 3

1 l ‘ M 1

© ‘ 1

. ; . H
! U M, :: ) U M, . [ g

jﬂl 1l i’l 1l ’ . %

which is obviously true since N > M.

|

Anticipating lateﬁséhapters we can see from, even here, that recall’ for
§2 would be easier than S1 since access to S2 may be obtained with a
greater number of combinations of the M 1's.than is the case with $4-
bsing %he langpage of Craik and Lockhart 52’15 better remembered becausea
its spread (3) is greater tpan the spread of S; (4).

Our reference to the model aspects of memorial processes ends
here. The next two chapters being a review of relevant neurophysiological . -
material are neceséary if one is to understand theories - such as those of

Hebb, (1949) John (1967) and Lashley (1958) that attempt a neLropsycho]o- )
gical synthesis:
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CHAPTER 111 °

SOME NEUROPHYSIOLOGICAL PREREQUISITES

/ .
As we said e;r1ier on, our basic task, in this work is to relate
functions of the nervous system, iqc;haing higher%processés such as
memory fo sfructuraT aspgcts of this same system:' To do this we start
by preggnting aspects of neurophys;ology relevant to this work.._ Our

main focus and interest are the signal processing properties of the CNS.
A. Neurons

The most fundamental structural concept, known as the neuron
doctrine, is that the nervous system is built up with elementary units
/known as neurons capable of transmittipg electrical signals. These
bastc units are assembled via their connections known as synapses into
functional aggregates capable-of carrying out the workings of.our brain.
Although neurons come in all ‘sorts of shapes and sizes one can-abstract
and make the following statements concerning ihe so-called typical

neuron. See figure 12. ’ . f

©

“Being a cell neuron must have a nucleus (or soma or cell body)
within which the metabolic processés_occur. Emanating from this
nucleus one has mu1f1p1e b}gnching fibers known as dendrites and the

axon with its axon.collaterals. “Dendrites are supposed to input

information from ather neurons (afferents). Axons are presumed to
transmit information from the cell body to other neurons (efferents).
- Information within dendrites, soma and axon is conducted via electrical

signals. -qh11e a given wave is passively carried within the dendrites
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Figure 12. A neuron schematic according to Eccles (1973). Synaptic ? -

contacts are shown on.the right in magnification.
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and soma, a sfignal upon entering an axon,”and essﬁming it has the

requiéite amplitude, will be converted into trains of very brief pulses,

-

ee]1ed nerve impulses, action potentials or spikes. These are propagated

without attenuation along the axon and its collaterals to variou% target
T : cells Ee.g. to other neurons, muscles, etc.): Typically ongoing nervous
activity involves the continuous spike bombardment ;% a given neuron
‘viaqits dendrites and consequent production and sending out of other
spike trains due to this neuron, via its efferent axon, to a great nuiber

of other neurons. o

o i ’Surrounding Ehe‘neurons are the glial cells with graded potentials

of their own. The functional significance of the glial system is not

| - known. It ha%_been\gurmised (Stevens, 1966) that the glial systém is

_the suppor£ systeq‘on which the neuron §ystemprests. dthers cfeim that
the. glial system'plays some role in memory storage. The total system
of neurons and'glia 1s bathed in a goodlelectro1yfe through which both
chemical and electrical signals may be sent out. These signals are:

presumed to Be averages of the electr1ca1 activity within cell bodies.

1
.

We distinguish several types of recordings of electrical activity.
. g On the one hand one could implant large diameter electrodes (macroelec-
" \t%odes) either on the scalp or'within brain tissue. He would then
- - obtain the' e1ectroencephalogram (EEG). Microe1ectrodes of the order of
a micrometer can be used on the other hand to pierce individual cells
and axons and thus gain access to the dngoing electrical spike activief °
of individual neurons. The external fields of ‘neurons can be.probe& by
" putting electrodes outside these same neurons. (MacGregor and Lewis, '

1977). \ B
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B. . Synapses and some of their functiohs in Neural Aggregations

1

Axonsrgenerally branch repeatedly and end with their terminals

‘calied butons on the dendrites or cell bodies of other neurons. The

3

area 9f contact between one -neuron and the next is known as the synapse.

The architectonics of synaptic contact present a great variety as well.

of 1nterest”is the fact that in many cases the axon makes contact not ,”'

with the dendrite d1rect1y but with a stumpy branch of it known ‘as the
dendritic spine. (Shown as diagram (a), (c), (d) in figure 12. Typ1ca11y

3 .
a neuron makes contact with thousands‘BY other neurons (up to,10,000 in

the CNS) and receives messages from a comparable number of other neurons.

As we said above many neurons are arranged into functional units
with speciTTcr$unct1bns Such aggregates may be determined by the
speciffcity of chanelling their produce w1th1n the bra1n whenever an
electrical excitation blankets ;he aggregate. Another way of possible
definition of a functional assembly is th§ faéhioh in which the synapses
of a given cell tﬁn emit one of several éhemical transmitters to various’
other target cells with the ensuing result that selected pathways
become féci11tated The latter remark makes it conceivab\e that more

than one assembly may:be formed from a given popu]ation of neurons.

1

'C. Information processing between Neurons

As- we ssid:before potential waves feach the soma and dendrites of
a given neuron via a time series of spikes coming down an axon cable.

Synaptic connections between two neurons are either 1nh1b1tory'or‘

1

-axcitatory.. If'the.existing potential of the soma becomes momentarily

depréssgd due to the arrival of a signal then we say that we have an

" {nhibitory post synaptic potential (IPS). If the ‘potential of the soma
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is elevated from its base value one speaks of an excitatory post synaptic

potential, (EPSP). With respect to the‘outside fluid in which the cell
is bathed the soma has a potential of about -70 mV when it is not active.

Differences in concentration of ions such as Naf, ¢, k*

, @™ within
and without the cell, maintained by a mechanism known as the sodium pump
are mainly responsible for this potential ¢1fferénce. When signals arrive
and depart from the cell the conduct1vtty of the cell mémbrane with res-
pect to penetration of various ions changes proddting or "carrying" the
well known poten}ial waves. Fbr the purposes of this paper the electro-
chemistry of signal generation and transmissfon in the neuron is of no

importance and it will not be presented. (For further details see

chapter 1 of Rugh and Patton, 1965). ‘ v .

Many neurons make contact and hence "talk" to a given neuron at a
given time. The neuron must therefore relay this information along its
axon. The place where various signals are "summed" fs known as the
axon h%]lock, i.e. a place on the soma near the initial segment of the

axon.

If the cell has ‘been inactive recently the incoming post symaptic

potentials (PSP) waves will sum algebraically. (The summation process

Q@

is known as temporal sunnation when all fSPs are initiated at the same

Y
synapse.  If they are initiated from different syhapses we use the

term spatial swmation.) If the summation process exceeds a certain
critical value known as the threshold fgfxffring for this particulaf

neuron the systemwill "fire" and send out a potential spike. Normally X

more than one spike is produced. The summation process in this, case ‘

1s modified by the fact that after production of the first spike the '

threshold potential is elevated to a very higq value ;o‘tpat for a

period known .as the absolute refractory period (ARP), no additfonal’

0
Yro. . -

o I

e
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excitation may elicit a new spike. After this t'lmé 1n€€wa1 the thres- .
/ hold potential declines eprndntiaﬂy to its norma’l value.

" As we said before the unattenuated signal moves a]ong the axon
- much, 11ke a 1it fuse qf an explosive device until it reachgs the
N synapticlend% its axop.{ It is fhere{ _tr;nslat:d 1nto\a chemicgl
me&sage"‘via various transmtters that m‘lgﬁate through thé synapﬁic
.cleft between sending and receiv’ng neuron and it {s transiated baci; ‘

1ntu an electrica] s1gnal upon entering the recept1on site. Accor‘:l'lng >

to Da1e s pr'lnciple (Ecc'les 1964) a given ul‘l produces a unique ; |

synaptic tran;mitterj. (The transmit{er being the chemica'l substratum

\of the translation process through the approximate’( y- 200 ,& sxnaptic )

N

" cleft). Ié general, the effect' of this. transmitter on the rece1v1ng cell .

., ,and {ts receptors depends on the biochemical state of the receptors at

“that particu]ar moment. A given transn{ftter may have an excitatxory

”

effect on one receptor and am inhi bitory’ effect on another, In general,
- however, thig 1s not true; a g1ven transmtter {s efther 1arge1y “

) 1nh1bitory or largely excitatory This is one reason why we derote .
- L 1 ! [1
particular neurdns as either excitatory or 1nh1b1tory.ﬂ‘

"

D., Neuronal pools

., A . . b " * )
The present understandirg of individual neuron functioning,
” .

hdwever. &oes not lead to the understanding of brain function. This

\ L)

is because aggregations of neumns \with definite architectonics have
\ pronerties beyond those of- 1nd1v1d a'l neurons. %parts and whole

prqblem),& Functional "aggregates o neurons are given the generic name

" & of neuronal pools. For example, the’ entire cerebral cortex by itself,

' @ of. surface area 47 an?, could be considered such a pool. It contains

+ ' . N 1 T
between 10 and 1010 neurons. Each ppol can also be considered as made

0
., ' S

™ ¢

o
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- sensory cortex we have further‘subdivision info motor, auditory

i thanithe sensory cprtex. (Schmidt, 1978). .. Another classification, due

i
B

up of different pools withfmore specific funEtions. Thus 1n—the cortex,
one first and obvious subdivision is its ha1ving 1nto two em1sghere
(Each hemisphere i5 supposed to be subdivided into 4 1obes named
‘according to their, position on the sku11 This® subg1v1sion into 1obes
however is purely anatomic and tells us nothing about function. - ¢

(Sctmidt, 1998). The classical subdivision of the cortex_on the

<

I o ey PRI 'g“""

" basis of function is first derived,from the afferent and efferent
connection of its various areas. These ane shown in figure J3,'due to
Eccles (1978). Thus the'cortical'areas fo which sensory afferents

terminate (hfter—&afious relays) form the sensory cortex.- Within the

| t
Wi

somatosensory,°b1factory and visual. The rest of the cortex is the

nonspecific or a5$oc1ation cortex‘@here it is presumegn}ﬁﬂggi‘thinking et

fffff \

occurs. The association certex {n.man takes up. considerably morek;;%ce

to Broadman ie\;hown,jn fig:;e 14. This classification prexides the o T

basis for dfscussion of the unctional areas of the brain. ®Hroadman's

\‘ T RI S

original c1ass1f1cation was based on ‘his- h15to1ogica] studies and the
forty or so areas 1nvolved were thus specified on the basis. of the " ) .

types of neurons found in them.
5, AP

operations have revealed specific

N g

e
Studies 1nvhunan bejngs duri

functions 10ca11z§d in various areas f the brain. These have been
mhpped as well. See figures.14 and 15. - In figure 14 due to Penfidld and . =

I ,
’Rasmussen,.the lightly shaded areas are the so-called primary sensory /_ \\\\: .

areas while the darkly shaded area is the primaryimotor area from which . °

, ; - e B
' . . . \ LRI B
muscular movements may be“®licited ty passage of a weak e'i*egtr'l'c current. -y
, .0 . N LY .u . ‘
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Figure 15. Gross functional division of the cortex accordiﬁg

to Gyyton, (1976). Note informatipn flow toward the general
) ,

interpretive area.

»
° Y

1Y

2




\ .
\ Lt
\ .
\
, ‘

!

i)

. \
mation flow and.control in the CNS.

" neuronal pool.

\‘arborize is known as the stimulatory fieid

E2.

+ assume that alnunoer of synapses must be si

Figure 15 ‘due to Guyton, (1976), shows the rough organization of
the various association areas as determined by various methods. It
shouid be pointed out, however, that various gross structures and
nuclei of the‘brain interconnect and pass infonmation from one

structure to another. Figure 16, which is a schematic due to

°Schm1dt (1973) is a 1ow chart showing the basic féatures of infor-

Let us now,\however, come back to a more topoiogicai view of
neuronal. pool functioning This will make it easier to consider the

transmission and processing of information in neuronal circuits.

E.

Transmission and Processing of Signals in Neuronal Pools

E1. Organization of Neurons in the Neursnai Pool .

Figure 17 due to Guyton shows the basic organization of a
To the Jeft we have thé Tnput fibers (1) and (2)
(made up of axon bundles) fhat irgnsmif in

(b) (c) and (d).

rmation to neurons (a),

-~

The area into which the endings of a given fiber

4
f the given nerve fiber.

c;?

Threshold and Subthreshold-Stimuli !

3 , A |

Since only one synapse rarely fires a|given neuron one must

ultdneousiy octive té
!

fire- a neuron., In the Guyton diagram if on assumes that 6 or more

4

pid successvon then one

e

knobs must be agtive simu]taneous]y or inr
segs that neurons (a), (b) may be fired by ibers (1) and (2)

individua11y:’ Neurons (b), (c) if exaited by (1) or (2) in isoiation

do not gire. However their«mgmbrane potential changes (depolarizes)

' ' ' N e

e
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Figure 16. Rough schematic of information flow if ‘the brain.
»> . (From Schmidt, 1978) . * .
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f(-'ig;w? 17. 'Schematic ‘of a peuronal .pool” according to Guytu'ﬁ, ¥
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' and if another input comes in time the neuron can fire. He descrihe

the two 1néeract10n modes as excitatory and subthreshold stimuli

respectively. The neuron that has been given a subthreshold excita-

t1op is said to be faciliated.

" Usually each nerve fiber makes contact with about 102 neurons ,
(Guyton, 1976). iﬁ general, mainly the set of neurons 'in frant' of
a fiber can be made to fire. This set is known as the field of the
fiber. The area in the pool where all neurons cah be made .to qis-

charge is called the discharge, or 1iminal zone. Peripherally to

it one finds the subthreshold, subl iminal or faciliated zone.

-

) Most information is transmitted from one part of the nervous

system to another through several successive neuronal pools.

E3. Pro]onggtﬂon of a Signal by a Neuronal Pool - "after discharge"

Even after a signal has entered a pdb] one can have prolonged

6utput discharge cailed‘after discharge {Guytoh, 1976). Of the poss1b1e

+

mechanisms involved we shall be- interested in the so-called reverberating

(oscillatory) circuits. Schematic‘reelizat1on of reverberating pools
are'shown\jn figure 18 due to Guyton. Theoretiee11y the simplest type
of oscillatory circuit is due to A. It consists of one neuron with a
feedback mechanism that if proper1y adjusted can keep 1tse1f firing
for a long time. It is of no 1nterest in this study. Schemes B and

C are genera]izations of Scheme A, with and without 1nh1b1tion. Set

ups of the type D (of the parallel variety) are the. .more common forms

bf rever eratory ctiuits The reverberatory pathways are’ constitutgd
of many aral1e1 axona] pathways At each cell station one sees that

the tenm nal fibrils’ diffuse wide1y..
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1]
]

" E4. Charagteristics of after discharge from a reverberating circuit
7 T \ .

In figure 19 one sees what output pulse rate one can have from
a reverberating neuronal pool. The input signal need last for only
1 msec. . Output can last from a few seconds to even minutes. Note
that both early stages of output signal as well as its last stages
have rather steep slopes. This coﬁ]d mean on the basis of the fact
that the intermediate zoneé is a]mosf a plateau that the pool "codes™
one signal per input stimulus. THis is especially easy to see in
the facilitated case. The three different curves show the obvious

effects or influencé of other parts of the brain“on a given neuronal

=~ pool.

E5. More on the functional histo1ogy\of the Cerebral Cortex

On the éverage, the cerebral cortex is 3mm thick. Within the‘
cortex layers predominqntly made up of cell bodies alternate.ﬁith
layers made up of axons, Typically we have six layers. (See figure
20 dué to Schmidt, 1978). Histologic and electrophysiological '
experiments (some of which will be mentioned) have shown that a

prominent feathre of the functional organization of the sensory and

motor cortex is it$ structuring according to the ‘columnar arrangement.

Ce11s.hav1ng sim11ar properties with respect to response to peripheral

stimuli are "stacked" in columns perpendicular to the cortical surface.

