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WY A [IOLOGRAPHIC HYPOTHESIS?

latraduction

Recently 8 growing number of theorlsis have invoked the princlples of
holography (o explain one or another aspect of braln funcdon, Historically
the idess can be traced o probiems posed during neurogenesls when the
activity of relalively remote circuits of the developing nervous system must
hecome integraled to account for such simple behaviors as swimming, Among
others, the principle of chemica{ ‘resonances’ thul “lune’ these clreuils has
had a tong und inlluential life {see, e.g., Loeh. 1907; Weiss, 1939). More
specifically, however, Goldschelder (1906) and MHuorton (1923} proposed that
the establishment of tuned sesonances in the Torm ol intefference patisrns
i the wlult brain could account for a varicty ol perceptval phenomena, hore
secently, Lashley (1942) spelled oul o mechanisin of neural interlerence pat-
teens o explain stimulug equivaleace and BDeurle (1956) developed » mathe-
saatically rigorous formulation of the arigin of such patierns of plane wave
interferences in neural-tissue. Dut i was nol until the advent of Lioloyraphy
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with lis powerful damuoge-sesistunt Image slorage and seconsiructlve copu-
hilitics thol the pronnse of an intet fesence patiern mechaadsns of byaln fune-
tion hecnme fully appreclated. As the propestics of physical holograms
becamne known {sce Stroke, 1966; Guodman, 1968; Calticr, Durckinedi,” &
Lin, 1970}, 2 nuniber of physicul nml computer selentisis saw the relevance
of hologiaphy to the problems of beain function, memory, and perceptlon
fe.g., van [lecrilen, 1963; Iulesz & Peaningten, 1965 ; Wesilake, 1968; Daran,
1970; Cavanagl, 1972). '

The purpose of the present chapier s thoecloid: (o) to sumnsacize (he
nevrolepical cvidence thai makes holographic processing, storage (temporary
or pesmanent), vnd imoge reconstruction a plausibie analogy fo students of
brain function; (b} to present 3 mathemailcal network model for the hola-
gipphic process as a demonsiruilon thal optical systems ace wol necessary
for its realization; and  (c) to examine flie evldence sustalnlng or negatlug
the newrological assumplions fnvolved ln (his and sliconate cealizetlong,

The Anntomical iPcubicm

One of the best established, yet puzailng, facls sbout braln mechantams and
manory Is that large destructions within 0 neurnl system do not scrlously
bmpair its functlon. Yarlous controlled eaperlments have been pesformed (o
Investigaie this puzzle. Lashley (1950) showed thai 80 percent or more of the
visual cortex of a gut could be damoged without loss of the abIlliy o correctly
respond fo patterns; Galumbog, Norton, and Frommer (§967) have severed
os much as 98 percent of the optle tracis of cats with similar negative resufis;
gnd Chow (1968) hins combined the two caperhnents lule one simultancous
assault, again with litltle ¢llect on visual recognltion behavior, lin man, of
cowrse, hemianopia and other lusge scojomain also (ail 1o himpalr the recog-
nition mechnnism. LEven small puncial lrrilative feslons peppered throughout
the corticul muntle of monkeys and shown {0 disrupt ils electslcal actlvity
Icave sesponse o visual pattesns intuct (Kraft, Obrisi, & Pribram, 1960).

These findings have been interpreicd by everyone (o indicate thag the tieusal
elemenls necessary Lo the recognition and gecall processes must be distsibuted
throughont the Leain sysiems invoived. The quesilons that acrlse are {a) how
Is the distsibution effecied, (b) how dues recognition occur, and {c) liow sre
nssociated cvents seenlled by the network?

Ananswer that is often given Is 1o consiider the lnpud systems of the neuraxis
io be composad of Jarge munbers of randomly connccted neural ¢lements
(Rosenblate, 1962) sud to show cither by computer simuintion or by mathe-
matical analysis that i o rondoms nelwork of ncurpus, repileation and dis-
iribution of signals can oceur. Unfortunately for this explanailon, the ana-
tomical fucis are largely otiierwise, In the vlsun) sysiem, for Instunce, the
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sciing ond corler sre conhecled by o oysiem of Bbeco that sun to 0 great,
. gujend J nmmﬂicﬂ Only (wo modificntions of this paraliedlsy aceur.

0. ‘EITlle opiie tracis and rodlaglong 0liat cagey slanols betwegn ihe cetlno omd
costen consiitnie o cheal whihln which the selinal evenis converge fo smmse
extent onle the Intess] genleunle nucleus of the thalamus frour whete they
tlverge 1o (he corten. Tie fasl clee) of this paralic] nciwostt s that cach fiber
b Ohve systenn connects 12n relinal outpuis (o about $,004 conicol recglving cells.

3. Dnthe process of terminatlon of the Abers ot varlous focatlons fn the paili-
way, on cllecilve overlap develops (1o nbout §° of visusl angle) between neighe
boglng bsaaches of thie conducting fibers.

Equally stelkIng and perhiaps more [mpostant thas these encepiions, how-
ever, 1g the Ingerpolatlon af every cell sintlon of o sheet of hortzontalily con-
necied nensons fn o plane perpendleuler (o the parolie] fiber system. These
horlzontal cells are characterized by shert or absent ozens but spreading
dendrlies. 16 has been shown In the cetlnn (Werblin & Dowling, 1969) ond to
some exfend also In the corfes (Crentaleldl, 1961), that such spreading den-’
dritic nctworks may nol generate sserve lnpulsesg I faci, they usually may
not even depolarize, Thelr activliy Is charscierlzed by hyperpolacization tha¢
tends to orgenlze the functlons of the system by Inhlbitory cather than excl-
tatery processes. In the reting, for Instance, no nerve Jmpulses are generaled
pefor to the gangilon cells from which the optic nerve fibers origlnate, Thus,
praciicafiy ol of the complenity manifest In the opilc nesve is o refleciion
of the organlzlug properties of depolaelzing ond hypespoiastzing events, not
. of Internctions ainong nerve mpuises. '

Some Neorophyslolagieal Cumﬂﬂewﬂﬂoﬁu

Two mechanlsms are therefore ovallable to sccount for the distslbutlon of
signafs within the neural system. One gelies on the convergence and dlvergence
of nerve hmpulses onte and from o neurona! pool. The oiher telies on the
presence of futere] (mosily fnhilbliory) Intesactlons taking place in sheels of
. horlzonial dendslilc networks oltuated at every cell siation perpendicular to
the essenilally paralict sysiem of Inpus fibees, I.el us explore the possible role
of both of these mechanlsms In expiginlng the results of the Besion siudics.

Evldence ba suppiled by experlmenis Jn whick conditions of ancsthesin are
used that suppress the funcilong of sninfi nerve fibers thus lepving fntnct amd
cicarly discernibic the onnccilvliy by way of major nerve fmpuise pathiways,
These experlments hsve shows that Jocallzed retinal stimalation evakes o
receptive fickd ot the corlen over an area no gieater than & few degrees ln
dismcies {e.g.. Taibol & Masshail, 1941). Yet. the daia that musi be explained
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imdicate that some B0 percent or muore of the visual coriex including the
foveal cegion can be entirpated without marked fpairsment of the recogni-
tion of @ previeusty deracd visual pattern. Thus, whatever the mechanisms,
Jistribution of input cnnsot be due (o the major pathways hust must involve
the fiune fibered connectivity in the visual system, cither via the divergence of
nerve inipulses and/or vin the intesactions faking place in the horizontal ccf
dendritic nefworks,

Both are prabalbly to some extent responsible. 1t must be remembered thag
nerve impulses occurring fn the fine fibers fend 1o decrement in amplitude
and speed of conduction thus becoming slow graded potentials. Further, these
graded slow podentiads or milnispikes usually vecur fn the same pautomical
focntivn os the harizuntal dendritic inhibitory hyperpolasizations and thus
ntcract with them. In fact, the resulting micro-organization of junciional
newral vetbvity {synaplic and ephaptic) could be regarded as a stuple sum-
metion of graded escitatory (depolarizing) and Inhibitory (hyperpolorizing)
sluw potential processes. '

