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pata regarding the modifyability of receptive field
properties of wisual system neurons were presented

to indicate that koth conveluticmal and matrix

models of cognitive processing could reflect real
mechaniams operating in the brain, Both of these
types of models invoke representations which are
digtributed and content-addressable. The convalutio-
nal model is sdept at processing serial order effects:
the matrix model does better with categorizing. Serial
ordering has been shown related to the Frentolimbic
portions of the forebrain, while categorization is
related to the systems cf posterior convexity,
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The curiows theory of Baln apd others that each ddea is lod-
ged in a separate ganglion oell {is] an hypothesis impossible

bath psychologically and physiolegically (Ebbinghaus [1364) ,

p. 63 fooknotel.

The proper way in which to think of this causation (the in-

direct strengthening of aszociations)] would became clear only

by the introduction of physiclogical conceptions which must

firak be constructed or at least remodeled (Ebbinghaus {19464] ,

p. 122},

INTRODODCT IO

In tackling the problem of “"the intreduction of physiological

conceptions which must first be constructed or at least re=
modeled , "I proposed the following in the sumnatlion session
of the Internacticnal Congress of Psychology held in Festival
Hall, London, England:

one of the facts of the brain is the peculiar finding, made
much of by Lashley, that poking holes into it does not seem
ta bother recognition or recall. A patient bklind inm half or
more of his wvisual field can yet ifidentify and recognize
whatever he kpnew before. He does this with the remaining
brain tissue which must contain sufficient infarmatian to
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allow reconstruction of the whole. Experimental analysis of
this clinical observation has eastablished beyond doubt that:
memoEy storage in the brain is distributed and redundant
withim the system involwed.

Unitl recently there was no easily conceivable model of a
distributed redundant memory which also [itted the anatomical
conetruction of the brain. The puzzle was that the brain is
wired in a very specific fashion --=- mot at all like a random
fet === but the peychological functions of this structure
demanded flexibility which only a distributed mechanisma
could provide.

The advent aof holographic phatngrnpny and the scisnce of
aptical information processing has changed all this. Hale-
graphy depends on precise and specific relationships to attain
distribited &and redundant storage. This is effected by coding
not only the intensity but especially the spatial phase
reletionships, the spatial neighbourhood interacticns among
simaltanesusly accurring aveants. HMost holograms, and I be-—
lieve neural holograms are of this type, result when wave-
forms ipitiated by a source reach their destination by two

aoF more routes g0 that patterns of interfering wavefronts
become established.

Holograms have marvellous properties. A small plece of holo=
graphic film sill allow reconstruction of the whole image of
the chject photographed jusk as a small piece af brain will
allow recognition te occur. When two or more ochjects hawve
been photographed , transillumination of the £ilm with light
from cne of the objects will give rise to ghost images of the
others —-- true associative recall which can act as an active
filter in information processing systems. Further, the usefol
storage capacity of heolograms is phenomenal: already 100
million bits of memory have been stored in the space of one
cubic centi-metre. This capacity results from the Fack that
holographic patterns can be overlayed and each retrieved with-
cut affecting the others when the specific input which gene-—
rated the pattern ocours.

I believe that halography, L.&_ , optical information proces-
ging and memory storage, will influence psychology during the
19708 much as computer technology has influenced our work
during the sixties. The digiteal, sequential computer gave risao
to ways of hamdling the programming of symbolic codes. The
analogue, spatial holegram will give rise to ways of handling
what I shall call co—ordinate coding. Co-ordinate trans-
formations are powerful tools for content addressible parallel
information processing, giving instantaneous cEgoss-correlations
when desired, and so speeding péttern recognition to orders

of time compatible with those observed in biclogical organiama.
(Pribram (196%k) , p. 60,

The predictions made at the Congress have taken a bit longer
to come about than 1 had hoped and expected. But by the mid-
19805, models based on holographic-like processes are begin-
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ning ta become serious contenders for journal space and for
discussion at conferences. This essay will report some of the
more influential of those articles in the context of ressarch
from my own Laboratory.