X
Figure 20 shows a typical ﬁéyout of the cross section of levels.I- VI

. The superficial 1ayers I-1V presunably serve to receive and process

afferent signals. The neurons sending information from the cortex

-

have their cell bodies in Jevels V and VI which are called the cites qf

origjn of the. cortica] efferents (Schmidt, 1978) By stimu1at1ng and

recording from very small regions of the motor cortex, it has been

A
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Figure'19. Pulse .rates from normal; inhibited and facilitated

pools. (From Gu Ion, 1976) -
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By
shawn that the functional cbrtical columns there-have’ diameters of
! 7 .
-about 1mm or less. { '

~
~
~

Further, in a series of exper1ments over the Iast years Hubel and
" Wiesel in their attempt‘to investigate information processing in the
visual cortex of cats and monkeys produced similar findings. They
found that the neurons in the vituaI cortex respond tn complex
cognitive éIements'Such as directed 11ines, edges, corners and even
moving edges‘(theI and Wiesel, 1962). Further, they established that
these functions, and their corresponding neural organization were
present at birth rather than being the resuit of learning (Hube1 and -
Wiesel, 1968).

5 .

a

On the basis of the Hubel and Wiesel findings, poIonnier (1966)

. K}
suggested that the efferent sensory fibers may go only to some of the

cells in the column, specifically to the stellate cells of layers III
and IV. .The uniform response of a11 neurons 1n a column would then be
the result of local,spreading of nenronal activity. Such rad1a1
spreading was observed directly in the work ofoStdney et al (1968)

by intracortical microstimulation 1t was shown : further’ that the
effect of such stimnjption fe11 off~sharp1y with distance in a plane

* parallel to the pial surface. * s e

~
v

The columnar arrangement idea has been. further refined by
Szentagothat. Eccles (1977) citing work by Szentagothai (1969, 1972,
1973, 1974, 1975) dividgithe whole of the cortex into appnoximateﬂy

2 x 106 functional units called modules each'cons1st1ng of 10t neurons.

It is proposed that each of these moduIes has in it both excitatory
pyramidaI cells which have the function of bufﬁiﬁng power within these

.t |
‘ ‘iﬁ ‘ /
| ag - .

-

I




L) . -

un%ts and outputt1ng information to other areas of the cpptex_
Inh1b1tory neurons within the modu]e tend to strongly suppress the
act1v1ty of modules which are i ediate1y adjecent. Szentagothat /{
(1972L,has genera1ized from the specifﬁc sensp%& areas, somesthetic
and V}sua1_to the neocortex in general. |

E6. Modules in information processing interactions -

L

Eccles (1973) identifies these modules as substrates of conscious

perception. He does not elaborate. Hebb (1949) is more specific
(See below).

A schematicfof the interaction process generated by triggering

two 1nit1£] clusters (moduies) A, B is shown in ¥1gure 21 due to Ecc1es.

Negve cells are represented as circles solid or open, aggregated in:

.clusters corresponding to modules.
: \

/ l

The modu]es are supposed to be power units owing to the existence
within thém of self exciting (reverberating) cha1ns They can also
influence adjacent columns because they also coqnect to them via 1nhi-
_bitory neurons. An excited c]uster projeEts on to other non adJacent
modules excitation and thus one can have sequential excitation from
modu]é’to module. A particular sensory modality (A) is presumed tb
sequentially activate c]usters identified by solid circles. Sensory
modality é represented by opeﬁ/c1rc1es triggers chain’ B of open

circles. Finally, convergence of the transmission of the A and B

" modalities gives activation of clusters of cells with modality refe-

<a

rence corresponding'to both A aud B and so are shown with a
symbolism (AB) (Eccles, 1973). The conftuence AB would correspond to

the recognition phase of an object requiring fop example two sensory

-
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Figure. 21. Schema of the cerebral cortex looked from above. Large
. pyramidal cells are reprbsent;d by circles solid or open. Clusters
. represent modules. The large arrows symbolize impulse’discharges
- along hundreds of lines in"parallel which are the mode of communication
from column to column. Two inputs, A and B, and two outputs, A and
AB, are shown. (From Eccles, 1973)
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inputs in combination for identificatiou Ecc]es-(]973) is very i
- cautious; he-states that the diagram is only a schematic and that ‘
\ - ‘

. no identifiably spec1f1c area of association cortex is respons1b1e.for Y

any spec1f1c awareness of some arbitrary event ' ‘ ‘

\

|

g . o This Tast remark brings us to a very controversial area. For’
obviously whenever* one is aware that he is looking at an apple, sayi

o ' " some set of neurons must be the substrate of the memory process involved

‘ in recognizing the apb]e. The question is whether this set becomes

. v
excited whenever another apple comes to view later on. P

\
John (1967) supposes that the coding of‘informq;fgn internalizing
a given event corresponds to activatibn of a large number of diverse N
assemblfes. .For any given assembly what matters is not which particd;;;\'
neurons have beenwexcited but rathé§ how many i.e. what counts is the ) '{
.\ activity level associated with the event. John further elaborates his ‘ |
theory based on his findings (1972) that diverse structures and nuclei
in the brain seem to produce similafjwave forms of activity whenever

“

the brain is occupied by some particular task (given stimulus context).

A He notes that although individual cells display a variable firing
pattern in responSe to conditioned stimuli ensembles of neurons display
J essentially invariant temporal patterns.‘.(microe]ectrode recordinés
’ vary, macroelectrode recordings do not vary per task.)
v

¢ . However it must be pointed out that the statistical versus

1

connectionistic dilemma can be circumvented. In our theory where nets

(standing for modules) are the units of organization one can have

determination at one level and randomness at another.

<
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_ CHAPTER 1V o :

* "+ "ASPECTS OF THE NEURAL BASIS OF MEMORY

-

A. Introduct1on - N | }.

\
Y

( Havfhg described overt aspects of memon<hbehaviour as well as

neurophysio]og1ca1 facts of interest thé ground {s now ready for a

. 8’ . - ' !
consideration of the kind of relationship that 'could exist between

the two. It must be stated at the outset that gp far, one has various
§

theories concerning this relationsh1p The arguﬁents, however, we will

be making in this work will be of a cansistency ;ype rather than of a

full analytical one. Let us therefore take a 1ook at some of these

“theories. // L f

i

B. Neural Circuits of Memory ' L
T -]
/

A11 present studies on the neurophysio]oéy of memory seem to

-agree that without chemical or structural chénge in parts of 'the neural

mass no retention of information is possible) The ‘details of the

ontogenesis of neuronal memory circuits is usually where divergences

appear. Further, in addition, most workers would state that conscious |
1
£exper1ence and short term memory| are mediated through electrical

activity. This is’not to be taken to mean, however, that when one is

not conscious, as when one is sleeping, no electrical ‘activity goes on.
One has electrical activity as evidenced by the electroencephalogram.
However, the profile of the EEG 1s\d1f}éreni for «different states of .
CNS activity. '

/

)

Ce
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. yf problem of constructing neuronal circuits capable of (a) carrying and .

~ view of neuronal pools rather than From the point of view of individual

’ | e s 7 90
A(/ , ,' N . l . )

- One of the centra]lproblems of present day research in the neuro- S

physiology of memory is the interface between structural énd/or themical

'
changes in neuronal masses leading to neuronal.circui;s able to sustain ' ‘

specific electrical activféy (waves). Since specific signals arqi
presumably the carriers of information one {s further faced with the:
(b) reproducing i.e. hayiﬁg a memory capability for a givén signal.

The prob is akin to that of a communication engineer who is faced

with roblems as the construction of communication systems capable ‘ !

\

of transmitting, coding and decoding information. The analogy would

even be closer if.one could consider the communication proces§ between

two computers or between a production system and its cybernetic control.
Without memory systems whose substrates are the hardware of the system- .
neither communication nor control would be possible. Just as a - !

i

computer enginéer is faced with problems of memory storage (qnd hence
program complexity) requiring specific characteristics and,memory !
sizes in the same way neuropsychologists ggfempt to construct neurgnal

circuits capable of memory. These constructs however cannot be arbi- "

‘ trary.n Due regard must be given to the electrochemical properties of .

the individual building blocks of these s}stems,i.e.'the neurons. _ \\'

P

Most workers, however, consider the.problem from the point of

neurons. The most basic requirement of a memory circuit is that the

effects of an input persist after stimulus offset since this is the

crux of any definition of memory for an event.

Lindsay and Norman (1942) 1ist three approaches to the solution of
this problem. - .

EARN
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The_Unique Cell Theory . : . .

) B1.

d * This theory assumes that there exists a-unique cell that corresponds

°  to each object we remember. This cell is 'stamped* with the image of
the object. In a recognitdon tesé, for example, the mechanisn that

. " comes into play is some sort of template process analogous to that

* . used by computers in pattern recognﬁ}ion schemes. The basic neurological

' ninspiration for this hypothesis seems to have originated with the work
of Hubel aﬁé Wiesel who shoée&'ihat a hierarchy of'feature extractors
exist in the visual cortex. The vast complexity of memory structure
makes thif ‘stamping' theory quite inadequate. For éhese reasons and '
the fact g:at this theory is tog much of an ad‘hoc nathrg, véry.few

people give credence to it.

B2. The Unique Pattérn Theory

.
e The unique pattern théory maintains that an object 15 remembered
“ v whenever a determindté set of neurqns‘becomé active. A txp1é§1 theory
/{ - / of this kind is that due to Hebb (1949) which we shall explore in some
. | detail. i )Qb:;?ext chapter and a(generéTization of which will be the,
basis of tvhis' work. Without going into details, at this point, it
'mgst be stated that this theory has behind it a great deal, of analy-

tical work. Its assumptions, especiallyvthOSe relating to the onto-

genesis of the memory circuits have been the.inspiration for a great dea)

L, e g 0 2w oM 7

of both theoretical and experimeﬁiallwbrk; vIt ¥s the theory accepted

“ '

r by most brain modelers.

- B3. The Unique Code Theory

A o0 T

v

' The unique code theory assumes that each stimulus fis represente&
. / ,
by a unique signal the electrical code of which in the CNS is also,

- unique. It assumes chemical and histblogical permanence in the brain,

[ ' . oy
: .
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and no’ changes as a result of learning and experience. The neural
. ' mégs can remain, 'in other words, uﬂdifferentiated as a result of

experience. Further, the same set of neurons can carry more than one

[}

memory since a great number of codas<could ride on the electrical
R - N Y

activity of a given set. In addirion, memory could reside anywhere
. . e ! . v, ' .
) «in the CNS since what counts is the signa] and not the neural substrate

that carries this signal. This 1s a non Tocal theory Pribram (T§66;

~

1969) s one of its major exponents.

C. Reverberating Circuits *

Pursuing our line of thougﬂf outlined in the previous paragraphs

?

" one might now ask what kind of structural neural arrangement could

produce the activity and function that is necessary in the act of

ﬁémembering. Neurdpsychologists such as Hebb (1949, 1972) and
) psychologists %uch as Lindsay and Norman (1972).usya11y invoke the .
rqverberaﬁin; circuit idea. Ramon y Cajal had, As long ago as 1911, g
- h noticed their existence-in the cerebral cortex. ' Consider now how 3

& ; b 0
reverberating circuit might remember: (See schematic below).

T

¢

Let X be the route through which some signal *S arrives. We say

-~

that the group of néurons Al, A2, A3, A4 reverberates provided once '
/ Al gets triggered the cycle A1, A2, A3, A4, Al follows. ' Thus rever-

beration in Toop A 1is said to represent ‘event. S. More acchrate]y

'
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-.g the chain is known as consolidatfon. Consolidation of specific
|
x

)

e reverberation in A represents an electrical memory of the fact

[ \ . - stimulus S came alqng route X. As we saw in the ‘previous chapter

there are several Méchanisms whereby this reverberation might ceasev'

\ . The simplest is obylously 1nh1bi§of§'input to any part of this chain.

'

Tt

D. .Consolidation

- ) . T

g ' If whenever signal S coming along ~ X, invariably excites the

\ neural chain A we say that permanent memory for thé event S has
i been created. Most workers attribute the creation of chain A to‘
l {he possibility that repeated stimulation of the chgﬁn leads to
& \k chemical and/or structural changes at the ;ynapsif joining the

various member neurons of the chain. The process of thus altering

-/circuits occurs over a period of time. Consolidation implies a local.

e

theory”of memory since specific memory circuits must carry specific ’
memories. Electrical activity through stabilized chains represents a
.‘,temﬁorary activation of these circuits. This temporaéy activity is
what we know as ghort term memory. (Lindsay and Norman, 1972). Long
‘ © éerm memory is attributed to the stabilized chain {itself. In other ;
| ‘ words Lindsay and Norman (1972) consider short and long term memory as
attributes or properties of a given, determinate neural mass. Shortq
_term memory is a functiod%]-dynamic aspect of an electrical nature

whereas long term memory is a structural property of this same mass.

Y -
—— s v g

The last paragraph brings us to the question as to the type of
mechanism that operates in order to produce aggregations of neurons
that are stqble enough to carry permanent memory. The natural place
" | o
|

'
( e \

D1. Synaptic changes due to Learning . : ' {
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to situate the change is the synapse since it 4s there that eiectrical'
transmission may either ;ass or not pass to the next member of the

l chain i.e. the neuron next jh Tine. The two.possib111t1es ugua11y )
considered‘are: chemical ‘ncoding or growth of new synaptic Juqctioﬁs.
Further, we must n;t forget our origina]‘hypothesig, naﬁe]y, tha%

these changgs occur as a result and during the e1ectr1cé] act1V1ty of

a chain of neurons.

The most abstract statement one can make about these changes is
_ due to Hebb (1972, p. 64): "When an axon o% a neuron x 1is near
enough to help fire neur;n y and does so, a change takes place such

that x becomes more effective at exciting y ". Put in a simpler '1|"m
language and since more than one input is required to fire a given

cell we can rephrase the above to reéd as follows: If neurons x, y

are simultaneously active and they are in contact with e;Eh ofher o
than.repeated activation o% the pair x, y would tend to make the

pair adhere. It is obvious that this mechanism could be invok;d until

a complete chaid 1s formed. )

The specifics of synaptic plasticity especially ih'the adult . .

human brain are at this stage not Eompléte1y elucidated. e

\ . -

- Hebb (1972) hypothesized that the change would be chemical ——— //
more specifically an increased ability of the presynaptic part of the
synapse to produce transmitter substances ‘'such as ACh. He also

speculated on a p3§§ib1e increase in contact area in the synapse.

Y

Today, wethave at hand evidence sustaining Hebb's hypothesis.
The mos% interesting work to this writer's knowledge is the work of
Bourdois, McCandless and MacIntosh (1975). 'In a series of experiments

in the cat superior cervical ganglia conditioned by prolonged




Ly

. release, as well as store, more ACh than an unconditioned one

to'the initial level, which is still ;pcomplete aftér 4 hours of qésf.

-

preganglionic stimulation at‘high enough frequency to cause initial
depletion of the store of acetylcholine (ACh), they found "rebound” i

1ncreasef€§ stored ACh. They found that a conditioned gang]ion can’

"During and after conditioning, changes in the level of ganglionic

ACh occur in the following sequence: (1) a fall by as much as 30-40%
W

~over the first few minutes of stimulation; (2) .a gradual return to

the inftial level and beyond it, while stimulation is continued; (3)
a further "rebound" rise up to 50-70% above the initial level, within

minutes after stimulation is stopped; and finally, (4) a slow return

Phases 2 and 3 or the. sequence ........ are both suppressed by hexa-
methonium, and presumably they reflect the same process, namely, the
creation of new storage capacity for ACh. The new storage sites must

be presynaptic."” ‘They conclude that "Perhaps. such a 'trophic' effect

" can only occur when presynaptic and postsynaptic activity are greatly

intensified at the same time."

In an article concerning possible synaptic mechanisms subserving
learning, Eccles (1972) mentions Ramon y Cajal (1911), Toennies (1949), .
Young (1956), Eccles (1953, 1961, 1966) and Kandel and Spencer (1968)

asjpeop1e who accept changes in.the efficiency of synapses as the ' -

,foundation of permanence of kriowledge (learning). “There is further,

the comg]ementafy concept that diminished usage leads to regression in
éffectiveness and thus an explanation of forgetting is hand". A

great n;nber,of workers 1is enga?ed in synaptic plasticity research today.