These sirnctursl arrungements of stow potentinls nre especially cvident in
shects of nowral tissae such ag in the retlon and cortes. The cercbral cortexn,
fur instance, may be thought of as consisiing of columnar units that can be
considered tore or less Independent basic computational efemments, each of
which is capable of performing @ similar computation (Mounicnstle, 1937
Flubel & Wicsef, 1968). Inputs to the busic computational elements are pro-
cessedd bn ¢ direction essentiully perpendicular 1o the shieet of the eosles, and
therefore cortical processing occurs In siages, cach stage transforming the
activation patlern of the cclls in one of the costical layers to the cells of
anather cortical layer, Anslyses by Kabrisky (1966) and by Werner {1970)
shaw that processing by one basle compuintional cicinent remalns essentially
within thag elemcent, and therefore the cortex can be considered o conslst of
a large number of essentiolly similar parallel processiog elements. Furgher-
more, the processiug done by any one of the basic computational elements Is
itself a paralle} process (sce, for example, Spinelii, 1970), cach layer trans-
forming the pattern of actlvity that asrived from the previous fayer by the
process of temporal and spatiul summation, the sunymatlon of siow hyper-
and depolarizations bt the dendritic microstruciure of-the corics, Analyses
by Ratlilf {1963) and Rodicck {1963) have shown that processing {af lcast
i the sensory fevel) that occurs through successive stages in such a layered
neural actwork can be described by Hnear equations. Euch computational:
clenment is thus cupable af trunsforming its Inputs through & succession of
stages, and cach stage produces o fineer trousformintion of the paticrn of

activity at the previous stuge,
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20 The Holugruphic ypothesls af Aemury Structure

1OLOGRAPILY

ptlcal Compuilng

"he problem that thus confrents us is essentially this: how can the relation.
hips hetween acural activity becothie distributed and stored (temporarily or
nore peemancilly) by 8 neural nctwork in which such paiterns are trans-
aitied and transformed through several successive stages In which processing
3 an essentlally fincar parailel process?

Fortunately for acurophysiofogy, physicists have been concerned with such
ystems for & fong lime: optical devices are parallel transmission sysiews,
nd during the past 23 years their pracessing characteristics hisve been studicd

nicasively. One praperty of optical processing initiaily called i to our atica-

lon. As we shall sce, records can be producced ln which the input becomes
listributed throughout the storage medinm. This makes the sccord resistant
o damage, and, lis fact, loss of alf but & small postion docs not dcslruy its
mage teconsiructing potentlal.

Most of us are familing with the {mage-gencrailng aspects of opncnﬂ $y3e
:ms. A camera records on photographic il & copy of the light inlensitics
ellected from the objects within the camcra's ficld of view. Each point on the
iy stores the Intensity (the square of the amplitude) of the light that arrives
‘om & corresponding point fn the field of view, and thus the film’s record
ooks like® the. visual ficld, What have been studicd more recently are the
vapertics of records made when & filin docs not lic In an Image plane of an
ptical system. When a picce of filin Is exposed to colicrent light that is fc-
ected and scattered by objects in the visual ficld, there is ae ordinary image
roduced on the film. o fict, the film becomes so blurred that there is no
ssemblance whatever belween the pattern that is stored on the fitm and the
isual fichd ltsell, Ltowever, when properly Hluniinated, the film reconstivcts
1¢ wavelronts of light that were present when the exposure was made, As

result, If an observer looks toward the film, it appears as if the entire visuaf

sene were present behind 10, Thie reconstriicted fmage appears exactly us it
Id durlng the exposure, complete in every detail and in thece dlmcnslolls'
he light waves from each polnt of the visual ficld had interacied 16 produce
n tntesference pattern at the film, and it §s this Diserfercnce pattern that was
tored throughous the filan Jnderference palterns give rise 1o the remarkable
haracteristics of opticul information storage as we shall show,

Even belore the practical demsonstration of the use of {uletference pat-
sris Ly the reconstruction of fmages, Qabor (1948) had mathematically pro-
oscd & way of producing linages from photographic secords. Gabor began
ith thie intent to Increase the sesolution of electron miccophutographs. He
tggesiced that @ colicsent background wave amd the waves refracted by the
ssuc couhd produce Intesfercuce patterns that would store both amplitude
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and spatin phase Infosmation. Then, In o second step, these stored palterns
ctmbl he useel 0o reconstzoet ni innge aof the arlglnal tlssue, Gubor cliistened
his lilm recand a8 Anfogrons becanse {8 contalns all necessary Informetion to
reconsiruct the whole (hal-) beoge. The wse of this tesm for that type of
phiotograplic recoid has since become common,

As the art nnd science of holugraphy developed, it became clere that o
varicty af snethods described by o number of mnthematical procedures conld
result in holograms, s chapter brielly describes two clesmentary types—the
Fresnel and the Fourier—and provides o neiwork realizatlon of the Fourler
hatographic process. Other types of holograms have been found vsefuls they
gu by names such as Retlection, Yolume, Phase, Color, Pulsed-lnser, inco-
herent, and Ddigital holograms. All are basleally slinilar to the elementary
Fourier nnd Fresnel (ypes bug hinve speclal properties (hel make them espe-
cially useful [n one or another application. The (oilowing cxposition i3 there-
fore micand to provide oniy 8 guldeline lo holographic processing by pre-
senling the requisements necessary four » holographic hiypothesis of memorssy
sioroge i brain function,

§.cnsless Qpileal lolography

The problent faced when trying to store o wavefront of Hight en photographle
film Is thnt Hlor does nol stere Ihe emplitude or plhinse distributions (paiferns)
~of Jight, but Insicad it records only the lntenslly (amplitude squared) g
tsibution. The bnage that Is stored on the film Is o static representation of the
dynamic wavelronl of light that arrfved during the enposure process, but the
stored image hias no phase information. As o result, bt s inpossible to recrente
the dynuniic paitesss of fight from which the limage was made. [{olography
ollers a way (o overcome thls problesm by recording on film the interference
puttern formed by (wo dilfesend wavelronts of light. As we shall show, I the
intensity paticrn formed by the Interference (superpostiion) of twao dliffesent
wuvefronts of light Is cecorded on the film, sulliclent Infogmation s retuined
1o enublie a recunsiruction of cither wavefronl when only the other one {s

present af a fater lime.

Let us suppose than an object, say O, Is placed near g piece of fim ang
illuminated by o coherent source of light. The wavefront produced at the filin
by light that is scattered from the abject will be denoted by A, The ldeal
siluation would sesult if film could stare the wavelsanl . [lowever, when
the film Js exposed und developed, the tmage secorded by the film is propor-
tional 1o the inlensily pattern [A]F = 4A4°, not the destred pattern 4, As we
mentioncd enrlier, the wavelrant 4 cannod be reconstructed [mm AA° slone,
Several dilferent holopraphic technlyuces huve been studied dhat enabie
wivelront of light 1o be stored, and we shull discuss four of them now.
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One techunique that hing been widely discussed §
only of Mumineting the object O, with ¢ plape ¢
but et the same thne geflecting seme of the coler
dlrectly toward the fim. The second wavelront ¢
wave and will be denoted by &, When the two «ifl
R §nteract, the superpasitlon {aigebeale sum of ef:
nents) glven by 4 - & Is formed. Because 4 and |
light source, they have the same frequency. A sl
formied, and the film records the Indensity of th
by (4 - Y4 J RYC. 0T the fiw {5 Sransparent, .
gate Independently, and we calf these ouipit por
ouiput patiesns or departure patierns.