The work of my laboratery which has bearinmg en the issue of
hologreaphic-like models of memory has centéered on the dis=-
tinction between the [unctions of the frontolimbic formations
of the forebrain and those of the gortical convexity. This
gssay will trace the impact of this research on two types of
mathematical models of distributed representations of memory
currently uwsed in cognitive science,

Murdock has recently reviewed the evidence which diastinguishes
conwolution and matrix theorles of asscclative memory ((1979),
{1982) , (1985%) , this congreas]). He points out that whereas
the matrix model as developed by Pike {(19%E64) has the sdvantage
of simplicity in obtaining explicit expressiona and to some
extent in storage capacity, the convelutiop-ceorrelation model
i5 more powerful im many other respects Such as the hand1ing
of serial order information.

This presentakion will address two related problems which
atem from Murdock's review. One is general and the other
specific. The general issus copncerns the relaticaship of
mathematical models to the "reality®™ of brain function. The
apacific issue i the oane which econcerns Murdock, ifi.e., which
is the better of the two models to handle cognitive processing?
With regard to the general issues; I will develop the theme
that the mathematics doss in Fast mirror the realities of
brain functlon; with regard to the speclific issuse 1 will des-
cribe experiments that indicate that both the matrix and the
convolutional models have their place. These experiments will
be taken up firet since they are also the basis for the
agsertion regarding the relation of the mathematics to brain
function.

MODIFICATIONS OF RECEPTIVE FIELD CRGANTEZATICOH

The particular experiments Erom which I want to generalize were
performed on the recsptive f£ield organization of single neurons
in the lateral geniculate nucleus and the primary viswal cortex
of cats and monkeys (Spinelli and Pribram (19671 , Lassonda,
Ptite and Pribram [(1587)). The receptive field af a neurcn is
that part of its dendritic field which is functlionally excibed
by & particular senscry input. In the visual system the input
ig presented monocularly to a subject whose gaze is fixe=d
either by having the subject fixate a point in the environment
of by temporarily paralyzing the eye muscles. Maps are then
constructed which delineate the locationa in the enpvironment

in which a small light will exsite or inhibit the cell's ocut-
put which is measured by recording with microelectrodes and
accumulating the number of impulses generated by the cell while
the light is in a particular position. In our experiments the



544 BLH. Pribrari

light was displayed az a small maving dot on a constrasting
background. The location and motion of the dot were camputer
contrFalled and thus the computer could sum in a makrix af

bins which represented the range over which the dot was moved,
the number of impulses generated for each position of the

dot since 1& "knew" where the dot was located.
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Figure 1

Thfee-dimensianal display of visual receptive field: The
Mexican Hat function.
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The results for the lateral geniculate nucleus are shown in
Figurea 1 and 2. The three dimensional reprasentation,

Figure 1, is wsually called the Mexican hat function For
obvious reasons. The brim of the hat represents the spon-
taneous background of impulsive activity of the neuron. The
crown of the hat represents the sxcitation of the cell by the
dot aof light when it is located at the center of the recept-
ive field. Where the crown mests the brim there is a de-
pression which indicates that the cutput of the cell had been
inhibited,

This center=surrcund crganization, first decribed at the
optic nerva level by Kuffler (1953} is more clearly shown

in Fig. 2 which is & croes gectlon of the hat parallel to

the brim. The cut i made two standard deviations above

the backgrourndd activity which eonstitutes the brim., The in-
hibitery surround has been shown (e.g,, Creutzfeldt, Kuhnt and
Banevanto [(1%74) for cortical cells) ta be due to hyper-
polarizing activity in a lateral network of “local circult
newrons" [(Rakic (1976) ) which are essentislly axonlese and
therefore do not generate nerve impulses,

It i= this irhibitors surrcund which camn be augmented or
diminished by electrical excitation in other parts of the
forgbrain. Stimalation af the Erontal cortey of the head of
the caudate nucleus diminishes the inhibitory surround, as
indicate by F in Pigure 2; stimulation af the posterior
intrinasic (associaticn) cortex, specifically in this case,
the inferotemporal portion of this cortex, or of another of
the basal ganglia, the potasen, produces an augmentation of
the inhibitory surround as inpdicated by IT in this figure.