Two extensive review volumes and a textbook on the subject are

of interest in this regard. Horn and Hinde (1970) and G. Gottlieb




/

(1976) published the review volumes. Lund (f§79)‘15 the author of .

thé textbook. Kandel (1970) divides the-theories concerning plas-
. _ |
ticity into two basic groups. He first pose? the problem in its

paradoxical aspect:

"If the development of connectipns between most neurons
in the nervous system is rigidly determined, how then l .
" 1s behaviour modified? How does one reconcile the ]
known ma]]eability of behaviour with préprogrammed and - C
rigidly 'wired’' nervous system?... Do memory and
learning require some further add1t1ons to the wiring
¢ diagram? .
The two (solutions) that have proved most interesting .ot
experimentally are baséd on notions of the plastic
and dynamic capability of neurons. The plasticity
hypothesis was first put forward by Cajal and ‘several
other neuroanatomists and then in more modern form by
two psychologists, Jersy Kornorski in Poland and
Donal 0. Hebb in Canada. A current version of this —
"hypothesis”states that even though the anatomical .
connections between neurons may develop according to
a rigid plan, the strength or effectiveness of the _ / ‘ ,
connections is not entirely predetermined and the, ‘ - S
effectiveness of synapses and other properties of
neurons can be altered by experience. This hypothesis -
predicted that neurons, and in particular their
synapses, should be ab]e to change their functional
properties as a result of altered activity. . ~ . ‘
N The -dynamic hypothesis,.. of Lorerte de No derives ) .o
from his observation that neurons often form closed ‘ )
chains. Neural activity could therefore be sustained
by the circulation or reverberation of impulses
within a closed chain of interconnected self-exciting :
) X neurons. This again would not require anatomical ‘ . -
, . change. In fact, the hypothesis does not even require
| : functional change in the properties of neurons."” -

[

. The second possibility (in its pure form).as Kandel points out is '
untenable. If, for example, a number of inhibitory neurons fiﬁd them- l‘ o
_ selves in the chain, activify would cease. Since memory surv;ves

cooling of the' brain, and since its activity is not then possib]e;.

one must assume that its memory should reappear upon warm1n§ up again.

7 f!”“
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various frequency and posttetanic potenfiat1on'exper1ments(;1a1ms

o -

TIn 1947 Larabee and Brbnk of John Hopk&n{s showed that if a pre-
synaptic ne?ron leading to the stellate ganglion in sﬁé autonomic ‘
nervous éystem of the cat is stimulated at high frequency (tetanized),
Ihen'the postsynaptic neuron would ghqw an inciease in its p;stsynaptic
pdtént1a1 even if'it is normglly excited 90 seconds éftér éessatién of
?etanus. They ca11e& this phenomenon poétfetanié potentiation. !
Kandel mentions the work Wigdor, Beswick and Conroy who have even

found }hat posttetanic potentiat19n can last for as long as two hours

after a period of tetanization 1asf1ng from 15 to 30 minutes.

Of interest to subsequent discussion is Kandel's heterosynaptic
facilitation, i.e. the.EPSP's produced by stimulation of one pathway

‘would be greatly facilitated by activity in another pathway.

3

Eccles (1972), in the paper'mentioned‘earlier, commenting on

that although this ability of potentiation does noi d1réct1y prove
that memory has been stabilized it does suggest that some residual
potency would remain.~ This potency could then be ‘the basis for

memory acquisition of the given circuit.

A

Of special interest to Eccles (1972) however, .is the work of
Lomo with the entorhinal pathway into granﬁle cells in which potentia-

tion is also inhibited. They are in a part of the central nervous

~system that is be1ﬁeved to be importantly conqernéd with memory,

The synapses involved in these experiments of Lomo are the
spine synapses on the dendrites of.gracyle cg]]s.""lt is now
generally recognized that the spine synapses are almost uniformly

excitatory 1n»charac€er...and furthermore; there 1s now much %y1dence

.



stimulation (Eccles, 1972, p. 51).

[

to show that %hese s&napsés are plastic iI that they exhibit regre?sion

t

*.and deéelopment'to a quite remarkable degree under appropriate experi-

mental conditions.- A-ﬁyramida] cell is estimatad to have at least

N \ * P -
10,000 such spines and these provide powerful paths for synaptjc

e .

In Lomo's experiment disuse 1e& to a striking dep]etibn of

" " .dendritic spines. Ecéles (1972)0mqk1ng the converse argument then

- /
argues that use would indeed. lead to an increase in spine population.

¢

He then bripgs in the molecular ﬁheory of memory by assuming that
A : .

- this growth must come aboqtzas a result of the operation of the

appropriate/metabolic machinerys He cites evidence due to Morell

(1961) and Hyden (1964) whd showed that there is an'increase in the RNA

‘ content of neurons which are supjected to exgess stimulation. Presuma-

bly the synapticgrowth theory of learning is consistent with RNA
fncrease in the neuron since 4his would.be responsible for the manufac-

‘ture of the necessary protein that would make for an enlarged structure.

/

This writer agrees and would perhaps put the matter in a slightly

_ different fashion: . B

s

.- Growth occurs 1n-space-£1me. ﬁbnsequentTy, i1f more ACh is to be’

released from different sites as the Bourdois et al paper would imply,

. that is to say if more sites must be created one must occupy more

«

spacé for them, {.e. thé "bouton" must'"bdlge" more.';51m11ar1y,'1f
moré Macromolecules are to be found residin§ (or constituting) on

"learned" synapses the assumption must ¥ that the packaging process

would produce a bigger geometnjéa1 aggregatiqn with more rather than

- with less micromolécules. ¢ - _

- g
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To put the matter dn another fashion: with a given thickness of
wine a transa;1ant1c cable can carry so many messages. If you want fo
carry more messages you have 10 add more wires and thus make the cable
thicker. Just as you cannot 1denti}y a given wire with the message it

carried so you cannot identify memory with specific macromolecules.

2

It is, further, unlikely that permanent memory can be‘exp1ained
by potentiations. The time span of potentiation is very small (many

hours) compared with the permanence of some memories that go on for

years. . o ’ <\\2

A1l that thesg etudies show is thaf synapses'are modifiable.
Speculating, this wr1;er would say, that perhaps the précess of conso-
Tidatfon comes about because stimulation produces in the neighbourhood
of the synapse the appropriate electromagnetic environment in which
chemical reactions can occur 4f the kind that lead to the aggregation
of macromolecules and thus’ to more stable structures. The model I have
in mind is what happens as an elecFroma;netic wave passes through an
organic solution assuming that cryetlﬂlization centers can exist on
which aggregation can begin. In any case no change in the nervous

system is not compatible with permanent memory, in this writer's view.

-

That some such mechanism seems to be at work is suggested by two

‘recent pieces of research. Browning et al at the University of

California (1979) }epetitively timulated (100 pulses per second for .

. R &
1 second), the Schaffer collateral commisurel system of the rat :

hipbocampus.‘ This 1 uced 1ong term potentiation of synaptic strength |

and produced sig 1f1cant changes in the subsequent endogenous phos-
phory]atiOn/of 40, 000-dalton protein from synaptic plasma membranes
They suggest that these findingg provide evidence ‘that ‘repetitive

“r e,
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§ynép§1g activation c&n‘a1ter the #hosphdry]ation machinery of the

l . | L

., synaptic region reve£11ng thus the biochemical substrate of synaptic
plasticity with its putative relation to learning and memory.

Indirect supbort,thowéber, for the above is also implied by

" experiments due to Rodan et al (1978) who examined the effects of A

e;ternal oscillating fields (1166 volts per centimeter, 5 herz) on

“cartilage cells isolated from the proliferative zone of tigiid)

epiphyses from 16-day thick embryos. ‘It was found that such treatment

enhanced'the.1ncorporation of (3H) Thymidine into the DNA of chondro-

cytes. ~In other words these findings Yould support the hypothesis T

that Nd\\and ca2’ f1uxes generated by the electrica] perturbation

'trigger DNA synthesis in these cells

Although the second piece of research is not related to the CNS
it is quite suggestive. The last remarks end our brief review of the
vast”gubject of the neural basis of memory.% The baéis’purpose of this,
rather short set of remarks, is to prepare the grounz for ﬂebb'é idéasw

to which we now turn. : -

S '
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CHAPTER V \wfts

HEBB'S THEORY OF CELL ASSEMBLES

A, Introduction

" Hebb's work to which_we now turn in considerable détai],is.an
attempt ;o solve‘in nehrophysio]ogical'termé the problem of represen-
tatioﬁ of knowledge as posed in chapter 1I. The original work dates
at least as far back as 1949. Aspects of the Hebbian schema are
pted b}ithe majority of the workers in neural modeling. MaéGregor‘
and Lewis (1978) find Hebb's work quitelfruitfu1 and urge a methodology

of neural modeling suggested by Hebb's ideas.

& Accord1n§ to Hebb, (1959, p. 632) learning should be the crucial
question in psychology theory. Hence, the focus of his theories are
three basic psycho]ogicalfcategories: (1) perceptual learning and
genera]iz;tion, (11).memory and, (i1i) attention. His basic method of
attack was to search through the available physiological and neu;o-

logical data for possible substrates that could carry the psychdlogica]

rprocess The physiologica] possib1lit( of reverberatory ¢ircuits had

been established by Lorente de No (1938a 1938b). He then asked

himself how these nets might be set up. In other words, how and why

_would ‘two ce]ls‘in the cortex become effectively associated. .A paper

A

by Arvanitaki (1942) demonstrated that contiguity alone will permit

excitation aroused+in one cell to be transmitted to another. Now

-

~ since it usually takes at least two/inputs to fire a given cell, Hebb

makes the fb110ﬁ1ng statement (1949, p. 65) "In the intact nervoug
system, an' axon that passes ciose to the dendrites or body of a

B / !
second. cell would be capable of helping to fire it, when the second

\‘.
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cell is also exposed to other stimulation at the same point". In

»

his psychology textbook (1972,.p. 64) he repeats his basic idea in

s ek

the following abstract form. “When an axon of a neuron x. is near
enough to help fire a neuron y and does so, a change takes place
such that x becomes more effective at exciting y." Hebb called

, .
the reverberatory circuit that can be set through the operatioq of .

e

the above principle the cell assembly. " This according to Hebb : K
(1959, p. 628) is the brain process which correSponds to particular . /'

sensory events, or a common aspect of sensory events. Since the
assembly is a closed system, activity can reverberate in it even
after the event which started it has ceased. He thus produces a '

J
3

memory circuit.

Further; this assembly ccn not only be/triggered'by an external
sensory stimulus, but it can also be switched on via another assembly.
The cctivity of an assembly when active via the sccond mechanism is
(called) che Image or the idea of the original stimulus. The formation

of connections between assemblies is the mechanism of associétjcn.

A cell assembiy might consist of from 25 < 100 neurons and its
build up would require maﬁy repeticions of the original stimulus.

(Hebb 1959, p. 628).

B. Mechanisms of Léarning and'Deve]opment

/\

B1. The Growth of Cell Assembles and the Infant-'s First
Learning Introduction

e

o8 .

' .Hebb distinguished two basic stages in mental grohth. The fipst

{
R e i BORRTSE a o ie oo

stage involves the ontogenesis of assemblies.and it corresponds to the

_1infant's first Jearning. This he terms perceptual Tearning because it

-

bl
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common events in the 1ife of an infant

A o103
eﬁab]es the. baby to perceive better and to develop a capacity for
images and ideas. To this stage also belongs the period of creation

of many a?sociatjons which‘g} aﬂlatér stage become.ﬁfgfia1’for the
process of thinking. _The sec?nd stage correSpondg to the dynamics of
the stabilized Sysﬁeﬁ of cell asséﬁb]ies as they function in an adult
brain. ’%h1s section devotes itself to the first stage whereas thé next

seEtibns {1Tustrate aspect§/pf functjon of a developed cell assembly

systems. i

!

B2. Perceptual learning in infants: Gepera1 Considerations

. According to Hebb (1972, p. 29) perceptual learning can be

defined as a lasting change in the perception of an object or situation
resulting from repeated exposure to the same or similar events.
Primarily the change fis toward a ciearer-perception of some aspect of

the given event.

- -

HéBb, (1972, p. 66) to 1llustrate the above, considers some fairly

Events in other words that
occur, repeatedly such as sight of mothex's and father's face, m1fk-
bottle, tgsie of milk, etc. Each of these events according to.Hebb
gives rise to an excitation of sets of neurons in the CNS. But the
neurons‘that-get excited whenever ﬁother appears, for'exaﬁp1é, are -
not always the same. However, theré”is alwdys a common core of
neurons that does get excited when the, aforementioned event occurs.
In the language of set thedry, if A(t1) is the set of neurons
excited upon pres¢ntation of a givén stable stimdlus S 1in time tys

S

then B . . /

fud

: N
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The more S appedrs the more this core becomes intertwined owing to ‘.‘

Hebb's postulate. Further, since infants can p]so be trained vié

.,

g

association AI may also be triggered as a result of presentation of -

another stimulus 5'. This increase in organization and stab111ty'
of A making it capable of reverberating electrical activity (and
hence memory),even after stimulus offset, Hebb called gercegtual " i
1earning.’ Theoretically, it~leads to increased clarity and’'distinctive-

ness in perception. Anticipating further discussion we can in addition

claim that perceptual Iearning can also be classified as oncegtua

learning since a stable assembly when act1ve can become the source of

1

activation of another assembly to which.it is connected. While a cell

"-assembly. is excited by its own sensory stimulation the activity of the

cell éssemh]y is percept1on; if it 1s.act1ve after stimulus offset or

1f it. is excited by anothet cell assembly and not sensorily, the

activity is 1hagery or {deation or a mediating process.;(Hébb, 1972, —

p. 66). (]
\
B3. A Closer Look at the Semiprobabilistic M hanism of Single T
Assemblies . CL//E

The effects of repeated stimu1atiqn as.stated above ari_obyiously
derivable from his postulate that {if two neurons or groups of neurons
are near each other’and if they are simultaneously aciive they tend to
become connected. The setting up of cell assemblies is semi- probabi-
1istic and the cell assemb11es constructed have a high degrée of

redundancy, a fact which provides an answer to Lashley's objections

. concerning localiZation.’ The argument is essentially 1ike this:

The external world is given and stable to a high degree, hence

the stimulus delivered {s constant. (A moving person or object retains
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its identity during motion.) Secéﬁd]y, a part of the sensory,apparatu%
iip to (for example) the sensory cortex is completely deterministic. I{
“is only in the association cortex that divergent conduction occurs.

Here is_where the probabilistic considerations come into play. Let
us recall his 1ine of thought concerning the,fate of a visual signal
as it leaves the visual projection area 17. (Pertinent areas of the
‘\ “brain have been mapped and numbered by Broadman. Besides the visuai"
projection area we have: the parastriate ;rea. area‘18, whiéh surrounds
area 17 in a concentric band, and to which area diffuse connections are
. made from 17; area 19, the peristriate area, which is a second, more’

3 .
‘gnterior concentric zone, and to which connections run from 18, and

A)

area 20 in the lower paf} of the temporal lobe, which may also have
connections from area 18.) As Hebp remarks (1945, p. 65-70) "all
tpé%graphica] organization in the visual prbcess seems to have

. disabpeared.“ And yet a 3 year old can recognize a square! What
happens? His answer: The pattern of excitdtion of the square falls 4
repeatéQ]y on area 17. Repetition of this projection leads to |
repgated\use of/?ertain paths leading from 17 to 18, 19 and 20.
He does not say that this happens all the time. If we tﬁink probabi- ’

Tistically, we can see the argument:

Suppose% a, by, Covveiiinnnnn z are neurons that belong to 17, 18
19 and 20. Fd{ther, suppose that these happen to be excited upon

presentation of the stimulus. \Suppqse .a 1s the specific neuron in

i

_the visual projé?tien area from where the path begins. Upon presenta-
\ . -
tion for a second,time of the same §t1mu1us at a, the chances that it
. will connect with \b (let us say b ~1s in 18) are higher than

chances that it w11] connect with some other similar neuron, (1

\ B
we assume his postulate.) One can.therefore operate the induction

-

, \ . / \

» \ ‘
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machine and the law of‘probébilities apd_conétruet a closed path. (A ‘;y
closed path will be forﬁed 1f’the chain has N neurons that are simul- -

taneously active. They have by our postulate, a higher probability to

make connections among themselves than with other neurons.)
<

When certain determinate pathways in areas.18, 19 and 20 are
traversed, something parchu1i; 15 “seen". See1n§ had not occurreQ'
before becaqse either (f) thq,fifings associated with a particular path
were too we;k, or (2) the paths asséciated with a particular object
had not formed. With rega;d to (1) Hebb'é-not{on of recruitment is
significant. When a pathway is used repeatedly, its electrical
act{vity causes synaptic growth in the neighbouring pathways, .The

overall effect 1s to make "thicker" pathways.

In this context, the 1de;s of Kandel (1970) regarding hetero-
synabtic facilitators are of interest. Since a given neighbour of
the pathway could be "primed"‘by activity 1ﬁ the aésemb]y, additional
activity from some other source could fire this neuron and thus switch
on efither activity into the original assembly that origina]Iy primed

it, or switch activity into another assembly.