Now suppose the fiim Is developed ond replace
suppose il the object O, {5 removed so that o
allowed (o {lieadnate the flim, The departure patl
of the incomlug wavefront alfenuated at each pol:
fclent of the fibw a6 that poini, The departure p:
R(A -+ RUA 5 RY°, which can be expanded matl

REAL 5- [RI%) 4 4RO - 4°

The first term of the expansion descelbes the refes
s amound 4% - [R]% The second tesm descrlb
the deslred wavelzont 4 attennated by an amoung;
the properties of the ariginel wovelroni present d
As g result, & person looklng toward the Rlm wo
cause O §2 not present, the ceqansirucied hnag
and shice the reconstructed wavelrong Is an exact
appears In three dimenslons and liag all other pi
durlng the ezposure. The last term describes nols
the systesn by the lwlographle process. The fihn it
wavefront 4 Is sald to be stored. {Notc that if A
rectly, the nolse term would not have been prod
linage conbd have been formed direcily froms the

Mow fed us suppose thrd the mircor rother than ¢
during the reconsisuction process. The departun
given by A(4 - RUA -I- RY® = Aj41° -1- JRI?) -
case, the reflerence wave 13 seconstrucied {the sec
alicanaded {ihe firs tecim), and agaln noise is prod:
symicity between the twe wavcfrants In the sys!

tueg

the Hicrature cansisis not
hesent wayelfrant of lght,
it Bight by a plane mircur
fight is eniled o geference
end arslval puiterns 4 and
tric and magnetic campa-
are gencrated by the same
Sl Intcrference pattern Js
Interference pattcrn given
snd R contlnue 9o propa-
sns of the waveflronis the

n the optical sysiem, Also
y the refevence wave R is
‘0 s glven by the product
Ly the transmission cocf-
tean is dherefore given Ly
matically io

' R.

tce wave R atlemumied by
- 0 reconstrucicd copy of
119, This wavelrent has off
Ing the exposuse process.
d ‘see’ the object OQ,. He-

ls called @ ‘ghost hmage,*

ipy of 4, the ghost Imege
perties that could be scen
which Is tntroduced inie
alled a hiofopram and the
aukd Diave been siored eli-
ed and the secanstrucied
ored hinarge.)

-abject hnd beew rentoved
paitern would have been
REA) 4 Rod-A. Dn this
id term), the wavefrant A
edd. There isthug g naturn]
.
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Recopgnitlon §labopraphy

Thic seeond type of holography discussed is o slight madificution of the first
" aype. Rather than using o plane mirror fo produce the selerence wave, fet us
use a spherical mirror that focuses the reflected light onto a point 1° in frond
of {on the outpin side of) the Mo, When the hologram praduced by this sys-
tei i developed and replaced In the system, twe different departure patterns
result depending on how the hologram Is Hluminated. i the object is removed
and the hologram is illuminsted only by Hight rellected by the mirror, the
waveltont A4 is reconstrucied. Both the focused wavefront and a noise term
are ulso produced. 3 the object Is used to iluminate the hologram snd the
mirrar reinoved, the focused wavefrong Is reconstsucted, and a bright spol
of Jight s focused ol the poind 1% A light detector placed af ¥ could be used
to detect the bright spot, and since 8 bright spot s produccd only when abject
0, is present in the systom, the delector cun be used to ‘recognize’ the pses-
ence of the object 04, This optical system can be used for the secognition of

phrce-dhanensionad obhjests.

Assoclation [lolography

The third fensless system deseribed is similar to the twe previous systems.
“This time, houwever, the mircor is seplaced by & second object, say Oy. Sce
Figure 1. When vbjects O, and O are itfuminated by o colierent light source,
two wavelronts 4 and 8 are produced. I a filas Is exposed 1o the interference
paticsn produced by A und 8 and given by 4 4 8, the film will record the
static pattern (A4 -+ BKA 4+ B)°, ' _ _

Now let us see what bappens if the filw Is developed and placed enactly
where it was during the expuosure. Assime that object Q s removed. i Oy is
ithuninated, the arrival wavelzond that seaches the film {s 8, and the siatic dis-
tribution af trunsinission coeflcicits on the Hin is given by (4 -+ 8)(A 4- 8)°.
The departure wavefront Is given by 8(4 -+ 8)(A + #8)° = B(j4}® -+ | B +
AlBP 4 A°B-B. The first term shows that the wavelront 8 is transmitted,
the second ters shows thal the wavefrong .4 {s also reconstrucied, and the
thisd ter shows that noise s produced. '

I the objects du nof cause light to be focused on the film, the inlensity
disiributions [4]* and |B]* age ncarly wnifonn across the flin even aver small
(mitlimeter) distances, However, the interference pattern (4 -f 8) plves rise
to an itensity pattern thut varkes conshilerably over smull distances, and the
resulting stored pattern {4 4 )4 - B)° gesembles o very comples diffrac-

tion grating. 0 s preciscly for this ccason that the departuse putierss is o

-
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reconstruction of the wavelront of 4 that Is not present during the reconstrug-
lion process,

Figures ) and 2 dllostrate the holographic association process, Figare 2
shows the cxposure process. Light Is sellccied from two objects, 2 wide block
0, in the backgronnd, and a tall black O, in the foreground. Noth objects
are illuminaited by a single coherent monachramutic plane wave generated by
a Jascr. Aftcr caposure, the b is developed and replaced exactly where it
was during the cxposure process. Now, however, the object O, is “scen’ so
that the film is exposed to fight which is reflected onfy from the tall biock
Oy. Beenuse the departure wavefront 4 is reconstrucied by the hologram, the
object is ‘scen® by an observer even though it is ne longer preseat. Again the
reconstsucicd wavefront is an exact copy of thie departure paliern that was
present ducing the exposure, so the object appears in three dimensions and
has all others prapertics that couid be scen during the exposure.

‘The theee lensless hiolographic processes described above are umong nany
shwilar fechniques used for producing holagrams. blolograms can be pro-
duced by exposure to objects thal are either near the film (ncar-fiekd holo-
‘grams) or for away {roms the fili {far-ficld holograms), The optical fas-ficld
transforms used above are known as Fresnel transforms. However, hoth the
near-ficld and fas-ficld lensless holograms—i.c., those produced with scutiered
wavclronts ns refcrence waves {e.g., the third system)—are usually referred to
as Fresnel holograms. llolograms produced with Infinitely far-ficld trans-
forms are culled Fourler holograms.

Onc oplical sysicm of the Fourice type, using 8 plane coherent reference
wave produced by lenses, Is of special interest to the neusotheorist becausc
a direct annlogy can be drawn between it and a laycred neural netwark.,
Because it is this analogy that we wish to pursue, the mathematical propertics
of the systew are described ln somewhui grealer detail.

Tl FOURIER JIOLOGRAPINC PROCESS

The Lens Sysiem

“The sysicin of inlcrest consists of (wo spherical lenses asranged so that the
sccond focal plune of the firsg fens is colncident with the st focal plane of
the second lens. This Is shown in Figure 3. The three focal planes of the two
lenses are also of interest 1o this analysis and will be called the input plane,
srangform or memory plane, and outpus plane of the sysicm.

W ds well known that when a phiotographic bmage is pliced in one fucal
plane of a sphesical fens and Miluminated by o plane, colicrent light wave, the
Fourics transform of the tmoge is produced in the other focal plane of the
lens. (For a nice proof of this result, sce Prestan, 1965.) For the optical sys-
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WPUT TRANSFORM
PLANE o PLANE

Fle.ql .

Plane
Coherent
Wovelronl

rigung 3.
fFuuries transfonning property af o fens. Mote how the second fens elfects o second ‘reverse

sronslorns, eausing an linsge In the oulput plene like the originnl abject in the Inpui ploue,

tem pictured In Figure 3, this transformed Image occurs In the (ransform
planc. The transfonmed image else lies In the first focal plane of the second
spherical fens and therefose the Fourier iransform of (he (ransformed lmage
appcars i the third focal plane or oulpug plane of ilie sysien, An elemeniary
theoremn of Fourler analysis tells us thol the sesulling outpus image of the
systean Is precisely the lnpul linnge, only it appears upslde down and
backwards. '

This process may be stated niore precisely as follows. [n an optical system, |

wavelront pallerns are of Gwo distinctly different types: sratic and dynanic,
‘The slatic pattcrns are the siored pholographic linages that are described In
terms of theis transmission cochiclents for light 25 & functioh of position on
the photographic ilm. We wlil jet (x, ) represent the geometric coordinales
of position and f {x, p) represent the transmisslon cocfliclent ot the point (x, y).
The Tunction f(x, y} on a picce of filin represcnis & siatic storage paticn for
the aptical system. The dynamic or achive pailerns are the wavclyonls af
fight thas are processed and transformed by the oplical systems. The speeific
tisfonnations that accus §u on optical sysicm depeud on the componcits
(lenses, prisws, ¢te.), their plucement, and the propertics of the light waves
used. FFor the oplica systens being described, Fauricr trunsformation sesults
biccause of the choice of sphierical lenses; thelr arsangement, ind the vse of

QUTPUT
PLANT
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colicrent fight. Let F{p, g) be the Fourier transform of f{x, y). Then far the
optical sysieims of Figure 3, F{p,q)} is lmuged in the transform planc, The
variables p and g represent the position of the image in the transform plane.
If we denote by —- the process of Fourler transformation, then we write

S{x, p) —+ Fp. q)
to represent the first stage of processing, and
| F(p. @) —> f{—x. ~y)

to sepresend the sccond stage.