The resulis for cortical neurcns are somewhat more complex
since their receptive fields are alongated as first des-
cribed by Hubel and Wiesel [(196B). However, some of these
receptive fields {classified as "simple" by Hubel and Wiesel)
demonstrats :l,nhibitqt".,r Elanks and others [(classified as
complex) , while Failing to show khis type of internal orga-
nization, can nonetheless change their overall functionally
aptive sife, Despite these complexities bthe effects of visual
caortical cell receptive fields of electrical excitation of
fromtal cortex and cauvdste on the one hand and of posterior
cortex and putamen on the other essentially parallel those
obhtained from the lateral geniculate nucleus.

Dendritic fields overlap to a considerable extent. Thus when
the excitarory portion af the receptive [lelds become an=
larged, the dendritic fields sssentially merge into a morce
or leass continuous functional field. By contrast, when the
excitatory portion of the receptive fields shrinks sach
neurcn becomes functionally isolated from its neighbor.

This modifisbility of the primary visval system in the di-
rection of greater separation or confluence ampang channels
was suppofted by testing the effects of the same electrical
stimulations on the recovery cycles of the system as recorded
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Flgure I

Visual-receptive field maps show how infermation flowing
through the primary visual pathway is altered by stimulaticn
elsewhera in the brain. Map a is the normal response of &
cell In the geniculate nucleus when a light source is moved
through a rapker=ljika patterns. Map b shows how the figld
contracted by stimulation of the inferior temporal cortesx.
Map o shows the expansion produced by stimulation of the
frontal cortex. Map d 1s a final control taken 55 minutes after
recording a. (From Spinelli and Pribram (19673,

LE
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The change produced by cortical stimulation Ln recovery of a
regponse in an afferent chanpel. Cortical stimulation of
B--10 Hertz was maincained continuously for several months.
Control stimulations were performed on the parietal cortesx,
Records were made immodiately after the onset of stimulation
and weekly thereafter., The initial recovery functions and
those obtéined after one month are shown. Vertical bars re-
present actual variability of the records cbtained in each
group of four monkeys. The amplitudes of electrical responses
gvoked in primary visual cortex constitute the cheserved data.
(From Spinelli and Pribram [(1967)1).
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with =mall macroelectrodes. Figure 1 graphs the gffects ob=
tained: fromntal stimulations produce a slowing of recovery
while posterior stimulations result in a mara rapid E@=
covery as compared with an unstimalated baseline., S1low re-
covery ipdicates that the system is acting in unison; rapid
revpary that the aystem ia "multiplexed™, i.e., that its
channels are separated and not encumbered by a more extan=
sively interconnected system with conseguent greater inertia.

INTERFRETATION OF EXPERIMENTAL RESULTS

With respect to basing a mathematical processing model on
thepe data 1t is clear that frontal'brain stimulation deives
the visual system towards a more continuous mode of operation
while posterior stimulation drives the system toward a more
discrete mode. Thie suggests that the convalution-correlation
model is more appropriate when the focus of bralm activity
ghifts forward and that the matri® model is more appropriate
when the fogus of brain activity lies more postericrly. To
teat this interpretation we need to relate the known he-
haviocral functionas of the frontal and posterior partiocns of
the brain to the known advantages of the two types of models.

Convolution-corcglation mathematics have been used to model
SERSOEYy=-Motor and perceptual-motar learning and skills. Thus
Licklider {(195%), Uttal (1975} and Reichardt {1976} de-
veloped temporal and spatial autocorrelation models to account
for their results of experiments on optimotor and perceptusl
performances., Cooper [(1984) and Kohonenm ({19723, (1977) hawe
uded a similar madels to describe a variety of p{qpartias
both perceptual and cognitive. Thus, e.qg., Coopsr has de-
veloped a made]l based on the effects of monocular deprivation
on the respongsiveness of neurens in the viseal cortex and has=
made successful predictions of outcomes of experiments in-
spired by the model. Our own pffarts (Pribram and Carlton
{1%85%a, b)) have used this type of model to tease apart,
imaging as & function of conveolving the various stage of pro-
cessing in the primary visual syestem, from cbhjeckt perception
which depends on correlations among patterns in which centers
of symmetry are determined by operations performed in the
gupericr colliculus and the wvisuwomotor aystem.