B4:_ Establishing the Network of Associations

-

Not only common excitation of neurons can lead to the format1on P
of a cell assembly but going one level of structure higher Hebb (1972
.p.66) says that cell assemblies that become active at the same time
tend to become interconnected. To continue with the examp]é we used
in the previous paraéraph: S . R
. “Hhen the baby hears footsteps, let us say,
an* assembly s excited; while this is still

active he sees a face and feels hand picking
him up, which excites other assemblies - so

a n
~

\ " - -
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the "footsteps assembly" becomes confiected
iy , ‘ ‘ . with the "face assembly" and the "being .
. o picked up assembly". After this has happened,
¢ " when-the baby hears footsteps only, all three
' . assemblies are excited; the baby has something
1ike a perception of the mother's face and the
contact of her hands before she has come in " '
sight - but since the sensory stimulations have
not yet taken place, this is {deatfon or imagery,
.« . not perception. According to the work of the .
©great Swiss psychologist Jean Piaget, ideation
can be detected about the age of four to five . ’
months. At this point, the baby is ready ‘for ‘
the development of a wide network of associa-
tions - he s no longer 1imited, in his brain '
. activities, to ones that are excited by here-and-' °
now sensory stimulations - which (again theoreti-
cally) must help i the formation of new associa- " o
tions". : ' : '

7

So, as far as Hebb 1is concernean adult is distinguished.from )
_infant thinking by the degree of ideation an adult does. This'
ideation is possible BéEaQSE'(a) the cell assemblies have become

stabilized and (b) one cell assembly can trigger ano;her‘and thus

a train of thought occurs. .

C. Structure and Ontogenesis of Perceptual Learning

C1. Introduction | . ' ¢
. According to Hebb our perceptﬁon of the external world is a
léarned process. Perception itself is a complex of un]tary processes
whose neural-substrates are cell assemblies that through the course of
« . time became fusgp owing to the mechanism of association. Although
gar1& stages of the ontogenesis of cell as;;ﬁb11es built-up consisted
in pra&ucing '{slands' of cell assemblies here and there, later stages

involved more intimate interconnections between different cell assemb~

; S _1ies. This process of perceptual learning does not only occur in

' young children but throughout one'sllife‘since according to Hebb
there 1s no limit as to the number of cell assemblies that.can be

Joined' together7 It is, in addition, obv1oqs that higher order‘celi e

’

pot . -
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Thus Hebb describes the process of perceptual learning of a square

as follows: Hebb (1949, p. 32) !

[

assemblies (in the sense that they operate on higher and higher

' intergrative levels) can be formed. This would correspond to the

_ability of the CNS to abstract from the specific to the general.

¥

) §

/ "The course of perceptual learning in man is
gradual, proceeding from a dominance of color,
through a period of separate attention to each
part of the figure, to a gradually arrived at
identifcation of the whole as a whole: an
apparently simultaneous 1nstead of a serial
apprehension.

...... the perception of square or circle is
‘slowly learned and depends originally on
multiple visual fixations."

Hebb was lead to the conclusion that perception of the external

world is a learned process by reading the observations of Von Senden

regarding visual perception in recently ope}ated blind people. These

observations were recorded in the late thirties. More recent results

_corroborating’ Von Senden's are reported by London- (1960). The basic

import of their observations is that whéﬁ conéenitq1]y'511nd people
who have regained §ight are confronted’ with a shape like a triangle
or a square they cannot distinguish between them. The only thing
;hey are capable of dofng is to distinguish between figure and ground.
Very laboriously, over a period of monfhs, they can finally tell the
difference among various geometrical-figures, as long as conditions

of {llumination are constant. To make Hebb's argument more palpable

" we now turn to a more detailed description of the process of percep-

tual learning. We must show how this struc;uré comes about and what

factors 1nf1ueqce its genesis. Before doing thisg however, it,1is

- important that we become clear as to Hebb's terminology.

J
;
1
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€2. Some Terminological Rreliminaries

One of the appealing-qualities 6% Hebb's ‘theory of learning is
. " the way time appears in his theory. Experience and hencé'1earning,
'unfolds fn time. It is sequéntial., Cell assemblies, 6ncg established,
get connected in sequences. Suc@/orgénjzations Hebb Eermed phase
sequences. They underlie his theory of perceptual learning, and give
the actual mechanism 6f our stfgam of thought. As Hebb writes (1959, ‘

/ p. 629):

"The phase.sequence is a temporarily integrated
series of assembly activities; it amounts to
one current in the stream of thought. Each
assembly activity in the series might be \
. aroused (1) sensorily; (2) by excitation from
. other assemblies; “or (3) -in both ways. It is )
- assumed that the last, (3), is what usually o
| g happens in an organized flow of behaviour. . ;
Each .assembly must establish connections with ‘ A
: a number of other assemblies, at different ’ ’
. o ' times; which of the others it will arouse on L
- , xR any specific occasion will depend on what
other activity, and especially what sensory
activity, is going on at that moment. At
' - each point in time, behaviour would be )
v . ‘steered both sensorily and centrally, jointly
t controlled by the present sensory input and
’ the immediately prior central activity". |

{

A centrally excited phase sequence was later called (Hebb,.1972)

a mediating process. From what we said above perception is a type ‘ . . o
-4 ' . } . . ‘
‘ . of phase sequence. - |
. : : , J
C3. Perception of a Complex and the -Phase Sequence’ o .

[ ?

. (i) Preliminaries: Lines and Angles in‘Perception
. . L

i ’ i

Before embarking on this discussion the reader should bear in
’ mind that as of 1968 (Hebb, 1968) angles are not considered perceptual <i
- elements. Points of fixation are considered‘perceptual elements., So - _ -

whenever the reader comes to the words "angle A" in Hebb's older



A ' .
- wrifings he should remember this caution.

According to Hebb more comp]ex,f1gurgs such as triangles .and

sqﬂéres are gradha[]y assembled from what he calls perceptual elements..
By this term he means procéssgs that are partly innate and partly
learned. Lines and ang{es,ape considered as the elements from which
more complex perceptions develop (Hebb, 1949, p. 48). Perceptual
complexes such as triang]és and squares are learned after the idea of

a Jine becomes c]é;r in perception. fhis means that an isolated cell

assembly for a straight 1ine is what is set up first when sohebody is
learning to perceive a rectangle.
(11) Movements during Perceptual Integration

) . -
Let .us now see how we can put the above to work in order that the

perception.of a triangle, say, can come about. (See figure 22).

f'Suppose I fixate at A (angle) with the purpoée of looking for
the first time at the triangle ABC and suppose I consider A, B, and,

C as being the perceptual elements.

If1 fiiate at A, then B, C become peripheral $timulus points

that have equal probability of being Fixated next. In'fact the eye

- 'moves efther to B or to C. According to Hebb, (1949, p. 82):

"When one point of a straight line if fixated,
every point to one side of the fixation tends

* to arouse exactly the same direction of eye
movement, and every point in the l1ine on the
side exactly the opposite direction. At
times the two vectors may balance, but often

. they'will not. It follows that there 1s a

. strong tendency for the eye to make a sweep
along the 1ine, in one-direction oy the
other". (Hebb 1949, 'p. 82)

——



‘ . , .
BC is seen with fixation ot the 661nt A.

Fig ure 22. The triangle A
sented by the hatched € 1rc1e, so tha
Arrows represent t the ‘ .,<:;

The macular field is repre

points B and ¢ fall in peripheral yision.
direction and strength ofseye movement. € endencies aroused by
stimulation from 8 and C. (From 1949)

- ' ) " ‘/" X * ‘ .
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fn other words, fixation on A would'hayé two effects. One would‘be

primarily motor with consequent motﬁon toward either, B or C. The

other would be central. In other wordsz a set of neurons would be

“excited in the occipital Tobe and beyond: (area 19 and beyond of the

visual corttcal area3.1%&f we call this set d#‘central1y excited cells
a then a-ﬁisproport?onate number of these would be triggeré&lfrom the
area arq;ﬁd A although the other parts of the triangle would also
contribute. Call b and c the areas of the visual cortical area
cofrgsponding to B, C as point of fixation. The aforemeptionéd motor
coﬁponents have the effect of joining,,seqLenﬁ1a11y. fixation poipts

A, B, C. Repeatea fixation on A, B, C would result in the creatiop

of three diffuse assemblies each of which would be capable reverbe-

ratory activity. While a partigular assembly rEverbgrates there

. . t — !
.would also be excitafTOn\gf a motortijj;mﬁT;’rené?ng to. move the eye
either toward one or the other—ixatton point. In ther words,

fixation A assembly would facilitate a meﬁor jj;éﬁbly which in turn

would facilitate a motor aséemb]y which in tqu.wou1d facilitate - B

: , ) 1 \
. assembly for example, and s:}ii;//Ln—aﬂresT/T}ké situation facing the
J o . . . '
stimulus triangle ABC occursrfn .variable conditions of illumination,

distance, orientation, et€. " Under these conditions:

© . "Whep the growth (of cell assemblies for
A, B, C) occurs in a variable background
of Ahisual stimulation, those cells that * a
affected by the varfability would . .
. be consistently active at each repeti-
tion of. the specific stimulus which excites
the .assembly and therefore would not be
part of-Tt. In other words, as growth
proceeds in a, b, and ¢, fractionation
. would eliminate elements that are active
o only when a certain fixation has preceeded,
* and those which are inactive following any
particular fixation. Activity in a can

qp—_
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‘therefore occur independently of b or
. C,, ance the integration of theSe assemblies.
is complete". (Hebb 1949, p. 89)

\(i11) The Development of Superordinate Perceptions

' -~ LY

Once assemblies a, b, c have stabilized one can turn to the
question of 1ntegrat1n§ the parts of a figure into a whole. Taking
our triangle again, and as Hebb continues (1949, p. 95) one can look

at fixation points A, B, C in any order. If the duration of this

_ process is small enough then reverberation in any two of the

assemblies” can be going on while assembly c say is sensorily excited.
In other words one would frequently have activity which {s simulta-
neous in a, b c. Since the tissue from which a, b, c are made up

o4
is organized'in such a fashion that tissue of the a assembly is

contiguous to tissue of the b assembly and so on one would have a

gradual integration of these three systems. What, in other words, we
end up-with {s a trio of asSembliés each one of which facilitates the
other two with the/consequent strengthening of synaptic connections

The resulting complex which Hebb calls a superord1nate system 1s

thé assembly t corresponding to the triangle. This is essentially

a.new system with a structure of its own.

(iv) The Phase sequence in Perception

We recall that during the develouuent of assemblies a, b, ¢

arousal of any of these was accompanied by motor activities only one

of which led to change in fixation to one of thé/othe} two fixation

points. Hebb (1949, p. 98) schematizes:this possible sequence by

a-b-c-b-a~c........

. o~ - o

- v
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To this 'ideational’ sequénce together with its motor components

Hebb gave the name phase sequence. However, and this is 1mportant,1

when t becomes organized, the psychéTogica1 evidence suggests

that its activity (t's activity) 1nter§enes between the activitigs

of the subordinate assemblies a, b, and a and does not ‘supersede

‘them. The sequence, in other words, be€omes somdthing 1ike this:
‘ , » a

. . - ‘ "

a-b-t-a~-c-t-c-t-b-

As evidence for the above, Hebb (1949, p. 99) suggests cases of

congenitally blind people who after an operation at first see

-

figure as an amorphous mass, but may be able with effort to count.,

its corners; their perception alternates, conscibusly, between

!

perception of a.whole and of {ts parts.

/ ~

Recall here the phase sequence of triang]é integration. Let -

‘us put it in a slightly different notation.

- Lt

a+my+> b+m o+ cot

where ﬁij 1s.ghe motor'asseﬁb1y droused in going from the ith

assemb1y to the jth. Symbolizing the phase séquence thusly s a

{

more accurate. description of what actually happens.

D. Divergent vs Parallel Conduction: Attention
_ * : ’

Very young children have notoriously short attention spans; One
may'ask why this 1s so and what the role of assemblies is in producing

ﬁonger‘attention spaﬁs. Hebb (1972, p. 69-70) reasons as follows:

J (1) In cases where the sensors (or their continuations) are
bunched fogether‘so_as to form parallel conduct3n bundles ending
at the narrow areas of the somesthetic cortex one has a high degree

of re11&b111ty."(5uch is the case with the skin sensors). ’

P

PR




115

(ji) The excitstien when carried from the sensory cortex to the
associetion cortex follows a divergent mode.’ .Neurons lead to different
directions and subsequently transmission must be 1ess reliable. Hebb
consiﬂers this arrangement a boon nather than a curse. To him what

happens is that a given excitation can "proceed" through the associa-

tion cortex provided that along the path of the excited axons assemnlies

are encountered which are excited due to the task at hand of the CNS.
As Hebb simply puts it (1972, p. 73): "The region of,-divergent
conduction will act 1ike a screen, allowing through only the "messages”

that can obtain support from activities that are already geing on".

The change frbm parallel to divergent mode of neural transmission

is shown 1n figure 23 due to Hebb (1972). Here S represents the

. external st1mulus as it impinges on the sensory transducers In

parallel conduction branching at each synaptic stage - as {s shown in
the insert - allows for both time and spatial summation from several
neurons. Where divergent conduction occurs this is not in general the

case. Thus S which fires gréup A will certainly fire group B “and

the single cells C, D, E. At the level, however, of F, G and H trans-

mission woulé become’unre11ab1e unless facilitation occurred due to ac-

tive assemblies there. Schematically the effects,of signals reaching

\

the association cortéx:are also shown in general in figure 24. Here \\ \

X, Y and.Z are three signals from the sensory cortex which could be
coming from three different modalities. When they arrive at the
asseciation cortex assembly A is nlreadx.act1Ve. Hence facilitation
from A and X can neke,B fire whereas an active B with the aid of Y
would trigger C. B and C now would fire D which by feeding back_

on B helps to feep it active. A temporal series of astivities
/ o '

St bt v omniS 2 T
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ASSOCIATION: CORTEX

 SENSORY

'CORTEX

;

0,’1 {

Figure 24. The structuro-dynamic aspect of the attention mechanism
i according to Hebb. . Here it is seen as- it filters information from
| the sensory.cortex. X, Y dnd Z are three different sensory messages.
. A, B, C and D are reverberating cell assemblies. A is active before
/ . whereas C, B and D become active after sensory stimulatfon. E and F
. are inactive assembiies-. First stimulus X and afterwards message Y
, would be attended. Z would have no effect. (From Hebb, 1972)
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A-E-C-D ensues-centra]iy. Sincel F 1s not active, input from Z -
is filtered out.' If we suppose that XYZ are the attributes of a
senﬁory event and if F were active whereas on the éfher hand A
were not, then X Y would have no effect and Z would trigger 'E.
This means that for a given senéory event different central processes
would ensue depending on the current status of activity in the central
areas. This is the theoretical basis'of the distinction that Hebb

draws between sensation and perception.

This selectivity in response according to Hebb is what constitutés
attention. Attention in other words, 1s both a structural and a
dynamfc quality of a duly constitu;ed systeﬁ.r-lt is ;tructura] because
‘pnless the assemblies exist no gonductioﬁ can happen and it is dynamic
. because it also depends on the current activity of the aggregate of

assemblies.

E. Achievements and Limitations of the Hebbian Schema

El. Recapitu]afion

Let us now see in retrospect what our schema can do. We saw that:

(1) z%grception depeﬁds on learning first to see the barts of an
object clearly, a process involving a series of visual fixations, and
presumably from s ing, at first, an amorphous mass containing several
foct (the corners), to seeing a distihétivg figﬁre at a glance. Even
at this final stage we know that percepfion of the whole is dependent
on eye movements for maximal clarity. According to the schem;,
perception is constituted by a temporal éequence of activity in supra;
sensory (or assoc1at10ﬁ::;ea) structures, which owe their organization

to changes at the synapse.
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- (2) Set-attention-expectancy are basicaily the central facilita-

tion of a perceptual activity e.g. activity in b may be arpused in

two wayé: sensor11y, by looking at B, or centrally, by the "associa-

_tion of ideas." When B {s 1ooked at just after A, activity in b

is aroused both ways, and the central facilitation from a, is an

" instance of attention; a central reinforcement of a particular sensory

event.

7

'(3) Generalization: Given perception of the various parts or

" properties of a pattern on the one hand sebaratel&: and the possibi-

" Tity of an association of these perceptions with a perception of the

whole: we have given at once the possibility of a single response
to two patterns in their total propertieé but which have a property

or'properties in common.

/

Specifica]ly, suppose t is the percept1on of a given triangle

<

which goes according to

arbrest; - arbat)

and wherg t, corresponds to an assemblynw1th coﬁplex cells. And
further suppose that we have any other triangle with fixation poiﬁts

35 The Hebbian schema now that ieads to

the conception of tr1angu1ar1ty in general is as follows:

.t - tj - tj - ...t

where t is a superordinate assembly composed of hypercomplex cells.