Now consider the process thal occurs ag the photographic fitm ltsell, A
light wave of uniform iniensity, say A, Nluminates the image f(x, p}. The
intensitics of the departure wavelront ere aticnualed by the prescnce of the
input film. In fact, the Intensity st point (x, ¥} is proportional to the trans-
mission cocfliciens of the film of that point. The stallc stosage pattern is
converted (o a dynamic processing paticrn with amplitude distribution pro-
porlional to she spatisl distributlon of transmission cocflicicnts of the image.
This conversion is muliiplicative. Thus, I the amplitude of the arrival pattern
a point (x, y} Is 4, then the amplitude of the depasiure patters dn fronut of the
image al pdint {x, p) is 4f(x, ¥).

Now Jet us suppose that an aciual photographle Image of the [Irm:sfarm
. F{p,q) conid be placed jn the transform plane of the optical system. Also

suppose that the transform image could be illuminated by a plane colicrent
wovefrond, (A uniform flluminaiion across the transform pline can easily
be produced by placing-a point source of light in the center of the input
plane.) The departure pattern produced by the filmy would have an intenslty
distrlbution F{p, ) and the image f{—x, ~ p) would be produced in the out-
put plune, We find that both Images f(x, ¥) and F(p, ¢) contain cxoctly the
same informatlon, the only difference s In the way in which information is
~coded. In fact, 8 filim record of the transformed {mage, If made with a plane
seference wave, Is 8 Fourler hologram of she input image and from now on
we refer lo these transform images as holograms. Tliey ure the “memaries’
of the optical system.

As described earlicr, the stalic Images are intensity distributions whercas
the dynamic images are amplitude and phase distributions. Stalic distributions
can be represented by positive real functions whose valuc is less than wnity

- (bight is nod prodduced and the phase of transmiticd fight is not changed by o
picce of film), wherens dynamic paterns are represented by arbiteary come
plen {in the matlicmatical sense) quantitics. [n gencral, the Fouricr tsansform
of & positive real Jimage is o complies quantity and thercfore cannot be stared
directly ns a static pattern. To produce o hologram af the image £(x. ¥), we
cannot simply eapose a picce of itin in the transforas planc. owever, by
taking the superposition of the deslred wavelront and a plane reference wave,
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w hofogram Bs produced in which the desired Infarmeation fs uat Jost. Thig Is
Hlustroted in FPignres 4 and 3. The details of this process are slnlier 1o (lie
lensicss case, which was described catlier uslng o plane reference wave, aud
may be purswed I detoil elsewhere by the Inicresied remler (Stroke, 1966;
Tippest, Berkowite, Clapp, Koesier, & Yandesburgh, 1963).

A sccomd theorem from Fourler theory is importung to the discusslon that
follows, When the Fourier transform F(p, g) of sn fmage f(x, 3) Is multiplicd
by the complen conjugate of the Fousice transform G{p, ¢}° of 8 sccand lmage
g(x, ), ondl the Fourier transform of the product taken, the resuit Is the cross
corrclation of the-two jnitial imagus. This Is mperiant because cross cosre-
lation is u mcusure of the similusity of the orlgleal two bneges. A measure of
similarity Is precisely whst §3 required for recogaltian.

For our optical systewn, If the holograin (G{p, ¢} + R{p. O} G(p. ¢) -
R(p,9))° is placed {n the transform plune while the bnoge £(x, ¥} I3 placed fn
the input plane, the departure patiess (hal resuits Just after the hologram (s
the product of the twe Tunctions F{p, ¢) and the hologram. The result that
fullows from the nbove theosem §g thind the cross carselation of the functlons
J(x, p) and glx, y) is produced In the outpint plane. Sce Figure S, 0f the (wo
images nre similar, g bright spol sppears fu the ouiput plane and the bright-
ness of the spot Indicates how similar thc two limeges ore. The sysiem lastan-
tancously cross corsclates twe spatial paiterns. In faci, this technique hes
Leen applicd successfully lo the instnntaneous recognitlon of human facesl
(T generad, o thresholding Hght detector §g plnced fun the output plane le
determine whether or nol & given inpug lmage should be ‘recognized.’) The
sender should note that the hologram Is formed from the Inierference paliern
between the desired transform G(p, ) and o plane cobierent wavefront R{p. g).
The result is that both the cross correletlon and copvalution functions of the
iwo images nre fosmed In the oniput plane, Figuge 6 llustrutes the formation
of these functions by the optical systein, and Flgure 7 gives a geonietrle
baterpretation of the eross vorrelation snd convolution functions. Also note
ihe similarity between ihis systems pnd recognition holography described
chhcr

These §s another property of the Fourles ﬂsansfomn of an lmage that {s of
Interest 1o the ncurophysiologist. Each polnt of the transform dndlcates the
presence of specilic spatial frequencics that are preseat In the aput Image, If;
for cusple, the Iput Image is a simple slousoldally varylag intepsliy patiern
of spaiial frequency p, then the Fourler transform ot posion F(p.0)-—or
110, p) depending on thic orienintion of the mage—would have luteaslty pro-
portionat 1o the brightness of the bmage, sl the rest of the transfon would
have zero intcusity. By analyzing the Fousier {Irnusl’omu of niy fnput lmaege,
one ca delermine is exact spatinl components.

The analysis of the optical systein Is shmifag to the analyses both uﬂ’ col-
ventionnd opticad hologruphy by which Fousier or Fresuel hiolograms are pso-
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Fiong 3, :
Revonsuuction of 20x, p) using Fourier halography, Gtere the plane wave R(p, ¢) acts as

the sccond, sefereace wave iy cupluring Flp, ¢} on the halugram. Rip, g) is the Fourier
plant image of oo af-centered poind source. Reconstruction Is cilecied hiere Uwough use
of pn e-renirer point source, This Mlck separates fiv, pb from f—x, —p) o the outpul

plane,

duved and of van §ieerden’s (1963) method of information storage In solids. -
There are also unnlogics beiween crass correlation in the aptical sysicm de-

scribed here wmd o cecognition {and in fact essociaiion) technigues both in

van §lcerden's systens nnd in convenlional holography. The scader s disected

for the details 1o the seflerences cited,

A Blathematleal Network hiovde]

Enough of the formel stiribmies of the holographic optical systems thol we
have found to heve the essentin) properties for slorage, recognition, and
recull. What needs (o be dout to make hologruphy inte a useful imetaphor for
students of biain funciion in memory and pereeption §s (o see whether the
lens system, or cven an optical system, is necessasy (o fhe accomplishinent
of the holographic process.