None of these perceptual and mobtor ekills depend on Functions
which can be ascribed to the frontal part of the brain. Hor
are they related to the inferotemporal cortex and the
posterior intrinsic "Associatjon” systems of which tha in-
ferotemporal cortex 15 a part. What is suggested by these
guccessful models is that the convultlion=-correlation approach
is the more appropriate for fundamental perceptual and motor
performance and that the matrix model, the more appropriate
for certain specilaized cognitive operakicns.
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But, as noted, certain aspects of cognitive processing are
more receptive to the convolutional-correlational approach.
The modelling by these technigques of serial position effects
is eapecially fruitful. It is therefore intqrasting that
Hilner has shown that patients with fromtal lebe lesions are
deficient when "temporal tagging" 1s necessary to soclve a
prohLem 11974). In my work with monkeys a similar results was
chtained (Pribram and Tubbs (1967), Tubba (196%), Pribram,
Flotkin, Anderson and Ledang {(1977)). Frontal lohe resections
drastically impair the ability of monkeys to perfors a
delayed alvernatiocn task. Inm this task the monkey has to
alternate from one trial to the next, his choices between
twd ldentlcal boxes in order to obtain & reward, Trials are
geparated by equal time intervals during which a screen is
interposed between the monkey and the boxes, which allows
baiting the appropriate box by the experimenter out of sight
of the monkey. The screen has been shown to act as a dis-
tractor (Malmoc (1942)) suggesting that the defective per-
formance of the fremtal lobe lesioned subjects 1s due to
their suseseptibility to pra- and retroactive interferesnce;

a suggestion that has been supported by a number of ocuter
findings {(ses Pribram {1961) and (1973) for review}.

Bs ghown in Figura 4, when interference is minimized by making
the intertrial interval asymetric, Eremtal lebe lesioned
monkeys perform as well as thelr uwnoperated control subjects.
This result; in addition ta that abtained on receptive field
gtrackbure amd that on recovery cycles, supports the suggestion
that; as a guide for exploring the neural mechanisms in-
volved in cognitive processing of this types, a convelutional
model is preferable to a matrix model.

Whera then does the matrix model have the advantage? An eg=
sential difference between the convolutional and matrix models
ig that in the convolutional medel critical operations areg
performed on the inner products of ite veckor while in the
matrix models such operations utilize the outer products

of vectore, Murdock states the [ssue as Follows:

«es the basic issue seems to bhe as follows, 1 would
suggest that an association can be represented as a
convelution, information is stored in & common memorsy
vector , and correlatlion is the retrieval operatlon.
Fike would suggest that an association i3 the outer
product of two vectors, information is stored in a
memory matrix or set of matrices, and vectar-matris
pramiltiplication and postmultiplication is the
retrieval aperation ... ({1983}, p. 132).

s treated by both Pike and Murdock ; memory is of a piece.
This is probably so at the deepest level of processing, and

at this level, as already noted, I agree with Murdock that

the convolutional approach "is not guite ready to be abandoned
in fFavor of a matrix E}'!t&l’l‘l" {ibid) . But all BEMOEY ia not
aspociative in structure. Categorization and hierarchy
characterize referential (semantic) systems and thelir
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The nodified alternation task which could be mastarad
readily by monkeys with part of their frontal cortex re-
maved,. The brain-damagad monkeys had been unable ta solve
the standard left-right alternation task even when the in-
terval between trials was only five seconds. The task was
then modlified so that the intervals betwesn trials des=
cribed the pattern B 5 sec, L 15 seg. B 5 sec. L 15 sec,
RS s&c L 15 ses. When this change wag made, brain-demaged
monkeya performed about as well as normal monkeys, as shown.
Parformance curves of frontal (upper) and control | lower)
groups. EBrrors are the pember made sach day before a monkey
achieved 40 successufl trials. Bars indicate the rapge of
errors made by different monkeys. Data far the 15th day
ahow the result when &l]1 the trials were agaln separated by
aqu:% intervals of five seconds. (From Fribram and Tubbs
(19671 ).