3

The reason, briefly, why hypercomplex: cells are required for

* the general notion of triangularity was: forced on Hebb by Hubel and

Wiesel's findings. It may be recalled that in Hubel and Wiesel's
7 . ' -

n
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schema simple cells are those in which a nunber of retinal §ells
N . ) '
converge,! complex those on which simple cells converge, and hyper-
e/<:Qe1s

!

complex those on which the comp1éx cells converge. Each of ths

. increases the process of abstraction by one degree.

¢

Here is a beautiful example due to hebb (1968) of how this
méch?nism might be used. "Let us say an infant has al}eady developed
asggnblies for lines of different slépe in his visual field. He‘1§
now exposed v1su§11y fo a triangular object f§stened to the side of
his crib, so he sees it over.and over again from a particu1g; angle.
Looking at it excites three primary assemblies, corresponding to the
three sfdes. As these are excited together,.a secondary assembly
gradually develops, whose activ;ty is perception of the object. as a
whole - but in that orientation oﬁTy. If now he has a triangular
block to play with, and sees it agajn and again from various angles
he will develop several secondary assemblies, for the perception of
the triangle ih its different orientations. Finally, taking this to’
its logical conciusion, when these var{ous secondary assemblies are
active together or in close sequence, a tertiary assembly is
developed, whose activ{ty is perception of the triangle as a triangle,

regardless of its orientation”.

. E2. Someikecent‘Ev1dence Corroborating Organization in Perceptiaon

We shalf here reyiew two pieces of research that strongly
indicate that as Hebb claims perception is a complex of processes
with an internal structure. Hebb (1972, p. 239) mentions others
including the work of D.E. Broadbent which demonstrated holding

in auditory penﬁeption.

- e
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“ (1) The’Work of Noton and Starig '

[

Let us first consider the work of Noton and Stark (1971): In

!&15 experiment subjects 1earned and recognized patterns which were
margina11y visible, requiring them to fixate directly each feature
to which they wished to attend. Fixed "Scanpaths", specific to

subject and pattern, appeared in their saccadic eye movements, both

“intermittently during learning and in initial eye movements during

recognition. The assumption was, that "if pattern; are presented to
a subject under conditions of poor v1s1b111ty, so that he is forced
to look directly (fovea]]y) at each feature to which he wishes to
attend, then the pos1t10n of his eyes w111 reveal the features
processed and his saccadic eye movements from feature to~feature will
revee] the order of’processing". The experiment had two phases, one
a "learning”" phase and the other a "recognition" phase. These,
however, were external labelings of the exper{mental process.

Subjects were not told in which phase they were participating.

"In the 1earn1ng phase the subject viewed
five patterns, which he had not previously
seen, for 20 seconds each. In the recog-
nition phase, which followed immediately,
these patterns were intermixed with five
other patterns, to make the recognition

. process less easy, and the set of ten
patterns were presented to the subject .
.three times, 1n random order which changes
in time, each view of each pattern lasting
5 seconds".

Under these combined conditions of boor visibility fhe subject, who
was fixating on one extremity of a pattern, could not see any
significant details of the opposite extremity. His eye movements

\ > -

during learning and.reco§n1tjon were measured.

e
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"Analysis of the records obfa%ned Qhowed, first, thatvwhen a '

subject was freely viewing a pattern during the learning phase, his

eye usually scanned over it following 1nterm1t£ent1y but repeated]&,/

a fixedﬂﬁhth characteristic of that subject viewing that pattern

(quite different f1§9d paths being followed b; the subject with

different patterns and by different patterhs and by different subject

with the same pat{ern), and second, that when ‘the same pattern was

presented to the subJect during the recogn1tion phase, his first few :

eye movements usua11y followed the same path he had estab]ished for that

— pattern during the learning phase. - For example, figure 25A shows a

typical pattern viewed by a subject in these experiments; figuré 258

19’35_Tﬂealized drawing of the fixed path observed repeatedly in his

eye mbvements.... Such a fixed path, characteristic of a given subject J‘

viewing a given pattern, we have termed his "scanpath" for that pattern..

During the learning phase, 25 percent of the total viewing time,
on the average, was occupied by occurrences of the scanpath, although
this figure was as high as 40 percent with one subject. During the
recognitionhphase, the appropriate scanpath appeared in the 1qit1a1
eye movement§ in 65 percent of the cases, on the average - that is, in
two of three recognition-phase viéwings of each battern, on the
average..... .VOn the average, scanpaths in the learning phase contained
10.1 fixations and 1asteﬁ 4.2 sécoqu, whereas in the recognition phase
fhe corresponding averages were 7.3 fixatfons and 2.5 secondﬁ.“w And

here are the implications of their work according to them:

"What implications do these results have - for

theories of pattern recognition and percep- 4
tion? Although the particular scanpaths

.used by a subject for different patterns

are potentially informative ‘concerning his

particular mental processes, we believe

that the mere existence of scanpathy is a
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‘more immediately significant fact, suggestive ..
as 1t {s of how, patterns are remembered and
“recognized by all subjects. That the subject
follows a fixed path from feature to feature
suggest that the eye movement motor components
involved in perception are not merely.involved
in moving the pattern over the retina, but are - ?
an integral part of the memories on which
recognition is based. It suggests that the
subject's internal representation or memory of
the pattern is an alternating sequence of
“q sensory and motor memory traces, recording ,
alternately a featupre of the pattern and the
eye movement required to reach the next feature.’
During occurrences of the scanpath in the
pattern-learning phase, these memory traces are
being laid down, and, when the scanpath appears
in the {nitial eye movements during recognition,
‘the subject is matching the internal represen-
tation with the pattern, by reproducing the -
successive feature memories, a. successful
completion of the scanpath 1nd1cat1ng recognition
of the pattern".

.

PR

Upon reading the above one is struck with the similarity between

the phase sequence of Hebb with its concatenations of fixatioqu

- motor movement - fixation - ..... abstraction and the serial visual
processing as reported by Noton and Stark. This writer would like,

however, to make the fol1ow1ng remarks: _— ’

S

:Fdrst it will be recalled that in our treatment of the 1earningxx
process of perceiving a given triangle if-one fixated on 'say, A
(see diagram) then one would have an equa1 chance of motor ‘excitatjon ,ﬁ
toward B as it would have toward C. According to Hebb," this would
be true only on the first occasion that one had seen a triang1e
8 o | After repeated practice,
' -t _? preferred strategy would
develop. * Each one of us. appa-

. yently responds to either -B

or C and keeps this choice of

T stimulus permanently when one
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is confronted with the same figure.

‘Sécond1y,:th§ recogniti&n process seems‘to be an abstraction - .
process becausé if a less number of fixations (i.e. 7 aé ag?inst 10)
is requ1réd to integrate the figure it means tha{ either the super-
ordinate assembly can be triggered with less first order assemblies™ %
or that the assemblies that gre triggered directly during the k
recognition phase trigggr (by a5§ociatioﬁ) the non-triggered ones

‘leading to the sgcond order assembly.
d

S1m}1ar results to those of Noton and Stark have been obtained

by. Yarbus (1967) and Jeanné}gd et al (1968).
& \ :

(i1) The Stabilized Image Experiments

In normal vision the image of an object on the retina is
constantly in motion. Three motions are superimposed. Tpese.three
" motions of the eyeball that keep the .image moving play an important.
role in the sensory function of the eye. It is possible, however, ‘
to keep the image of the object fixated on the retina. This has -

been achteved by suitable mounting on a contact Tens a éontraption

o

that moyes in phase with the eyeball thus keeping the image on the

. -same region of the fovea. It is found that after a short time these

images begin to- fade and subsequently disappear.

Work on stabilized images was, done, originally by D. W.-Ditchburn
in 1952, and independently, by L. A. Riggs. Here we shall comment
on° the work of Pritchard, Heron and Hebb as reported by Pritchard

(1971). The basic facts are as follows: o
(1) .A simple visual object such as a straight 1ine disappears in
| - ;o

gerhaps 10 to 20 seconds.

= o . - . -—f

er

*
a ' §
.
- * J
.
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) ’ (2) Secondl}, an object. such as a square or a triangle does not

act_as whole but breéks up or regenerates in parts in the

T
3

- 1 manner shown in the figure 26. : i . %

"(3), A single line may be visible for onfy'10 percent of the °
"aggregate viewihé time; a more complex figure may<§e visible

. in whole or in part for more than 80 percent of the time, as

Pritchard presents it (1971, p. 119):

' "The contrasting manner in which complex imagés
. ~ fade and regenerate lends support to the role
y . of learning .in perception. For .example, the.
figure of the human profile invariably fades
. and regenerates in meaningful units. The .
o front of the face; the top of the head, the
. eye and ear come and go as meaningful units.

In the cell assembly approach to a theory of
perception these observations are explained in
terms of "perceptual elements" as opposed to
purely sensory elements. The "organized",
meaningful" or recognizable parts of the image
/ correspond to perceptual elements previously
i i learned or established by experience. The
, parts of the human profile would thus function
> as perceptual elements at the outset of beha-.
: viour of the sta§}1ized image. \

. When entire words are presented, the partial .
S fragmentation of letters can cause different
" words to-be perceived e.g.
BEER - PEER - PEEP - BEE - BE e

In experiments with simple straight Tine
- figures the cell assembly approach is
supported by the observation that the 1ine
. A ' is the apparent unit of perception just as the
T B line is the unit of structure in: the -figure."

The cell assembly: explanation of the above results is easy:
N The assembly fuﬁction§ as a system. In fact, complex figures
r : correspondeto superdrdihate assemblies combosed of first order

assemblies and sub-assemblies. Each first order assembly owing to:

t
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: ashects of our model will Ehus be revealed.

5.
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the motion of the eye gets input from a strip of retinal cones. If

the 1mag’/ﬁs frozen on the cones a time will arrive that fatigue

will set in as a result of which the particular groups ‘6f neurons

making up the cell assembly will cease to function. So "chunks"

of the iarget object disappear as far as the viewer is concerned.

In regular vision because of tremor, for example, a given 1ine gets
shifted to another(set of cones and hence no apparent disintegration

. .
occurs.” (Hebb, 1963,

. F. Conclusion - -

Hebb's theory seems to be a very powerful consiru;t. Hebb
himself with others (1971) has éiven some indication as to how his _
general ideas could be applied {n 1ingu1§t1cs. A much more 1ntrigu1ng°
problem is the application of Hebb's ideas to the prob1em of self

which according to Hebb (1960) is somewng arising partly out of a

set o? mediating-processes that come aboiit by experience.

Hebb's basic éppea] to this writer is the historicity propertyq

,of cell assemblies. This I believe is its strongest point and link

’ with real physical dynamics. Our next chapters follow another

dimension of analysis. We shall attempt to construct an abstract
‘mathematical structure (complemented by its computer analogue) which

shall use facilitation as the mechanism of adhesion of formal elements

known as neurons. We shall show cell assemblies can indeed be fonméd )

via this mechanism! Subsequently, an attempt will be made to show
that this abstract mathematical model Eﬁn be correlated to the theore-

tical conclusions reached in our chapter on memory. The cognitive

T

e I

by

T 0 S e o raat 4\ o



\ v\

A, Nualitative Aspects

. neural net. The neuron, has the characteristics f a relay. The

', potential exceeds some critical value known as the threshold the

129

& CHAPTER VI

.

‘ ’ : ' ; T ey
THE PROBABILISTIC NEURAL NET: THE ANALYTICAL APPROACH

> |
The system to be described below, being a model, is an
§ s
abstraction. Some of its component parts have names recalling

PR 3 .

- A o e

biological entities which they are supposed to resemble in certain

]

aspects. Y

Al. The Neuron

3
k]

The brain is viewed as a set of tdentical interconnected elements

known as neurons. Neurons can either be on or off, i.e. they can be

active or inactive. The brain, in other words{Ns viewed as a vast

afferent area of the neuron consists of the soma Ynd the dendrites.
Information is supposed to enter the neuron via ;he afferent area.
The efferent area, consisting of the axon and fts collaterals, is the
channel the neuron uses to send its information to other neurons.

The neuron codes information in the form of electrical pulses. If

the incoming exﬁitation which is of the form of an electrical graded -

neuron 'fires' and sends out an electrical signal of s¥andard height

known as the action potential. This action potent{al propagates along- -

the axon and fts collaterals unattenuated until the axon makes contact

e

with the afferent area of the next neuron. When the neuron fires it

becomes insensitive to any further excitation for a period of time
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known as the absolute réfractory period (ARP). Further, tﬂe ?iring
process unfolds in time t known as the synaptic delay which is the
time between the arrival of a signal at neuron j and the firing of
neuf&n ie The contact area is known as the synapse. At the synapse
the standard size action potential (AP) will be modified in some
manner and emerge in the afferent area of the postsynaptic neuron.

This potential is known as the (postsynaptic potential), (PSP). All

PSP‘s‘arriving at a neurﬁn are summed instantly and, if they exceed
the specified threshold, will cause the neuron to fire without delay.
In this paper the ARP is to be taken as havipg a vdalue greater than T
but smaller than 2t. Temporal summation occurs, without decrement,

for a period less than the synaptic delay. These” assumptions have 8

s the effect‘that, if activity is initT#ed by a set of neurons at

time t, then all subsequent activity will occur.at t + 1, t+27, etc.

In this model the action of the synapse is parameterized by a

‘coupling coefficient kij which relates the AP originating on the jth

neuron -to the PSP generated on the ith neuron. Assuming that we can
write the AP and the PSP as,products of amplitudes and time functions

we have (Csermely, 1968). ‘ .

us(ap) = TJ,tap) oo o

up (rse) [ Jtesp) £, (6

by definition kij = U (sp)

Us; )

e, » L — . — et e e

o e
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» Taking UJ(AP)as unity (since it is of standard size) we can formally

CTT (PSP
kg = T:ri

Synapses are of two types. They efther are excitatory in which case

write:

B k1j is positivg, or they are inhibitory, and in this case k. . 1s

13 -
_negative. The threshold & of all neurons will be assumed to be
' . A
identical. If the combined input % kﬁa‘j for the ith neuron exceeds
6 1t will go into the firing state: a, = 1.

A2, - The Net

The topology of synaptic connections 1n the brain is not yet
completely known. In/some parts of the br$1n, as Sholl (1956),
Colon (0968) and Smit (1968) have shown, synaptic connections ﬁ1§h
near ne%ghbours seem to be preferred. However, following a suggestion
by Szentagothai (1971), we shall assume in this work, that every
neuron can be cgnnected with any other neuron in the brain.. This
seems to require between five and ten synaptic stations between any

two neurons in the brain. , Ty

A neural network in which the neurons have been numbered in an
arbitrary fgshion from 1 to A and for which all the coupling coeffi- '
Eients %jj have been specified, can be pictured fn various yays.

For example, Harth and Edgar (1967) use what they term as the connec-

tivity matrix. This matrix contains all the kij's' [f no connection

exists between the jth and the ith. neuron, then kij = 0. Since the

net we)have is random we assume that the seeding of %he coefficients of /

k1j in the connectivity matrix is random. _ ) - -
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/ L [
If our neural net is considered to be made up of sensory,
association and motor neurons, our matrix would look 1ike that

1n—figure 27. A cortical state means a complete specification of ' _

the firing state of A neurons. This may be represented by a column

\ :
vector a(n) . ] ‘__///

v
aﬂ
n
2
a o .
- f
an -
Al
. L2n)

L d

where a; = 0 if the 1th neuron is in a resting state and a; 1if it

i{s active.

We can similarly define ‘sensory vectors $(n) (also known as - |

sensory states) which give us the firing pattern of the sensory cortex

in a similar fashion.

0

B. Quantitative Aspects : »

Harth and Edgar (1967), Anninos et al (1970) have constructed

<
a "statistical mechanics" of these nets as follows:

B1. Parameters of Neural Net Model

B

/o

t Synaptic delay.
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H

Total ndmber of neurons in the netlet.

Fraction of inhibitory neurons in the netlet.

+ The average number of axon branches emanating from an’
excitatory neuron.

The average EPSP produced by an, excitatory neuron in
arbitrary units. . i

The average’ IPSP produced by an inhibitory neuron in ’ 3
arbitrary units. . ' :

Firing thresho1d of the neurons 1n the netlet.

The minimum number of EPSP's necessary to trigger a neuron - ,
in the absence of inhibitory inputs.

n* The minimum number of EPSP's necessary to trigger a neuron
in the presence of inhibitory inputs.

a_ The activity; i.e., the fraction of active neurons in the
netlet at t = nt.