We ol cardicr that these are buth stalic {storage) and ulynmmlc (pm- -
cessing) padterns i the oplical system. We found that optical pracessing ac-
curs because of the geamelry and components of an oplical system. We found
hoaw static and dynamic infonmation pattesas dnteract, and tinally we found
that o system in which there are twe stages of linear inforination processing
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rioure 7, :
Geamelrle Interpretations of the convolutlon ond correlailon funciians. Nole how (he
convaelution Involves o rotated verslon of one functlon, while the sorreintion does nof,

Is cupable of storlng, recognizlng, and recolilug visua! Informsatlon. We now

druw ni anulogy between euch of these quantltles fn optical systemns and corre- |
* - sponding guantitles s computer simulated systems. |
These are both statle (storage) and dynamic (proacessing) patterns n our
neiwork model. The sinlle potlerns are sensitlvity volues of the junctional
contucls belween (wo cells. {For convenlence we cafl our matisematical pro-
cessing clements °cells® and thie loc) of changes of sensitlvity values jjunctlons.’)
The junctions are assumed (o be disiributed throughout the volume of the as-
scmbly of cclls. The contribution thut o aunil (ol (o be confused with @
processing unit) of transmissivity has toward the sute of actlvation of the
pustjunctiona cell inay dilfer depending on the geometsic position of s
urrival. We therelore define the focof senshtivity at poing (g, g, 2} af = ccll to
be o mcusure of the ellective contribution toward aclivation that is produced
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ot position (v, p, 2) Trom prefunctlonal cells, Statle patterns are described by
givlug for ench cell {p,q) of the nelwork the lacal semsitlvity functlon
koolx, %, ). D.oeal sensitlvity velueo ore o funcilon of the juncilens! micro-
struciure of confacis omong e cefls,

. In our inedel, dynamie or processing patterns are the patterns of activation
In coliections of processiug cells, We assume for shupliclty that the activation
of a cel] depends ouly on the average value of locel senshtlvity throughount jis
Juactional microstsuciure, (Thils nssumption is mede liese for expusitory pui-
poses only. In o more comprehensive mode] by Baron, 1970, this sssumption
Is wot mede.) We deflne the sensltfvity of ualt (p, g), denated by X, 10 be
the volume Integenl over the microsiructure of the local senslilvity funcilon.

That s,
Kpq = ‘ﬁ[ k, {x, y, 8) dx dy ds.

These cenghtlvlly values correspond to the transmisslon cocfficlents of the
optlcal cystems. hMemorles, the otatic stored patterns, are preserved In these
senshilvily values as we now show.

The dynamic patlesns process Information from one collectlon of cells to
onother, Dynamle poiterns ore desceibed by glving the rate of actlvation and
. lahiblilon of the Juncilonal contacis of each ceil In the collectlon os o function
of thue, Dynamic pattcrns must be real-valued functions of tlme.

These fo aiso o direct anslogy between the (ransformations of the optical
oystem ag speclfied by s geomctoy and componenis, snd the tronsformasilons
of the network model. In the network model, paticrns of encliation ace frang-
formed as they propagate freny ane Joyer of celis to another because of the
coupling roefficlents between celio. I, for ensmple, one ccll exclies anothier ot
2 high oate, the coupilng between the two cells lo high end positive. U7 the
one cell tends (o Inhibis onother, the coupling Iy negatlve. Coupling cocflli-
clents are functions of palrs of cclfs aind st be specified fur every comecied -
palr of cclig of & netwosls. _

Statle and dynamle patterns teract by the network maodel o nsuch the
game way that they do In opilcal systems. In an optical sysieny, light travels
I 0 stealght Hue ond the ‘conpling’ Is determined geometrically by the prectse
distance the lght hos (o travel frons lis orlgin (o lts degtination. In the optical
systent deseribed above, the liradisting light wave Is coherent, end therelore
the phose of bight transiitted from each polug Is the same, If the distunce a
light tay traveis Is & mulilpic of the wavelengih, that cay adds; If the distance
13 an oddd anultiple of holf the wavelengih, the ray subteacts. These corgespond
to manhmum excliniory and Inhibltory coupilng i the netwark moded, re-
spectlvely. Sce Flgure' 8. Becanse the distance thaf the light has fo travel
varles systemntically scrose the transform plane, the Fouricr transformn of the
input patierns §s fosmed bn the transforns plune. As soted, In the network
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in realily just the decrease b eacitollon below Gaseline level, ond aiyl could be excilstosy

in physiological tenns,

model ‘coupling’ is determined by the anteuns of activity occurting in palrs
of cells of an ensemble. ,

In the optical system, if the superposition of alt light waves lias amplitude
<0 af poind {x.y), and the film a1 polnt {x, ) hos tfansimission cacllicient
FUe, p), thea the output pattern has amplitude A7{x, ¥}. In the network, if the
spatial sumaistion of ull activity results fn o net excitutory quantity A at ccll
(1. ¢) in the network, the contribution of activity to the next cel) §s detcemined

0
¥
4 Moximum positive interlerence
¥

— Macimum negallve interleience



436 The Huolagraphle Hypothesls of RAlemory Steuriure

by 4 and by the seasitivity X,, of the receiving ecll. The quantity 4 is nat
determined by cobercace properiles and it is 8t this point thal a geometric
aialogy with the optical system fails. 17 the interactions belween statle and
dynaniic processes are mudliplicative {which we will later propose) the analogy
is direct, and the contribution from all prejunciional cclls toward the acii-
vation of postjunctional cell {p, g} is given by AKX,

The resulling propertles, storage, recognition, and recall depend on specilic
archilecture, coupling coeflicients, mnd} sensitivity values, 2nd are now o be
studied in- detail,

Achleving the Fourler Transformation

Consider the theee-layered network Mustrated in Figure 92, We will call the
cells in the three layers the Mupast cells, sransfors ar-memory cells, and owtput
cells, respeciively. The actlvation pattcrns in these three collections of cclls
will corgespand directly to the dynamic patterns which accur at the input,
tcansform, und antput piancs of the aptical system of Figure 3.

In order (o make an anafogy between the apticol systems and {he network
of Figure 3, we will need to choose 2 stendard labeling scheme for the cells
of the three colicclions. We wilf begin by assuming thas cells are labeled witls
2 iwo-dimensional system of varinbles. Thus o pasticular cell in a collection
may be the (4, 8)th celi, or in gencral, we consider the {m, nith cell. The ac-
tivily of the (s, n)th ceil at time 2 will be given by f{m, n}(1). This corresponds
le the dynamic Input linoge f(x, p) of the optical sysiem,

For each pale of connecied cells we must specily the coupling cucﬂlclcnl
between that pale of celfs. For the (mi, m)ihs ccil in the inpui layer and the
{p. gith cell in the tronsform layer we will designuie by ¢3¢ the coupling co-
elliclent. {Superseripts refer to prejunctional ceils, and subscripts refer to post-
Junctional cclls.) We assume that the coupling cocflicienis do not depend on
the pcomelric position {x, 3, 2) In the neawork. YWe nmust also designale a focal
sensitivity function &, (%, p, 2) for each ccll { p, g) of the transform fayes. (I:,nr
the analysis that follows, the only cellg for which the local seasitivity values
are of Interest age the cells of the transform or memory layer. We will there-
fore assume for shuplicity that the focul sensitivity values of all oiher cells
have value | and may therefore be omiticd from the discussion,)

Flgueg 9.

in par! 8 o nearal nolwork s deseriled schematically. The aciwark it analogens 1o the

optical diagrans of Figure 3, Parl b sepresents o more pealistic Jiageam of wicrosiruciuge
of synnplic damains in corten. The enstinble of averlapping circles sepresented the junclions

hmmn Lranches of Input agons pnd gorticud Jendriles. {Il:dmwu ofter Schicibe! & Scheilx)

In Pgibram, 1970} .
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This soetwark model corresponds (o nne busle conyputativnnl clearent: aune
collectlon of cells that are closely coupied together. Our wssumplion is more
preclscly thet gvery cell of the Input luyer wnkes connections (o every celi of
the trunsform luyer, and every cell bl the fransform layer makes counections
o every cefl of the output layer. We will designate by f(m, n)e), F(p, g)1},
andd f'{m’, s’Y1) the dynamic aciivliy patierns ln the input, transform, and
sutpul layers, respecilvely ot tlme ¢, Since we designate by ¢5° the coupling
coefliclent between the (o, u)ih Ioput cefl and the (p, ¢)th tronsfom celi, then
the net smount of excliallon Jess the amount of Inhibltion provided by ‘aff
Joput cclls ot any point In the transform layer of the neiwork is given by

2, oo (o, n)(8). {0

.0}

The rate of acilvation of the {p, gith transform ccll Is glven by
Fp.ain = [ff butrorn) £ s mmtodedyds, (1
L , {ean)

where Integration would be over the volume conirinlng aif prejunclional cou-
nections of the transforny unlt. (In each ease, If the rate of activagion is nega-
tlve, we assume the cell §s Inhiblied and will not transinii at 8l).) Decause the
coupling cocllicients do not depend on poslilon, the Integration can be per-
formed and Equntion 2 geduces lo '

Fip.g) = K, a.;):;n Craf {ona; )5}, : {3

(In @ somewhnl more compilcated model presented by farom, 1970, the
efMectlve coupling beiween prefuncilonat and postjunctlonad cells during stor-
nge and recall depends sysiematlcoily on time and geomeiric position (x, y, 2)
in the network. The result I3 thai the locel senslibvity values cannot be aver-
aged. The additlon of this “timing mechanism® enabies the network to store
and gecall palterns that vary as a function of thue. Thus, for example, storuge
secognition and secall of verbal (auditory) Informailon ts possible.)