18
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operaticns are aerved by the posterior imkrinsle "association®
machanisms of the brain {(for review of the neuropsychological
evidence on patients, see Warrington and MoCarthy [19B3}}.

The task which is used in animal resesarch to test for this

type of memory is a sensory discrimimabion problem in which

the subject must ildentify a cue on the basls of lts consistent
rainforcement history. Thus a monkey is trained to choosa a
box whose 1id has painted on it a square rather than a plus

by wirtue of the fact that a peanut is always found in the

box under the sguare and newver in the one onder the plus. Fron-
tal lesions have no effect on performing this task. Infero-
temporal lesions do {(and have no effect on delayed alternation] .
Resections of other parts of the posterior intrinsic "associ-
ation" cortex affect discrimipnation learning and perlormancs

in other sense modalities: anterior temporal for taste;
superior temporal for hearing; parietal for S8dMatosensory.

In all cases the defective performance 1s unigue to the parti-
gular modality =-=-— the resection does not affect performance

in any other modality. There is thus a multiple dipsociation
betwean identification of cues in the variocus sense modalities
and also betwesn these and delay-type tasks sueh as the delayed
alternakticn (for review see Pribram [1254) , (196%a), (19723,
{1BE4]],

My tentative suggestion is that the matrix model i5 alsoc not
yet ready to be abandoned. This model is clearly wvarlable in
the hande of Bnderson and his colleagues when applied to
learning and performéance of discrimination type tasks [see
Andergon, Silversteln, Ritz and Jones {1977} for review). When=-
gver categorical and hierarchical processes are involved,
storage as ocuter products of veestors and retrieval by post=
multiplication may be more appropriate than storage by
agsociation in a common vector produced by convalving innec
products.

This line of reascning leads to the suggestion that refersnce
-—= gemantic —-—— memory is best represented by &2 matrix model
and that the convclutional-eorrelation model be reserved for -
some other type of memory. Tulwing has differentiated "episcdic®
from semantic memory by a variety of taske [mes Tulving [1972],
(1945) for review). My inclination is to now procede to {ind
out 1f indeed the convoalution-—-correlation model will moare
effectively moadel all aspects of episodic memory than will a
matrix model. This inclimation is furthered by the fact that
one central characteristic of episcdic memory £8 ita preser=-
vation of some eort of place keeping, time tagging, and serial
ordering .
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DO COMPOOTATIONAL MODELS REFLECT REARL OFERATIONS IM THE BRAIMT

1f the stance teken in the preceding sectlon has merit, a
good case can be made for a match between models of the so-t
described and the brain mechanisms they are wont to describe.
What is necessary, however, i1s to select from the variety

of poeslibilities that model which will most effectively des-
cribe and prediet data at the neural as well as at the be-
havioral lewel. This means that closer attention must be given
‘to the differences in processes served by the several systems
of the brain. As described abowve, there 1s a difference het-
ween the operations of the sensory and the motor systems and
between these and thelr associated intrinsic systems. Further,
there is a difference in processing by the frontal and the
posterior intrinsic systems. It would be surprising indeed

if the identical modelling approach would hold for the variouos
processes saerved by these different brain systems.

In my own work I have emphasized the difference bhetweéen pro-
cassing in the space-time domain and processing In thE Fourier
transform domain which is sometimes referred Lo as spectral,
sometimes as frequency (in the mathematical, not the ordinary
time dependent sense) , sametimes as holographic. Gabor, the
discoveror of the mathematics of holography, described in
detail the relatficnship of this mathematics to that wsed in
uan tam physic; (1946} . Gabor elemcntary functions hawve been
shown to characterize the receptive field properties of cor-
tical neurons in the viswal system (Follen and Ronnerc [(1981],
Marjella (1980), Burgess, Wagner, Jemnings and Barlow (19811},
These functlions are composed of a Gaussian envelops which
1imits the extent of an otherwise infinite Fourier component
in the transform dosmain.