»

B2. Expectation Value of the Activity ' ' |

The expectation value <a .> of the activity at t= (n+1) =,
generated at the above time is given by:

1.e1’ the average value of I

<@’ = (]—an) P (an) (1)

where P (un) is the probability that a neuron receives PSP's exceeding

- {ts threshold at te= (n+1) t (Anninos et al, 1970). This quantity is a

- function of the activity at t= nt and is given by : -

] u e
| ¢ s i )
i g ' () Mmax  Mmax :
¢ Pla )= L z P Q .
§ _ " meo  Ln” L _ (2) |
? v “l'w,‘ ' ,
’ ; _where P1 and q“ are t%e a priori probabilities that a neuron receives . i
; . 1 and m excitatory and inhibitory inputs, respectively 1i.e.
b' 1 , ~ Pf e-an(T-h) ut+ {Gn(]"h) u+} Uu (3)
] m ) '
2 . Q= exP (=ah u=) (abu=) "/ o -

~ and \ ‘ —
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Lmax = Aan(l-h)u+
Mmax = Aun hu- 7~ ! « (4)
Further, n- = u{{s -mk ~)/K}. It is defined on the basis of the

function u{x} which is defined as the smallest integer which is

equal or greéier‘than X.

-

£,

From equation (4) we see that 1max will always be very much

" larger than the exponent in equation (3), hence, we can write:

Unax.

L
1L =n"

"L i Ptep € (00T T e G
l=0
e . X (5)

Substitution of (2) and (5) into (1) yields

M .
- a9 * (1-un) exp (-anhp-) ;ﬁo (unhu-)m/m!
+yn° -1, . +y L,q,y . ‘
X {1-exp (-an(1-h) u) . (an(1-h)u R ARS (6)

=0

In equation (6) we have replaced the upper limit Mnax by'M,ran integer
sufficiently large so that the addition of higher terms may be neg]ecteg}

Curves of <a_ ,> vS. a, are shown in figures 28 t6 31 (Anninos N

n+l
et al, 1970) for different combinations of netlet parameters, A_
convenient parameter is the minimum number of EPSP's necessary to
trigger a neuron in the absence of inhibitory inputs. This quantity
n is defined by - o

n=ul 8/k7) =,

”C.  Classification of Netlets with regard to the presence of
sustained activity

(1) A convenient way of looking at the question of’sustaineq

«
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o) =
I Mean of several computer simulations

0-9 and the statistical spread| .
“— Theoreticol prediction. S, -
0'8 L F+ = 5 ) . _ . . ) 13
p =0

O+7 (- h=0%

| L

— B - 7 '
: / (S . ]
{
) o

( ¢

Ffbure 283 Expectation value of neural activity <en.1’ vé,preceding
q;tivity o The netlet is characterized by the parameters h=(, u+-5“

Curves are theoretical values from equation (6). Points are obtained
' by computer simulation of 1000 neurons.
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" activity is through the plot of the Jactivity ay {at t= (n+1) r}

versus the activity an of the preceding instant te=nt. It is evident

that if a > o the number of active cells increases; when these

. two values are equal, the activNty is stable: there is neither
"increase nor deérease of,the number of active elements. On the

'other hand, if « is aswazs lower than a (i.e. the curve always

+

remains be]ow the 45° diagonal) thep for any 1n1t1a1 value of activity

whatsoever. there are no prospects for sustained activity, since the
number of cells active in successive iterations will decrease 1n

monotonous fashion Thus, study of the curve of a versus an+1 may

provide 1mportant information about the possﬁbi]ity of sustained
= ‘ : {

activity in a given net and, in turn, also allow us to analyse the

role of various paramefers affecting sustained activity.

’ These curves have been classified into three groops. These’
three classes of nets q1ffer fn their reacfion to an initial input
given ot,time t=0. Considéring that the nets explored here are
noiseless, 1t is of course necessary to provide seme pattern of
1n1t1a1 activity at- time t=0 in order to allow ‘the net to continue
its act1v1ty However,~the three types of nfts difﬁﬁgggn ;he1c‘~
capacity to maintain this initial activity. Because this oistinction

‘ provides an important measure of the'effecf of structure on function,

Ly

these nets are descrgbedohere in some detail: (Anninos et al, 1970).

Class A nets are those nets for which un-O 15 not a stable point.

Consequently.'these nets produce sustained activity for all values
of initial input to the net (the only exception is when o =1, {.e.
all neyrons in the net are act1vated simultaneously, for in th1s case

al7? cells will be\simu1taneou51y refractory in the next cycle °n+l”‘

3

1
N
:
i
!
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“‘x\dqn\experimenta1 péint of view as well.

example of this mode are the curves for n=1 in figures 28 to 31.

- o - 141
. g of .

? so that no spontaneous activity will follow in subsequent cycles. An

-

. Class B netlets lie partly under the 45° diagonal. and partly above

it; for low values of an the ensuing o <a. However, if a

n+l

exceeds a certain level, as seen for example in the curve n=2

figure 28,"'then‘,an+1 >a,. In other words, these nets show a threshold .

{
, for sustained activity. If the initial activity is below this thres-

hold, subsequent activity will decay. Unlike Class A netlets which '
"are characterized by having o =0 as an unstable point and e 0.5

as stab1e one, in Class B netlets both these points are stable// Thus,

Class B netlets have the property of high]y non-linear decision - -

elements having two 'stable states and a threshold for excitation from

L

inactive to active state.

Class C netlets 1ie wholly below the 45°‘d1agona1, Hence,

activity Qj11 decrease for any initial value of activity. These nets

are thus incapable of maintaining any form of sustained activity.

/ It is clear from the above discussion that the classification

of neuronal netlets into three classes allows evaluation of these

nets in fairly precise manner with regard to the presence or absence

of sustained activity following an initial stimulus: This criterion

is of interest not only from a theoretical viewpoint, but alsoffrom

¢

Thus, if one finds empi;?£a11y that a net is oscillating one

kS

can go backwards and determ1ne whether this net belongs to any of
/ ,

the aforementioned types.

v
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(i1) The UAiversal Curveswith Inhibition ‘
The last observation brings us to another way of looking |

)

" at the activity curves. If in equation (6) one p]oté not <a ;>

¥

versus a but one plots y versus « p*, one obtains what are known

as the upiversal curves. (See figures 32 to 34). Here y-<°n+1>!§f
. ) 1-a
n

Observe that each of these curves can handle a1l multiplicites u+. 4

One must, however, constructxa different family of universal curves

‘for different levels of inhibition. The importance of these curves

will become apparent when we come -to consider overlap behaviour and

{

learning. These curves have been’:::fiijed by this writer. .
(1911) Netlets with Afferent Thput

'

o fhe detailed studies of isolated neural nets‘are useful as a
itarting point for study of more complex systems. The simplest case

s that of neural nets with steady 1input. Cons}der 2a probab{listic
neural netiet of the_}&pe discuss;& previously, except that a 6ab1e_ "
of afferent f1ber§/1§ attacﬁed to it. Upon entering the netlet, each

of thikfibers splits and makes }ynhptic connection with uoT or ﬁo'
different neurons (depending on whether it originates in an excitatory

[}

or inhibitory fiber). The specific neurons are selected gandomly in

accordance with the assumption of local randomness. Let the total

numbér of afferent fibers be A. "They may be considered to be axons
of A deuroqs in another part of tne'network. Let‘a fraction h of the
f1bers’ée inhibitory and let k* and k™ be the average coupling coe-
fficients of the synapses made by the afferent excitatory and inhibi-
tory fibers respectively. Further, let ¢ be the fraction of active

fibers, {.e. those Earrying action potbnt1als at a particular instant. '

B

- o
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Figure 32. Universal eurve with no inhibition from equation (6).
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Figure 33. Universal curve with 303 inhibition from eduatjon (6).
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Figure 34. Universal curve with 20% inhibition.
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We assumed that o is constant for each experiment, but the number oA

of active fibers is chosen randomly at each time interval. The expec-

'tétion value of the Ettivity <&n+]> for such steady 1ngﬁf was calculated
/ 3

in a way similar to the cases of isolated netlet. Thé/expectation is
given by an equation similar to (6); the explicit fofm of which has
been given in (Anninos et al, 1970). Thus:

<y (1) P {a,0) r (7)
Equation (7) has been used extensively to compute the dynaﬁic properties
of netlets with steady inputs for a variety of parameters. A schematic
of the general behaviour wﬁggﬂa purely excitatory input (h=0) arrives
into a Class B netlet is shown in figure ;5. The form of the curve is
seen to be similar to that of an isolated netlet whicﬁ is now the
special casebm-o. Upon increase of g, the “ignition" point A is shifted
dpwnward‘wh11e the point of steady activity, B, is raised. At the same
time it can be seen from figure 35 that a second state of steady acfixir
ty exists at 0-. This point will move toward zero for 1oy g. Nhen
these equilibrium poin:% are plotted versus o, we obtain a diagram i
which we call "phase dfagram" (Anninos, 1969; Anninos et al, 1970).
Each curve in these diagrams may be thought of as dividing ;he plane
into two ;reas on the right and on the left of the curve. The right-
h;ﬁd region is one of rising activity, the 1eft7hand of decreasing

activity. As may be seen from these curves, we have single-valued

" curves (solid 11nes’hand multi-valued curves. , The multi-valued

7"‘

‘curves have stable and unstable portions, whf/e the single-values

curves only have:stable points. Another characteristic of these

curves 1s that there exists a critical value °f‘°cr1t such that when

- e



<Qy4>

0

1 (N <. R
‘ Figpre ,35&) <a 1> Vs. a for a class B netlet receiving sustained
excitatoryfinput (schematic). Noteothe shift of the three inter-
section pdfnts 0, A, B with the 45% 1ine as a function of o.
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the sysfem is at its low value of steady activity, a sharp transition
to a high steady state value occurs when o 1s’made to exceed Terit

Another such discontinuity occurs at a lower value of % (figure 36).

The striking aspect of this analysis is the appearance of hyste-

resis loops. A slow changé of the level of afféerent inputs leads to -
irreversible changes in the steady state activity of the netlet. This

<‘ is best illustrated in fighre 36. Here a Class C netlet is subjected
to sustained excitatory input o. The quantity LI 1s the steady state
value of the'negief obtained by requiring ALNRLE L Figure 36 shows
what happens if we change the level of . The resulting hysteresis
loop has a lower and upper reversible portion (solid lines) linked by
the irreversible upward transition at o =0 4t and the downward trans-
1?10n at ¢ =0 The steady input model described above thus furnishes
a possible mechanism for explaining the tonic effect of one portion of

\ the neural system upon another. The dotted lines in figure 36 repre-
sent the threshold for trigg;ring the netlet into a state of higher
sustained activity. As may be seen in the figure, this threshold /
depends very sensitively on the level of steady input. Figure 37a "
combines in one phase diagram the effects of purely exéitatory (=)
.and purely inhibftory (o-) steady inputs. It will be seen in this A ,‘
figure that certain Class C netlets 1abe11§d C2 have n6 unstable
po;t1ons and hence no hysteresis. Another interesting feature' is
that C1a§s A and B netlets requiré inhibitory inputs in order to
extinguish the high steady activity once it is established. The
effect of varying the o's are shown in figure 37b. Netlets A, B, )

and C, are seen to have hysteresis loops, while C2 behaves reversibly

1
over the ehtire range.




&

*S3uj{ pa3jop mn/:zo._m 8Je suojjjsueas
9LqLSISABIA]  "SUSQLS JUBUISSR BA}IOR 30 uojjoRJy ay3 ‘g uj sabueyd

Mols Aq pajeuauab dooy s}saualsAy (q) -A3}A}IOR JO SanjeAa ajels Apeals

* -uou Jo4 3abueyd A3pAL30P JO UOLIDBULP MOYS SMOJAY “3ul| PalIop Iyl
. 8Je (gg @4nbL) uj y) sajels a|gelselaw ayj “Ssujl] PL{OS ST UMOYS dJe
(g€ @anb}3 up g pue o sjujod 03 Buppuodsouuaod) sanieA ajeys- Apeays (e)

"*s3ndu4 pauiLeisns yjLm 3ajjau e Joj S313}A}30e 3je3s Apeals "ge aanbi4

s

53

1



, -
. o .
_w o, . \
j ) : . ' N *(®) u}
H " uaAlb saAuand ay3 o3 bujpuodsaddod saAunI S}sadalsAy (q) "A3pAp3IOR JuUBLI4R 4O °
o ) , uojjouny se (pajjop) san|eA 3Ie}S Siqeisejzaw pue 93w3s Apea3s (e) ., M.msm;mu—v
_ . 40 3p}s 1331) A403}qiyu} aayila ade sJaq}y jusdagse ayj : "s3indu} pauje;
. ~=SNS 03 303(qNS " SISSe{D 330U JUBJIISLP 404 SBLI}ALIOR 3303S ‘Apeays °/c aanb4
) ) »
J o ’ : ] .
+b O D ]
1Ay A
A ? t . .
W | | - oo\
: " .y . \\l\\W\k . .8 Sspp) o
. ) T . L. . V SSD|) ——"
s : (q) v (o)
H , | S .
. - , . 1Y
- B - * L e R S LA SPCT RN & koA



cely et e e

o e

st e nn

]

! " 151

5
2
'
H
!
i
'
1
5

'
The results mentioned above are of considerable 1nter§§f_§TﬁEE”“T*“‘”

systems which utilize hysteresis cycles and are characterized by vf

their ability to retain an irreversible imprint of previous experience

are known to exist in both physical and biological systems. The

behaviour of Class A, B, and C1 netlets bg]ongs to the category of

timé-independent irreversible systems which are often invoked as the . i ‘

physical basis for the long term memory . According to this view, the. |

short term memgr& is represented by suslained activity within a net.

Sich sustained activjty may cause a nﬁmber of connections to become

reinforced (Hebb, 1949; Eccles, 1966). In an analogous. manner in -

artificial nets, if the %;tivity shifts ergodiga]ly in time, an

increase in synaptic coupling coefficients k1j may be expected. If

we accept this mechanism of synaptic facilitation, we may expect that

——

sensory nets stimulated most frequently, becom;.excitable as a result

of their increased coupiing coefficient;‘and the consequent decrease -
in the pafameter n. Thus, given adaptable nets, the short term memory

of an'eveﬁt represented Ey the sustained.acfxvity in nets, as described’

above, may also generate long term memory consisting of heighteﬁed ) .

LY
excitability of the same nets, (Anninos, 1972a).

~
(1
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e CHAPTER VII

THE PROBABILISTIC NEURAL NET: A SET-THEORETICAL
APPROACH TO THE REPRESENTATION OF NEURAL BEHAVIOUR

A. Introduction ’

Harth (1966) has devised a‘recursive algorithm for the behaviour
of such nets. We shal] use it here to discuss the operation of the
net. Harth assumes that between the sensory cortex and the association

- cortex one has one—way and invariant connections One assumes that
sensory transducers trigger a sensory state So’ which in turn, because
of the connections between the sensory cortex and the association
cértex, triggers an association set 36‘one synaptic delay later. The
mapping §°+36 is {nvariant and genetically determined. 35 in its
turn (the initial cortical state), by virtue of its interconnections

with other cortical neurons, will produce 31 and so on. So one has

: - r- S - SR - Q-
o o 1 °°*n 7o T} "

*

wnere m% are motor states. , ' . . R
Since the cortical states from 30 on depend on the value of the

coupling coefficients k1j which belongs to association area synapses

and are supposed to exhibit plasticity, one can no 1onger assume

©

invariance in the mappings of the chain.