I thie optical systews, speclfic transformations resulted because of the genm-
- elry and componcenig of the speclfic systems. Under the analopy, transfor-
matlons that result-ln the neiwork depend divectly on the coupling coclii-
cients, ¢57, We assume that the coupling cocllicicats are chosess so that the
ncswork Fourler-transforms the input fimuge. To sce how this might be doae,
we niced only (o loek ab the specific equations for Fouricr trnnsformatian bn
optical sysiems, For the optical sysiems, the Fourier trunsform is given by

Fip.g) = i f exp {{px -+ g2 (u, 3) dx dy. ' {4}

B0 she sysiensy Is discrete gatiier thau continuous, Equation 4 becomes
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Fip.g) = Eﬂ }: A exp ((px - qmmf/ﬂ@ﬂx J?D {5)
gefl p=i
where 47 3 the number fn discrete polngs of the lhumuc
For aur nctwork miodel, if we could choose the coupling coclﬁclcms ln the

anafagous way, that is,
| 38 o M-teap ((mp + ng)2aif bE), 8

the network would Fourier-transform 'the input patiern. lowever, we are not
ol liberty to use mathematically complex quantities. (Cur early assumplion
was that dynamic patierns are nonnegaiive real functions.) In order to build
s nciwork maodel that resembles a biologicul ncural network that will pre-
seeve the Fourler transform, we must presesve negative and compler quanii-
tics. In all oplical systems described, negalive and complex quaniitics were
presceved by storing the intensily distribution of the superpasilion of the
desired signal with a second (refercnce) light wave. Décause colierend Jipht was
used us o source of lumination, a stable interference paitern resubled whose
intensity distribution enabled recall {scconstruction) of the stored paticra.
Oue possitie mechanism for g ncural netwark te encode negative und cam-
plex quauntitics is to ullow independent ncurons (o convey the positive and
negative, real and imaginury components of the desired signal. This approsch
was used by Daron (1970). Another possible method is to flave the cclls acli-
vated oi a background raie {which represents an actual value of 0), and to
assume that inhibitory eflects reduce a cell's activity (o below background
firing. These slow rates would represent negative quantitics. The real and
complex components of the transform would still have (o be preserved by
independent cells. Severad researchers have alse considered coherent neusal
sctivity in dircct analogy with the oplical sysicni, [n cach case an fnternal
signal is used lo insure coherence. See for example Westlake (1968), Swigert
(1967), and Parrett (1969). ' :

The Neural [lologram

We note that the assumed neusui processing that underlies thig farmalism i3
relatively simple. Clhemical transmiliers are released ag synaptic junctions
between presynaplic and postsynaptic cells, These chemical transmitters dif-
fuse across the synaplic cleft and modify the resting potential of the pasi-
synaplic cell. The locad maodifications o the sesting potentiad near the synuptic
Junclions propagile to some catent away from the junclions. Excilatory trans-
mitters couse depolarizations; inhibitory trunsniitigrs cause hyperpolarizn-
tivus in the dendritic micrasteucture of the postsynaplic ecll. Excitatory and
inhibitory contsibutions smn by spatial sununation, und the result is a small
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coniribution 10 the acifvation of thai cell. The coniclbution te depolarizatinn
from any junction is delermined by the local sensitlvisy at thal junction tiiat
depends in tuen on its membrane propestics {see below). The lacal fluctua-
tions, slow potentials, or minispikes interacting with the junctional snicro-
structure, propngaic toward the somn and cause it to depolarize st a rate
given by Equations 2 or 3. The cesult is a linear transformation of the input
depolarization patiern f{(m, n){¢) 1o the transform paltern F{p, g)(r} through
one stage of ncural processing.

In the optical sysiem, the exposure of an undevcloped picce of film to an
optical paltern sensitizes the film so 1hat development at a fater tine causes
points thal are exposed (o bright tight (1ight with a large smplitude) to become
black upon deveiopment, and poinis that are exposed to dim light {or no light

-l nll) to remaln transparend. I one then makes a “positive’ image of the film,

the gesult Is that the transmission coeflicients of paints that received light
having a high intensity will become high, and the transmission coellicicnts of
polnts that reccived no light at al) will become Jow. This is the optical hwlo-
gram or ‘memory trace’ of the oplical systein. By analogy, we supgest that
in the model during the *exposure’ pesiod the local sensilivity valucs become
altered in gegions that receive o large net amount of activation and becone
aliered in ghe upposite directlon in regions thal reccived a small nct afmoung of
actlvalion. Some neurons slore the ‘real’ part of the transform, ather ncurans
store the ‘lmaginary® parl. In pariicular, we propose that the local sensitivity
values for the *real® hatf of the population of junctions become proportional
to the net (cxclintory less Inhibitory) amount of the activation thai arrived
during the cxposure period, while for the ‘lmaginary’ half we propose the
apposilc, L.¢., deactivatlon {inhibition Iess excllation) accurs, That Is,

K,q Is set proporilonal to ):’ (o 1o (., m)(1), {7y
. [m.5

where f (1, n)(#} 15 the pattern to be siored. Because the net amount of arriving
octivation has & spatial disisibution (Eq. §) that is preciscly the conjugate
Fourier transform of the dynamic fnpul pailern, the resuflant distribution
of local sensitivity values corresponds lo one ierm of the aptical Fourier
helogram and it i3 for this rcason that we call thicse “memory traces’ 2 neural
hologram, -

o shors, a seuraf hologram s ihe patiesn of sensitivity values thag corre-
sponl to one element of an optical Fouricr hologram and it is a function of
the junciional microstruciure of the memary units, The scasitivity valucs of a
neural halogram prescrve the conjugate Fouries transfarm af the patterns of
cxcitalion and inhibition that ar¢ initiated by the inpat.
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[tecognitiun and Recall

We have shows that Foarler transformnilon can be perfermed by a slngle
stige of Incohereni ncusal processing, ot feast n principle. We now enfend
owr unalogy between the optical systems shown fn Figure J and the (hoee-
Jnycicd nelwork shown fn Figure 9a. We nssuenie (lsal the transformatjoe ¢hat
vccurs between the memory fuyer and the outpud layer Is also o Fousler trang-
formation. That Is, the dynnimle activation paticen of the output layer fs the
Fourici transformation of the dynumic patternn of the memory layer. Once
this luppens, there are prediciable patterns of acilvity in the output ccils, and
this activity takes on (wo distinclly diffcrent forms, '

Far an arbitrary Inpui pattern (Le., the encoded ferm of the sensory stimae
fus), the output paltern Is the cross correlation of the lnput patiern with the
paticsn represented by the Jocal sensitivity values. In this case, the sysiem glves
a strong signal when the input putieen Is shuliar 1o the stored paitcen, This is
the recognition process. (i the opticnl sysicin of IFiguse 3, the recognitlon
signal appcars as o brlght spot Jin the output plane of the sysiens, By anaiogy,
the recopnition slgnad for o meimory node s the ruplhd felog of & small group
of cclls in the outpul fayer. The sensitlvity patiern has a *focusing’ effect on
the surrounding sctivity, and when the input patiern is simifar (0 the stored
puttern, she secognition Informalion Bs galliesed ag v group of celis, The actlyv-
ity in such cclls could easily be monliored by other networks and used for
sclecting she memory nodes from which (o later recall information. This pre-
cess is compietely nnalogous to recognltion holography as described easller,

. and to the cross-correlation process of the Jens sysiem, o

By contrast, the output pattern hias & completely different natuse when.the
cells of the transform Jayer are excited {n o uniforsn way. I the memory cells
arc uniformly excited, thal {s, by a single cell whose coupling coeficients are
the snte 1o alf memory celis, the uniform uctivailon Is modified by the scasi-
livity values of the memory ceits and the sesult §s that cacl mentory cel] fises
ut o rote dhat is proportional te its sensitlvRy value. bu this case, their pultern
of depofarizalion is & reactivatlon of the slored pattera, 0§ Is, In fact, the
conjugate Fourier lsausfonmn of the pattern that is stored. The outpui pattern
is in this casc a copy of the original pattern of depasiure activity that was
input when the jucal sensitivity values were establishied, The output pagterit
Is o recalled-copy of thie siored information.