Campbell and Robson and their eolleagues [(see Blakemore and
Campbell (1969) , Campbell (1%74) and Campbell and Robson
1968} for review), and DeValois and his coworkers |(See review
by DeValois and DaValols (126D, DeValois, Albracht and
Tharell {(1%78a,b)) have shown that under certain experimental
eonditione (the drifting of gratings} the receptive fields of
neurons in the visual cortex are each “tuned® to approximataely
an octave of "apatial freguency®, the ertire ensemble of new=
rons thus making up &n overlapping "sounding board" of
resonant Pourier-1ike elements., The wisual system analyzes
[and reconstiructs] spatiotemparal patterns, much as the
auditory system analyzes [and reconstrucks) temporospatial.

The expariments described in the initial section of this
presentation indicate that lateral inhiblition may be res-
ponsible for the Gaussian 1limit on the otherwise infinite
Fourler component. The Gabor elementary function can thus bhe
modified in the direction of the Fourier domain or in the
direction of the Gaussian. When pushed towards its Fourler
aspocts & convalutional medel is approprliate sinee bhe
rasonant fregquencies (represented by a wvector in the model)
can be ppecified. When the receptive [i.e., functional
dendritic) C[feld is pushed toward its Gaussian, an lmpulse
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function representing a specific space-time coordinate in &
matrix is the more appropriate model. Veetora then indicate
the space=-time pattern of ilmpulse functicons. Movshen, Tolhurst
and Thompson (1978a,b,cl have, in prfinciple, analyzed the
composition of complex recepbive fields into subfields which
digplay excitatory and inhibitory properties by such an
approach.

Many scientists have claimepd that because the Fourler relation-
ghip iF invertible {(i.e., one can reconstruct the space-time
arder froam the Fourfer by simply reapplying the transform a
sacond time) that the models are simply mathematical or com-
putatLunaL devices by which we gain access bo one or ancther
aspest of a hidden reality. This view is similar to Bahr's
complimentarity view {1234} in guantum physics and the viaew

of critical phllosophers [e.g., Felgel (1960)1) with regard

o the mind/brain issue. This multiple aspects view is shared
by HacKay who describes 1t as mind talk and brain talk.

I have countered these multiple aspects approaches ta the
mind/brain issue by proposing a multiple realizaktlon approach
{Pribram {1%71a,b), (1985)1). In my presentaticn here I have
extended this approach to suggest that various precise
thearies in the form of mathematlcal models are not to be
treated as merely alternative views treating different aspects
of the some global cognitive/neural relationship but that the
different models based on cognitive and npural data reflect
the realities of processing when made sufficiently apecifie
with regard ko the brain systems they are wont to describe.

CONCLUSTON

pata regarding ehe modifyability of receptive field properties
of wisual systaom neurons were presented te indicate that both
convwolutional and mateix models of cognitive processing could
reflest real mechanlams cperating im the brain, Both of these
Lypes of models inveoke representations which are distributed

and content-addressable. The convolutional scdel is adept at
processing gerial order effects; the matrix model does better
with categarizing. Serial ordering has besn shown related to

the frontolimbic porticne of the forebrain, while categorization
is related to the systems of the posterlor eochvexity. Electrical
stimulation of frontolimbic structures results in a greater
coherence among the activity of depdritic receptive field
processes in the visuwal system —-= coherence which ia better
appraximated by convolutional modele, Electrical stimulation

of sy Ekems of the cersbral cenvexity results in functionally
separating the activities af these various receptive fisld
channels Erom one ancother =-- geparation which is better
approsimated by matrix models. There is thus every reason to
utilize both convolutional and makrix models, and to infer

that each reflects a "real” brain procoss,

- w1 n .

- B Lo mo
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