B. Learning

We assume following-Hebb (1949) that synaptic’ facilitation is
the mechanism by which memory is acquired. In the words of Hebb (1949)
“repeated st1mu1atjon of specific receptors will lead slowly to the

formation of an'assembly of association-area cells which can act briefly

»

[V
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coupling coefficients k1j are 1nqreased by an amount & as a result
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as a closed system after stimulation has ceased, this prolongs the
time during which the structural changes of 1earn1ng‘tan occur and
constitutes the simplest instance of a representative procéss (image - .

or ideal)”. 1In our model we used two modes to accomplish this. -The

of learning in the following fashion: -
1 1ffa l=ad=1andk >0 o
{J n | 1j
61}- o otherwise
i i ! -
n . Gij’ {6 iff a ) =ag =l and k1j> Q ) :
’ . ) )
0 otherwise ' : ' / L

Rile 1, Harth and Edgar (1967) and Csermely (1968), ﬁiéht be
co;sidered as examp11fy%ng tﬁe'syhergetic effectrof neurons in a
collectivé mode'of’excitation; it simply says that if state E_is
repeatedly triggered,uintrastate connections kij will be strengthened.
Rule II, states that in a seqpencé of cort%cal states only those
coupling éqefficiepts will be increased which have contributed to the
firing of neurons./ Rule II is the one that more a;curgte]y reflects
Hebb's (1949) ideas of synaptic facilitition. Both of these rules °
were used in our computer.simulation of learning behaviour in groba- )

bilistic neural nets: . ! |

c. InfbrmatTGﬁ Procegéing in the Association Net

——

'Infbrmation in our view is assumed to be carried by‘the binary

code -form-of the cortical state vector 3. This would fit some ideas -
] \

expressed by Eccles (1973), Verzeano (1970) aﬁd others. ' ¢

H
-
%
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- The effect of the reinforcement on the connectivity matrix cnn be

JIn this way one’ creates 'in the connectivity matrix square b1oéks of

"coupHng coefﬂdents belonging to the different learned states a,

“hatched then the pattern we get looks er f1gure 38. Areas that

’ -
This tortical state can arise as a result of efther (i) direct

triggerfng from nsory state S or (11) from some other cortical

state Mﬁo 3. We now examine the effect b:f applying the

lgarning rules. This has been 1nvest1gaten in the work- of Harth

(1966). Harth and Edgar (1967) and Csermely (1968). However, we N

will here consider the problem from a slightly different ang]e

For the sake of concreteness let us use rule I: Learning c[f

state 3 from the point of view of rule I means that all intracortical :
(1) (3

=] must be increased.

(1)

coup'Hng coef~f1c1ents for which ay =1 and a,

(1) 5 (3}

In other words, if a and a are connected and 1f a ¢a and

o)

-+ ' Z
_ea then ‘ .

K”-fé,'j 1-k1:J .

p1ctured eccording to Harth and Edgpr (1967) as follows:
s ]
We can ‘first of all, relabel all neurons in the net in such a

fashion that neurons be10ng1‘ng-<to a ‘given state that_has been rein-
forced have consecutive labels. Thus net A can be decomposed as
follows:

A=l @0 a0 @ )

(2),...c(N)}

!

\ - o

coefﬂcientsvcorrespbnd'lng to the distinct states 5_, B, € which have

been reinforced. In these snumer blocks one finds the reinforced

3 . If the rest of the cortex is naive and if our blocks are cross- /
\

not cross-hatthez/éontain coefficient kg which have not changed their

«
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" It should also be apparent that although the mé%rix shows symmetry

o e Ty TR o e i

values. ' Further we assume that ’ >

Intnt =0 -

with respect to,its principal diagonal this does not extend to the
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microstructure of L, M, N since in general k, # k;; since connections

‘{n the cortex are supposed to be one way and asymmetrica1. Consider

now the following two theorems due to Harth (1967) and their implica- '

tjons.

Theorem 1. Reinforcements of a cortical state 2 will not change the

-+ 5 -+ +*
mapping S+ a.. (assuming S originally maps on to a).

-> .
Proof: Assume that we have the mapping S +a. Learning according to

(1)

rule I means that we search for all coefficients k1j for which a

(3)
and a belong to 2 and we adjust kij so that k13 kij +611.

- Consider now'a neuron a(k) fa' Since®it was not triggered while @

"was active all coefficients kk] for .which a(]) ea will retain their

sprevious value. Since these connectionsrdid not becoﬁe active to the

extent of triggering a(k) (k) w111 not be1ong to a, either before,
or after reinforcement of state a.

Theorem II. Consider two maps s+a and 5-55 so that 3nB=0. If 3

_and K are reinforced then the disjointness property of a and b is

invariant under reinforcement. Here sa, sﬁ stand for the sensory

N

states that trigger a and D respectively.

Proof: -Take an element b' &b but b’ ji before reinforcement.

'
Reinforce a. By Theorem I since b1 did not belong to 2 orig1na11y
it cannot belong to 2 afterwards. The same hold true for every

element of 2 with respect to B.

Ao e nr
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~ " that however, is the effect of the learning rule on two states
3, B which have the propérty that anb # 0. Case I: only 2 is rein-
forced. We have first, the topological schemat1; shown below.
- {Schematic I, figure 39).

We now reinforce a (Schematic II, figure H)).

After this we represent the system with 3 (Schematic III,

. b.
figure 41). '

The relationship between 2 and B now changes. Consider a point
i i

a' a in Schematic II, with the additional property that a' &b of

o
Schematic :I. - A11 connections ending on a1 and including those that

belong to anB will be reinforced. Consequéntl Yy, if now we present

Eb as per'.Schematic II1 the possibility arises that there will exist
points ng (393) for which kiJ exists (1.e. a connection exists)‘
and for which kﬁ-r kij *‘;1\1‘ In other words, a1 coh'ld,be triggered.
The effect in general would be a growth of B into the state a that
has been reinfogced. It will be seen later on, that this'\:roperty

of the boolean'overlap of two states, at least one of v;vhich has been

reinforced, to grow, will- have profound conseciuence for our hypotheses

concerning association and membry.

Case II: Both 2 and B are reinforced.
This corresponds to the 'cIassica] condftioning experiment.
Assume: 's'-ar 2 and ?3 p. Further, suppose we originally have anb =0.

(Schematic IV, figure 42).

o, . .
Suppose now we consider the map. (Sa u Sb)‘r(a U B) and further

suppose we reinforce (3 U B). (Consider Schematic v, figure 43).

.
PR RIS



T T PR e !

158

"q pue p mumm.mczuwm;mu,:.. oM} o3juo paddew bujaq n_m pue um
_ s3as /mm::.:um 40 bujpddew ay3 Bupmoys ueubeyp uwpﬂm:om .mm. mm:m—“_.




T non it aoganions

- 189

JURNESE S

sey-qeyy @

-

~ rjuswaddojujad Apduy seaue paudjueg °' S

19S padJojulad ayy bupmoys

weabe

“+
@;um ‘Op SdnBli -
. T~
h o TT——
v
o~
. T
e . TR

pauaTaL,




°
—— e — It o iy

160

.‘m uo am 30 dew ay3 Bupmoys
+ .

‘0fQue 330N
weabejp opjeusyds “Jp a4nbp4
Y




L s o —— st .

161

0= m Ug iajoN °g puv @ ojuo paddew 6ujag 9% pue %
- t + - .
$39s sninwj3s oMl jo bujddew ay3 Bupmoys weubejp sjjewsyss *zp s4nbj4
/, o
- . .
- . ? ’
e x , " .
-~ - e ! . K
- B ™~ < - H
’ h . . -

- o - . / ' .

s : : d
- B T, T e - al o g

o A L B iy 0 o B .

J
|
|




162

g pue g
40 JuUBWRII0JULDL 4330 2 94nbLy jJo dew 3y3 jo djpjewAYds ‘g aunbid

© e e e o e bt i mlin o B

T e -

T W N g o e e




S T T T s

As)

" D2 :ajoN

Juoprajdwod uaszzed jo ssadoud bupmoys ojjeuwsyss “pp aanb} 4

h
.

o . e e \ —

e L P TN . PR



T T

S ey — s ———

T WO A < e

164

4

RN

Because of tﬁe topological assumption we have made, concerning

the connectivity of the brain we can make the following twoistatemgnts.

“On the dne hand, there exist connections between 2 and B joining some

——

elements ai and bj belonging to 3 and b respectively. This implies
that in the connectivity inatrixk1j # 0 for these elements. On the

> 4 ’ . \
other hand, if the maps Sa+a, Sb+5 were such that a n® =0 this means
that inputs from E»to:E and vice-versa would be subthreshold. This,
however, need not be the case after reinforcement. In fact, we now
have the possibility, that presentation of §b alone would trigger

elements in a2 1.e. states that were originally completely disJoint

now develop-an overtap. s o

An Important Corollary:

‘ >
Consider again the map ga +3 and further take an S; such

that §;c:§a. Obviously the map §; +3 is such that a€ 3. If

' e » < ° :
however, the map §; +a is reinforced, the new a~“ w111 be larger

" than the old one. We call yhis pattern completion. See Schematic V. — .

!

Figure 44. The above considerations:can be correlated with various

cognitive functions.'

1. Binary Association and the Simple Conditioned Reflex

" «Harth and Edgar (1967); Csermely (1968).

Psychological theories seem to imply that cognition {s impossiblé
with&ut the ability of the brain to produce association either between -
various stimuli or between vérious 1ngs and concepts. Association is
a necessar& but not sufficient condition for the solution of the serial

order ﬂirblem of cortical function. See Lashley.(1951).

» s o ’

»
o o

T SEE
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~ We ‘have:

. Learning of ¢ #s known as binary association of aand B. If we

16 4

-

- ~ Let us consider just the simple problem of association of two: - |

stimuli §a and §b. How would this come about ;In our scheme? It is

1

obvious that the answer 1ies in Case IT of the prévious section.

> ' ',
3,

S % ;
Simultaneous presenfation of §a and §b means. that we have a new
.stimulus
§c ==-v(§a U §b) such‘that CL '
$8 -

]

now present stimulus §a by itself we will not produce a but 3~

where according to case If:

icd- adbni-f0 - ’

~ In the connectivity diagram we have a situation where instead

of the diagonal hatched blocks we have‘the set up of f'ighre 45 The
recti}mg'lés become hatched because- “they' represent the cross c)oeffi- i
cients between 2 and B whilch now become strengthened. The abﬁve kind
of logic ‘has &)e‘en used by Csermely (1968) to 1ntérpret the so-called.
switching reflex of Asratian (1968) and by. Edgar and‘ Harth (1967) to
produce various types of association phenomena su;:h as language

learning and other classes of conditioning..

2. Pattern Completion and Overlap Growth due to Learning " .

From the point of view of present work hodever, pattern coinpletio'n

o

1s more important as {t gives us a way of understanding some .aspects
of memory mechanism. As Norman (1968), Schneider and Shiffrin (1977)

angi.other's'have pointed out, one important aspect of membry is the

L

i
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ability of this system to store new information by implanting it or
. [ .
embedding it into the memory bank. This is done by cross-referencing..
the new in terms of the old and already acquired material. From the
point of viéw of set theory if X is some new input into the system

thénlcross-referencing is equivalent to producing the following:
u S
X= o (XpM,) :

where Mi‘gre permanent memory elements.

Once this embedd1ng has .occurred whicﬁ from fhe point of Viey
of Hebb (1949) means that an assembly has been created, one can
present even fragments of the new object and bring about recall of
the old. Ohe can refer in this regard t& Gestalt completion phenomena
as well. Milner (1970). Similarly one can obtain recognition of a
patterh if a cue is given. More importantly, from the point of view of
research under way, however, we should 1ike to discuss pattern comple-
tion. Reca11.th§t we have two s;tuation§ of overlap growth. In one

case we have two stimuli §1 and §2 such fhat §13§é. See Schematic V

(Figure 44). We found that if 3, 3, and $,+ 3, in such a wiy-that
31:9 32, then, following reinforcement, if §é is presented, one obtains
i

the hap. §é +3; with the property that 3;:: 32. In other words, the

sensory ffagment tends to trigger memory units that would correspond

" to the whole oédect. "The above find empirical verification in the

work of Noton and Stark (1971). The reader is referred td the on
Hebb for & full description of this experimént;
Of interest in our work is that 70% of the number bf original

Ay . I .
fixations were necessary for pattern compietion. This result

" closely agrees with our computer simylation results. .(See Calcula-

"tions and Results). ' . . .
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‘ 1} ‘ b ' We now consider overlap growth when the two st1mu11 § and § L
BN C give rise to two states 3 and B such tpat an'ﬁ\fﬂ Assume 3 is Tearned
r i wf%_“ ‘ ~and, 3 is again presented. We showed that in generahpne would get a k

\

"new state '5 such that (an'ﬁ ) :;(ani) . e

If 2 is the memory store. of stimulus '§j, then the last result ‘

would seem to 1mp1y that peaction t’o stimulus § would be a mixture
of “douts from Fe and 3 This kind of” result finds verification 1n
the experiments of Ruchkin and Jehn (1966). In these experiments, ]
'an animal was conditfoned to r/espond to some flicker frequency f]
The an1na1 was subsequently tested with another frequency (fz e
'_ evoked potentiaTs for both fi and f2 frequenc1es were regi sterqd
The in1t1a1 f, evoked potentia'l -was ‘found to be quite simﬂar to that -

of f.I John (1972) 1nterprets this as a readout from the memory store
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CHAPTER VIII

" CALCULATIONS OF NET BEHAVIOUR

£y

" A. . Introduction v

We found a combinat'lon of mathemat1cal analysis based upon
pj

equations (1) and (7) and computer simulat'lon to be the best methods i
- i LY
_ fon 1nvestigat1ng the behaviour of the nets we studied '

@

The present 1nvest1gation makes use of- the neurona1 simuTation .

approach developed in previous research (Csermely, 1968; Ann'lnos 1969;

' 5 ' , Anninos et al, 1970) A brief description of the approach is giVen 1n
27" the fo'llowing paragraph. . - :
o B ] Outline of the Sinulation Program -

. G'lven a net consisting *of A neurons, the first ste\ is to

o ‘Eachof the

‘ n-zero e]ements of the connectivity matriX 1s chara%rized
by three va1ue : the ser1a1 nunber of the neurons on which the connec-
tion term'lnateql i); the number of the neuron from which the connection
ordginates (j);"an‘ a(cou'pl 1ng coefficient (k), rhia‘ch may be either

zero or non-zerp, A

- ofa synaptic 11nk A coup11ng coefficient which is e1ther pos‘itive .
or negat1ve 1nd1catesj: at the neuron 1s emitatory or 1’nh1b1tory,

> respect‘lvel y. Therefore‘“, since the valuas of k are either zero or
’ &on-zel)o we have in general an _asymetric matrix {l(1 3t “In the

computer program utﬂ 1zed, the user specifies the Hm1ts within whi h 1

estabHsh a neuronal connectivﬂ:y matrix {Kij} Wiarth fnd Edg%r, 1967) e
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An additional significant feature is that.the hﬁmber of. outgoing
connections for each neuron need not be constant; it may be chosen
randomly between two limits, “tmip and “+max for excitatory neurons,
Hmin _
tory neurons in a pool pf neurons is specified by a parameter h. The

and M- max for inhibitory ones. Finally, the fraction of .inhibi-

specific neurons which wffl be inhibitory are determinee during the
initialization process, before 1ﬁterconneceions\are estab{jshed; by ,
rendomly'selecting the appropriate number of neurons consistent with h.
This information is stored and later, when the value of k is computed
for a given cennéct1on; 5 negative éign is assigned to k whenever the .
copnection originates on ‘an inhibitory neuron. lIn establishing the
pattern of connectfons, extens{re use is made of a random number

generator. This subroutine generates a uniform distribution of random

aumbers between 0 and 1. An integer number selected by the user serves

- as first entry; this number determines the specific sequence'of random

numbers obtained from the program. Thus, when used in setting up the

connections, this procedure )determine:s the spepi fic structure of the
net. It.is clear that by using different 1n1tia]”NUmbers for the .
subrout1ne, the detailed microscopical" struct%re of the net may be
modified “while the statistical parameters nou r u, h and k are
unaltered. Th1s feature of the present simulatiqn procedure 1s of
greet.importan;e in a11ow1ng cqmparison of the relative sign1f1cance; ev
of the specific "mfbroscpp1cal“ net structure ahd\of the s;atfétjce1

parameters of the net. - '10 ‘ o

/

0 Cotes . :
en all desired nterconnections have been, estab1ished and _
he net{s activated by Specifying the set of

neursns. which fjre a 0. One sy ptic delay Iater, all neuronﬁ\

-

>
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~ duration of the absolute refractory period, during which time -the
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which aré linked to those initially active are found through reference
¥

"tp the connectivity matrix. These neurons now receéive excitatory, or

inhibitory input, as the case may be. The ejgebraic sum of the coupling

, ) T -
coefficients characterizing the active incoming connections represents

the excﬁtat1on Jevel in any of these;neurons This information is

Q

stored by the program and whenever the sum exceeds the threskold (see
below) the neuron wou]d fire and, following one add1t1ona1 synaptic
delay, become a source of excitation - or 1nh1b1t1on - for a11 Neurons ‘

connected to 1t Otherwise, all the active jncom1ng connections

a

return to the initial value in one additional synaptic delay and

-

disappear immediately thereafter. When a neuron fires, its threshold

i3 raised to a maximum value and remains at this level for the specified

neuron reée1vesqexc1tat1on but cannot fire due to its high threshold.