Alternate Models

The Fourier process Is not the only process our formadism can usefutly de-
scribe, Lquation 3 gives the paticens of uctivity of ghe ualts In. the memory

luyes in teons of the input pattesss f(m, n)(1), the coupling coclliclents <5,
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ond the senslilvity values &, The coupling cocflclents that ensblied the net-
wos 1o Fouiler-irsnsform the dynemic poticrns of activity were on orbitragy
cholce, wid In principle any cholee of coupiing cocflicients could be made,
0n ooder Tor the nelwork (o be able (o store Infenmation, the fnpug transfor-
.mution shonld naf lose information. 16 must have na Inverse, (7 the senshivity
values of the memory unlis presesve the (ransfenmed: paitern ond (he trans-
formntion between the memory wnits and the outpul unlts produces the in-
verse (rensfosmation, (hen o unlformr excitation of the memory cells will
cause (e siored paifern (o be secalicd.

[Jowever, if the network Is (o adequately recognlze [nput Informatlon, the
secognition signni should be much sironger when the stored patlern asrives
thun when an arblirary different patiern arrives. 00 s well known that fos o
lincar systemt (Tusln, [960), (he best possible recognition signal is achiteved
when (he transfer functlon of (he system Is the complex conjugaie of the
Fousler (ronsform of the patiern (o be vecognized divided by the frequency
specirin of the nolse, This §s preciscly the result achleved by the holographic
mode] presented In this chapter. (We have assumed for simplichy that there
iz no sysicmailc nolse In the network, If nolse Is present In the system, the
sensitllvlty values must be divlded by (he spectrum of the nolse.) Thus, al-
tirough other linear transformailons can supporl the siorage and recall pro-
cesses, Uhey nre nol as {deally sulted for recognlilon as the Fousler processes.

A very recent ncusal holograpile model wag propesed by Covanagi (1972)
In direct anniogy wlih the associntlve holographle systems descelbed eagller.
Cavanagh proposes (il {wo lndepemdent collectlons of input unlis coniacy
the memory unlis, nnd that two Independens colicctions of suipui unlts carry

“the departuse patlerns from ecach computailonal efement of the system. The
lnitial Input patierng, say @ and & are converted to the transformed paiterns
A4 and B by the first fayer of processing, and the tntensity paticecn {4 -+ B)
(4 -I- B)° ba stored by the senshilvity values of the memory unlis. {The pai-
terns A and B correspond to the arrlval patterns 4 and £ in the associative
holography system described earfier.) The coupling between the memory units
and the output unlis Is assumed to have twe propertles: 3f no lnfoemation Is
stored In the memory unlis, the departure patierns In the two collections of
cells correspond (o the arrlval patierns. If, however, consolidation had oc-
curred when arrlvo] paticrns 4 and B wese pregent, then at a fater thine, inpui
patiern a alone will cause the departure puttesn b fo be reconsteucted, and
vice versa, Thus, if @ I present fn the Tnput, a ‘ghost tmage® of b is auto-
matically gencrated, ond thls ceconstzugtion process Is fnstantancous, No
scarch procedure of external control Is necessary, -

fn contrast to our modef, Cayanogh has demonstrated explicitly the two
collections of Input units that correspond to the two wavelronts of light used
in optical hoiography. Also in contrast (o our madel, Cavanagh proposes
ihal buensity values are stored rather thon the seal and camplen quantities
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of the transformed image. The esseatiul poing is thet nany models can be
suppested, nnd each one copteres ane ar maore of the essential feniures of
optical holography. At present, cacly model gaust be considered as & suijable
aliernative to the other, and wnlil more direet enperimental evidence is at
Dhand, no model ean be uscd te preclude anather, '

Many models fall info the class of weurad holographic sterage modcls, and
it is this general class of models we are (rying (o describe here.

NEURAL IPROCESSES

Storage Propertles

Netwark mbdels of the holographic processes have accomplished several
aims: R

). they have shown thet oplical sysicms are not required for holographle
transflonputions (o be realized; and -

2. by keeping In mind sonw: slmple charecteristics of acsvous tlssue, they have
speited out requltements for {n) temparary or peemanent modificatlon of say
one layer of ncurons by way of changes In e statlc patiesns af seaslilvity
values within & junctional microstsuciure, and (b) processing between layers of
ncurons by specification of the coupling cocllicients between thewn.

Lct us begin by citing evidence consonant with the requirements for neural
manldification (storuge, temporary, or permancat) demanded by the maodel.
‘The model suggests that the argdval patterns to 8 unit—2 neuron and lis
~ dendrites— produce a microstruciure of slow potcntials {depolnrizations and
hyperpolarizations) in 1he form of an intetference paticrn on (hat nevron’s
dendritic and somatic membranes. Eccles, lto, and Seentagathal (1967) have
described the mechunism of production of such interference patterns in the
cerebellar cortexn, Af the seglons of greatest constructive lntesference, changes
are produced in the membranc’s sensitvity to excitation and Inhibition.
Whencver aew arrival patterng similar go the original occus, perturbations
ol Whese sensitive areas are produced. Thus the likclillood of depolarization
and conduction in thos cell are greuser than when nonsimilar lnpuis arsive.
I is preciscly this, and onfy this, property that we have shown (a be siecessasy
for neurai holography 10 be possible,

There is good reason jo believe that a similar process occuss at the cescbral
corlen. Beneventn, Creugzfehdy, ond Kuling {1973) have suggested on the basis
of intracellular recordings thag ol input jo the corles resulls [n excitutory
(depolarizing) processes while the ellects of horizonial fnteractions are essci-
tially inhibitory {hyperpolurizing). Extraccllular recordings, testing the effects
of double simultancous visual stimulation in our labosatory, are most readily
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interpreted in the same way (I'heips, 1972). These results give some justifica- -

tion 1o the emphasis given in our sicctly holographic model to a single pracess
by which depofarization and hyperpolarization affect changes in sensitivity
values. Neither hyper- nor depolorization per se are therclore considered
agents for membrane madification.

That this effect is restricied In locus I8 nog unlikely: a rough jnverse square
taw for the effects of slow graded poicniials has been assumced by model
buildess since Densle (1956) undd has siiflicient lbacklng of evidence (c 8-s
Phclps, 1972) 1o be taken seriously.

The lolographic storage hypotheses require that the modificd synaptic

scasitivily be proportional ¢ither to the input signal sirength {our model} or

to the square of the inpul signal sirength (Cavanagh). This could be accom-
plished in the following way. Permanent or some seversible scmipermanent
change lo a membrane would be proportional to the square of the vollage
diffcrence between neighboring input patterns of electrical activity, since per-
turbation In the posisynaptlc domain is a function of the differences in dis-
tribution of hyper- and depolarizations produced by the arsival of input
pailerns of presynaptle potentials, resulting in voitage differences paralle! to
the posisynapiic mcinbrane. A lestabie physicai description of such a snecha-
nism has been developed by Richerd Gauiliier for the special, though not
vnusual, case of twa synapses from dilferent azons forming adjucent Junctions
into & dendritic or somatic membrane, The Interactlons between excitajory
snd inhibitory processcs can be concelved to occur somewhat like this: with
" no synaptic input to the membrane, there Is 3 resting electrie potential across
the nicmbrane, with the voltage gradienl or electsic ficid lines perpendicular
to the membrane surface (Flg. 10a). Supposc thet In necighbaring terminals
the input io the presynaptic terminais caunses the posisynaptic junctions to
became locally depolarized and hyperpolarized, respectively (Fig. 10b). The
ellect is to produce o palr of lorizonially ariented efectric dipoles at the sur-
faces of the ccll membrane, which supceimpose their electric ficlds on the
vertical ficlds already present (Julesz, 1971; Darcett, 1969; Pribram, 1971},
The net cflect is 8o produce significant electric ficlds or voltage gradicnt
domponenis that are parallel to the surface af the membrane. We proposc
that these transient horlzontal components af electric field trigger structural
{c.g., conformational) changes in the membranc that outlast these horizontal
ficlds. The induced structural changes in the membrane which in themsclves

may be reversible could then sct olf fusther biochemical processes feading to.

long-lasting fon permeability chenges.