Following‘the absolute refractory period the neuron returns to its

-

normal threshold and is capable of firing once more, provided that

the 1nph\\1s equal to, or greater than, the threshold (i.e. thene is '

'neither a relative refractory period nor post-spike facilitatio )

Learning in the net is accomp1ished by egther of thé two rules. | In

the simulation program, role_I,ﬂs accomplished, as fo11ows. The

proéram checks and findh if a particular neuron has fired in any of

‘ the firing cyc1es + The result is stored in an array ca11ed Join.

Learning 1s accomplished by 1ncrement1ng the cuup11ng coefficients

between thase neurons that have fired at 1east ‘once during the previous .

cycles. In the case q{ rule II one checks if a particular neuron has
fired in cycle n. If then notes all neurons that fired fn cyc1e n-1.

If these are connecfed to the neuron that fired“in.cyc1e n, the’
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appropriate coef'f1c1ents are 1ncresﬁen_ted. Our progrim cou'{d handle
up to 1000 peurons. Selected portions of the net weré chosen as
stimuli. These were tr.i‘ggered and those neurons that bgcome active
were‘ identified for each cycle and were subsequently listed in the
outiyt. (One 1ist for each firing cycle). Spme of these results are
tab ;ted in table 1. Nomenclature is chosen to conform to the

notation of section V. . s

C. Pattern Completion

As we mentioned before, pattern completion is the result of |

9

overlap g’rowth. This was ‘accomplished in our model a‘s follows:

Neurons 1-100 constituted stimulus §1 , whereas neurons 1-50 represented

- stimulus 52. We reasoned that a stimulus overlap of 50 neurons would

produce benough of-an‘overlap so as to make the statistical fiuctuation
phenomena of the model not significant. Trigger of 314 caused the a
neurons to become active. 'Simﬂar'ly, the B ;\eurons became active as
a resu]lt of firing of the 32 neurons. The overlap N(3) A N(B), .

representing the number of common neurons between 2 and B was noted.

 The net we used was highly damped. Activity died after one or two

firing cycles. (See Harth and Edgar (1967). A1 the coefficients of
neurons that became ‘active as a reﬁﬂt of firing of §1 s were now /
1ngremen‘ced by an amount § the reinforcement parameter. §1 and §2 were
now fwiredhaga‘ln and the f1r§tlcyc1e overtap was noted. The reinforcement
parameter was changed and the process was repeated.. For‘- net I‘wh‘ose
connectivity is produced by'tﬁe random number generator whose initial
;In;;yt 1s the number 141 9;5&23.00 we /mide 15 runs. (Runs I(1) to I(15). ‘

In runs I{6) to I(11) the results of a 20% inhibition on the net were

studied. Both 'learning rules were applied. We then utilized the

/




\
/ ’

\ 't
Universal curveiﬁ@o asgertain‘whether the theoret1ca1 prediction
,,/f ~ agreed with the.simu1atinn procedures. Good agreement was obtained as ¢
ghown in the following sample of calculation. Consider net II in runs
16 and 17. As we see, the overlap-increased from 15 to 37 nentons.
‘This corresponds to an increase of 22 neurons. We use the Universal
. graph for no inhibition correspondingwto equation (6). Here
-gggﬁ_)_- 15/52, A = o, i = 1.44. From the graph we can have y=.38
‘ cornésuona ng to an n=2 net after reinforcement or y= .7 corresponding
j to an n=l net. Uti11zing the latter we obtain %™ (52) (.7) (1-. 29)-25
Computer results as well as theoretical predictionﬁ'are shown in table 2.
From the parameters of the net we see that we started with an n=3 net.

. Upon 1earn1ng the net became either an n=2 or an n=l. Il.e., startjng

Ly with a C-type net one ends up with either an A or B type net. If we

call n the phase constant of the net we see that learning involves a

wr e

phase change. As we stated before the properties of A and B ‘types
include the property of psc11]ation. In oqr computer runs oscillation
was observed as-a résult of triggering the reinforced a net via its -
overlap in b, which itself was the fnevitable result of triggering 3.

( w . In runs I1(12) to I(15) as well as in runs I1(2Q) to II(21) ne tried

i . to simulate the experiments of Nqton and Stark mentioned earlier on.
- @ : '

' - 4
Neurons 1 to 100 ‘stood for the original stimulus in the learning

A
phase. These neurons were triggered and thezset of neurons that
' became active as a result had the appnopriate Kij's stpengtnened. The
object was now 'degraded" by the process of triggering only neurons
1 to 70. . He found that the "degraded“.ijectqgeneneted between 94 and
N '96.percent of-tne.image of tne original object. A special subroutine
‘wasldeveloped by thns writer to'jenefate'the unversal curves.
. : . : N,

N Ry - * t -
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, combination and the response sets they produced were duly noted. The

-~ the basis for
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.
. D. The Simple Conditioned Reflex:

ot

Our results closely match those obtained by Harth and Edgar
967) and by Csermely (1968). Neurons 1 to 100 stopd for the US
(Un onditional Stimulus), whereas 501 to 600 stood for the CS

(Cond1t1ona1 Stimulus) These two sets were fired singly and in

net was then "taught" the copbination 1 to 100 and 501 to 600. -
Following this we again triggered the 501 to 600 set. The response

) T ‘ .
set that was produced exhibited/cyclic behaviour. Of the 52 neurons

that constituted the UR (Unconditioned-Response) of the 1 to 100 net,
51 were found to belbng to fhé twor state osc1113}1ng cycle of CR
(Conditioneq Response), 18 wére in one of the states and 32 were in
the other. In other words, the CR activity oscillates within tBe

space of the neurons of the UR as well, b )

E. Some Topological Aspects of Memory Acquisition in the
Probabilistic Neural Net Modeling of the Association Cortex

ory acquisition by these nets. It will be recalled

‘that these nets|have thresholds for stable oscillation. When this

threshold is reached the net begins to reverberate in various modes .

i

of oscillation. Reverberation within a‘nef s the mechanism, postu-

Tated by Hebb (1949), Teading to synaptic facilitation and hence to 3

the formation of stable cell assembliesy . i

Csermely (1968) and Harth et a1’ (1970) havé proposed a netlet

- theory of brain dynamics capable of providing a mechanism for this

sustained 1nput. They postulate the existence of cunnections from
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- Table I1 Overlap Growth due to Learning
Net Computer Result ‘Unfversal Curve
I (3) 30 o 30
I(s) |, ] 0
I (1) - 2 25
I (18) .22 25
’ , ,
I(19) 15 14
I (13) . 18 - 19

-
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q I :
o neuron pools, known to exist in the sensory cortex to netlets in the

a;sociation'cortex. The association cortex‘outside'the netlets is

very dampgd §6 thﬁt no épi11over from the embedded netlets can occur.

In other words, no information is lost. Csermely's (1968) model
involves the'éreatioh of high excitability netlets in the assé;1at10n
cortex v%a oscillation of the sens&fy cortex netlets which are

already forﬁed. Anninos (1972b) has used a suggestion by John (1967) .
to interpret the pattern of reverbération of a payticuiar ne; as a ‘

- representation of a given stimulus. Anninos (1972a) has also elaborated

a possible mechanism of read-in of §t1mu11. - In other words, the

reactfon of the net to particular stimuli.

"Little and Shaw (1575) and more recently Shaw (1978) using what
- ‘ fhey call a modified Hébb hypothesis also 1den£1fy the reverberation

- R <

patterns of varidui assemblies as representations of external stimuli.
2

: More precisely, a specific, cyclic, firing pattern, suchas
o ’ a b
. . X"+ X

+ %€ + x? would represent a given stimulus S. This activated

pattern, incidentally, would also represent the short term memory of

" the evept. .’ . : ' v

. It is obvious howeiér. that if one considers our results in
‘l‘attern complééion and our modeling o% classical conditioning one has
L x - ‘ . another mechanism for triggering sustained oscillations in nets. ’
Basically, one fs cgnfronted with_two problems. If one already has
a high sensitivity net one merely has to’trigger once enouéh neurons
near threshold for the é§b11lat10n to occur. From that point oﬁ.

b . veverberations will go on“;o:tinuous]y unt{l the net becomes inhibited

by some sort of central mechanism. - ’ 0

N

s F . : . : '
. . : .
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Secoﬁﬁ]y,LOnehmust concern oneself with the mode of formation

‘of high sensitivity nets in the association cortex. One possible oo
C‘l}nechanism is that proposed by Csermely (1968). There must exist
other mechanisms: Reverberating netlets in the association cortek
itself must soméhéw be able via their connections with other sets of
neurons in the association cortex to form these’ neurons into cell of
assemblfes. Further e]aborat3on of the above ideas is warranted by
the following Fonsideratipns: Burns and Smith (1962) studying -
specificity of behaviour of $ingle neurons with microelectrodes found
that every cell which was monitored could be demonstrated to alter fits
firing pattern as a consequence of any arbitrary’stimulus which was
presented. ‘S}milar results were obtained by Gerstein (1969),who
concluded that the firing pattern of a single neuron could not carry
enough information to account for the discriminative and integrative
activity of a given animal; rather these functions must be mediated by
. simultaneous activity in ensembles of neurons, organized into functional

groups with boun&aries and relationships that shift from ta§k to task.

Cells responsive to inputs from multiple sensory modalities have been

reported to range from 18 to 92 percent;in various brain regions.
. (0’Brien and Fox, 1969, Morell, 1969). In the words of John (1972):

M. ...%hose polySensory cells which originaliy reSponde& to both the

CS and the US (are the ones) that seem most 1ikely to alter response

*

during conditioning".

More recently Bechtereva (1978) has cited evidencento the
effect that a given neuronal pool may partake in more than one cell
assembly.ﬁiihis con;ideration will obviously have the effect of -

increasing the memory capacity of givéﬁ’aggregate of -neurons. o

¥ .
(Shaw, 1978). | . e
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At the Jevel of psycholodica1 theories of memory, as we saw

earlier on, one comes across theories that postulate an organization

N

"of memory whose neurological implications are in agreement with the:

"above findings. Norman (196%& Meyer (1970), Schneider and Shiffrin
(1977), in considering the problem of referencing incoming 1nformat10n
by already existing {nformation in the memory store, invoke the

existence of structures (cate§0r1es) that recall to one's mind the

so-called Togical Venn diagrams.

On the basis of the above considerations we propose the fo115w1ng
hypothesis,concerning the topology of memory‘;n the stociation cortex:
One can consider memory as being a collection of high excitability nets
with a definite structure. We could cali these nets memory units Snd
denote one of these units by the subscripted variable Mi or MJ. Using
the notation of set theory we could represent the space of all memory

by the set S, which may be taken as the union of all the M,'s. In

i
other words, S = ? (Mii. In .general MM, # 0. In other words, the.
@emory‘units must have a non-vanishing Boolean overlap. Tﬁis require-
ment seems to be warranted by the ability of our ﬁemory system to form
associations. The memory ﬁni;é, or combinations thereof, are capable

of various modes of sustained oscillation. In their qu1e§cent (or non-
oscillating\mode) state the Mi's constitute the permanent memory store
(PMS). While oscillating they constitute active memory or short term
memor} (STM). The oscillating ﬁodg corrésponds to the readout pr3cess

of John (1972}. The idea that both PMS and STM are modes of the s§me'L
structure s due to‘ﬁonman (1968). The memory uni}s constituting the.
memory space S can only be nets of the types A, B, or C.l At the early

stages of deve]opment of this system, one possible mechanism of its

‘,formation is that postulated by Csermely (1968) However, once these

’." /
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excitable nets have been formed tn the association cortex, tﬁey can now
act as,sourcés of stéady input to the ensembles toomhtch theirlaxonaI
projectionslfeed. Hebb's mechanism can now again be 1nvoked\to explain
further growth of this structure. Cross-referencing 1ncoming new
information, say X, means estab]ishment of the Various M1I\X In
general, (XnM ) and, therefore, to the extent that X overlaps
s - with various units M1 of the memory space, triggering of X leads to
‘excitation of the Mi' . If 1nput is at the threshold for any given Mi

Ly

then this particular M1 will oscillate.

‘ As we saw X may be represented by the set of oscillations that
. become_generated due to the overlap of XAM,. Little and Shaw (1975)

have also identified access to a given memory by the measure of the

overlap a g1ven‘stimu1us has with established structures.

Teot— i

In spite‘of {ts abstractness our model has certe1n appealing

ma
" e s

features: \

* (1) It allows for both {:cal and non-local memory storage.
% | ' Qur memory units M1 which are basically assemblies can be either
; - diffuse or Tocal assembl1es. _Braitenberg (1978) analyzing the known
‘ response characteristic of various areas’of the cortex hypothesizes
the existence of'threevtypes of aggregations of neurons. Thus his A
- S system corresponding to a diffuse assembly would be the equivalent of
is. required to represent aspects or properties of a given object :)
‘ systems are said'to be- 1oca11zed‘cel1 assemb]ies. Thus, 11ne and ang]e
"t j O L \::,‘ . features wou1d be represented by such- topograph1ca11y 1ocal1zed popu-
i‘ . , f “' ﬁ..‘ /1ations. Finally, C systems would represent sequences of inter-" .
F B < ’: ”4~*{- connected assemblies. These sequences where activated would give

‘coherence to neural activity. "Basically, Braitenberg (1978) categor{zes

- Hebb assembly representing some term such as say -"bird". His B system,

-

&

0
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the information that must be learned into %wo tibes: On the' one hand,
/ .

| we have type I signals'that occur together and thus represent’ proﬁerties

or aspects of things or situations. The EEEES;S{;; in time of such
signals (or aggregations thereof:)-are called type II éigna]g. As he-
very aptly puts 1t."AbstractTy, I are the terms and II their (e:g.d
caﬁsal) relatidns,sor I is the dictionary and II is the syntax.

Information of type I must be represented in thé brain by the connections

of the cells within a cell assembly, that of type'II by the connections f

between oﬁe cell assembly and the next". This last remark of Braitehberg

- brings us again to considerations having to do with.control of brain

function.  They seem to imply that control is a structuro-dynamic

property of duly connected neurbnal pools. In our work one might corre-
late control.with the highly damped character of the net. In spite o
{t§ abstractness and hence its lack of analytical power in the detail

we believe fhat fﬁrther work along our own model could.be fruitful even

: . ! . v
2. A sidgle'memory mechanism 1s postulated for all phenomena

¢

of memory. Craik and Lockhart's hypotheses -mentioned in earlier parts
of thislyorkhcan be fully covered via our overlap mechanism. Obviously

"his claim that elaboration and riéh“encodin; of a stimulus make it

‘

more likely to be’ recal¥ed” than- some other stimulus which is not as

.elaborated simply means that access to an elaborafed signal can be

attaired more easily due to its multiple overlaps with other established

- v

- memories. Further, keeping brocess1ng of information at a fixed level

s -
(short term memory) seems to imply that only a given level in the .

hierarchy of as§emb11esois activated at this time.

Y . . [l °
’ ‘ , [ . .

A

o 4 e o N




. b}
.+ demand that %rly a finite number of synaptic stations separate any two neurons J

- 3. Robusiﬁeés of the{neéwork is guaranteed'by our demand tﬁat ~lj.‘ :°
activjty nithgr than speédfiﬁ qg@rdnal configurations within‘;hg netlet - . .
. are the.important parameters tn.cdqsider. This giveg our.represenéation - r ‘2
degeneracy properties, (1ﬁ/£he sengé\of quantum mechapics) and hence, // i D\

. v
statistical reliability of firing patterns.
/#

Y . \

4. ‘Thé memory domains I propose have been given a topological
characterization. They are'fyzzy,'non metric and dVer1appfng topological

spaces. 'The consequences of this overlap property are quite drasgic.

Bt & Vo § et SRR

f
This can be seen in Figures 46, 47 and 48, Eigyres 46 and-47 show the’ . , ' {
results of pattern completion for both excitakory and inhibitory nets. Y i
The'parameterfb standgffor the>frgg§joﬁ of the stimd]ﬁs that is used to
produce\the cor}ical state. They may be”interpretEd as simulations of

the Notion and Stark expérinents. Similarly. Figure 48 illustrates the. |

3

— ability of the overlap which is near threshold to set the net into sus- ’

tained oscillation. A series of overlapping nets of this type can be seen
to correlate with Hebb's phase sequence mentioned earlier on. = 3 o

5. The neceésityaand ability of the CNS to form associations is also
. A )
seen to depend on the overlapping domains. We have correlated these

psychological variables to neurophysiological variables i.e., Szentagothai's

in the association cortex. Finally we have correlated this nedrophysio]ogica]
fﬁnding to the overlap and fuzziness property of the topology of memory

domain. R . .
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