When cither synapse Is aclivaied again, these structural ar permeability
changes can cause the cffects (l.e., postsynaptic potentials) of ene synaptic
input 1o diflinct and mimle the elfects of the othier, as if the latter were present.
Thus the activation of one synapse produces the eflects of activating buth.
The contribution of any such pair of synaptic inputs is small, but whcn maay
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convolutional integrols has been found to adcquascﬂy describic the transfor-
mations that aceur between the setina) seceptor masaic and the ganglion ccli

outpul from the eye to the brain.
The sccond quantitative description cames from Enroth-Cugell snd Rabson

“(1966). In their account they have demonsirated in the sange of ganglion-ccll
“seceptive fichls a varicty of relationships between ceater and susround, 2 find-

ing also cmphasized by Spinclli (1966). Enroth-Cugell, Robsaon, etc., then
showed that they could enplain this varicly an the assumption of gn epponent
mechanism-separate excitulory (depolarizing) and inhibitory (hyperpofariz-
ing) reiinal processes, cach process displaying an esseatiolly Gausslan
distribution.

Where do these separate excitatory and inhibitory processes tuke place?”
Nowling and Boycotl (1965} huve shown that, prlor (o the ganglion ccli layer,

- few if any rctinal neurons generale nerve impulses, All Inicractions are peg-

formed by way of slow potentinls. These are of two appasing types—de-
polarizing excilations snd hyperpolarizing Inhibitory eflcets. Titraccllufar
recordings (Svactichin, 1967) lhave suggesied that the cacilatory puoiculials
sre genesated aloag the lnpul tronsmission paths (bipolar cclis) af the seilna
while the inhibitory putenlinls are duc 10 the hosizontal Jayers (smacrine aud
hosizontal cells) thut cross the transmission channels. This “luterad® inhibitary
process has been studicd extensively aind made the basts for quantitnilve de-

_scriptions of sensory interaction by ilartline (sec Ratlilf, 1965} and by von

Dekesy (1959) in their treatment of the Mach band phenomenon. The equa-
tiuns they invoke are similar o those used by Rodieek in his dLscﬂpslun of
gangliva-cell receplive ficlds.

‘The gist of these experbucntal analyscs is that the retina mosnic becanies
decomposed inlo an opponeni process by depolardzing and hyperpolarlzing
stow potentials and trunsforms into wore or tess concentric receptive ficlds
in which centcr and surround are of opposite sign. Scts of convalutional inie-
grals Tully describe this transformation.

The next cell station §n the visual pathway Is the fateral geniculate nucleus
of the thalammns. The recepiive ficld characterlstics of the output from acurons
of this nucleus are in some respects similar lo the mare or Jess concentric
organizution obtained al the ganglion cell fevel. Now, however, the con-
cendric organizalion is swre symmctrical, the sircound ssually has miose
clear-cul boundarics and Is somewhat morg cricisive (e.g., Splnclli & Psibram,
1967). Furthermore, a second pemnnbra of the same sign as the center cun
be shown o be present though its intensily {munber of nerve impulses gen-
crated) is not ncarly so great us (hat of the center. Oceasionally, a third
penumbra, agnin of opposite sign, can be mide out bt.ymld the second
(Hanunond, 1912).

Again, a transformation has accurred between the autput of the reiina
and the output of the lateral geniculate nucleus. Euch geniculaie cell acts as a
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peephole “viewing® a part of the retinal image mosaic. This is due 1o the facl
that each geniculate cell has converging upon it some 10,000 ganglion ccll
fbers, This recepiive fickd peephole of each geniculute cell is made of cone
centric rings of apposing sign, whase amplitndes full off sharply with distance -
from the center of the feld. In these ways the ransfomaanon accompﬂlshc(ﬂ
is like very near-ficld eptics.

Pollen, Lee, and Taylor (1971), &hmsgh suppoctive of the suggessmn that
the visual mechanisnt es o whole may function in 2 Fourier-like manner,
emphasize thet the geniculaie ovtput Is essentially topographic and punciate,
is mot frequency speeific, and does not show (ranslational invariance—i.c.,
every Hluminaied polnt wiibin the receptive ficld does nof produce the sune
eflect. Further, the epponent propertics noted at the retinal fevel of organiza-
tion are malntalned and enhanced at the cost of overail transiational invari-
ance. Yel & siep (oward a discrete (rensform domain has been {aken since the
- output of an Individusl element of the retinal mosaic—a rod or cone recepior
—is the origin of the signal transformed al the fateral geniculaie level, |

When the output of laterel genlculnte cells senches the cerchral cortex,
further transformations fake place. One set of cortical cells, cheistencd “sim-
ple® by thelr discoverers {[Tubel & Wiesel, 1968), has been suggested (o be
characterized by a recepiive field orgunization composed by o fitcrally linelike
arrangement of the owlpuss of lateral geniculale cclls. This proposal {s sup-
poried by the fact that the simple-cell receptive ficld s accampanicd by side
bands of opposiic sign and occasionally by a second side band of thic same
sign as the central fictd. Hubed and Wiesel proposed that these simple cells
thus scrve as line deteclors in the first stage of & bicrarchical arrangement of
pattern detectors, Pollen ed al. (1970) have countered this proposal an the
basis that the output from simple cells varies willy contrast luminance as
well ns oricniation and that the receplive ficld is too narrow to show trans-
Intionad fnvariance. They argue, thesclore, thas an enserble of shuple cells
wouid be needed (o detect orientation, They suggest that such an ensemble
would act much as the strip Integrator used by astronomers to cull daia from
s wide acca with instriments of limited topographic capacity (as is found io
be the case in lsterad geniculate cells). Whether In fact sirip inlegration occurs,
the linclike arrangemcent could be conceived as o preparatory siep in Fresncl,
Faurier or othes frequency-type pracessing—now g slit rather than a peephuile
*views® the retinal mosaic,

Mut it §s not necessary to view slmple cells only as way stations in & hicrs
archy--these corticat units cicarly have functions in their own righi. A scrics
of ingenious studics by [eary and Bishap (1978) have confismed that these
simple cells are exquisitely tuned 1o the edges (luminance contrast) of Jines
in the visuad receptive fehd independent of fine width, Some are tuned o the
lending, soune to the trailing edges. Responses ure of fwo types, excilalory aid
inhibitary, and vesy often show apponent praperties: f.e., when the edge is
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moved in one dircetion ucrass the geceplive fleld the cffeet (e.g., enclintion)
is the converse of gl {e.g., inhibitlon) produced whea (he edge s moved fn
the apposite diseetion. These lnvestigators have shown that this effect Iy
binoeulmly vetivited. Oniy when the exclintion zoncs ave fu phase is an outl-
put signad geacrated, This oceurs exclusively when the fniage i the (wo
selinns supesimposes i.c., wien “objects’ are fn focus. Thus, siple cells act
us gates that fet pass ondy binocnturly fused Information,

Anoiher class of cortical cells has genesated great fnferest, These cells were
chtistencd *‘complen® by thelr discoverers, (lubel nnd Wiescl, snd thoughg by
thent (us welk as by Pollen) to be the next sicp tn the pattern recognition
hlerarchy. Some doulit has beeit ralsed (I0ollinan & Sione, 1970} because of
their relatively short latency of responsc as lo whether ail complex cells re-
ccive their input from simple cells. Whether their inpnl comes direetly from
the genicufate or by way of simple ccll processing, however, thie output fom
counplex cells of the visual cortex displays transformntions of the cetinal Input,
characiaistic of the holographic damaln, .

A scrics of clegant experiments by Fergus Camphel] and his group have
sugpested that these compler cortical cefls ase spusivl-frequency sensltive
elements. Initially, Cumpbell showed that the sesponse of the potential evoked
Jnanaa mid ent by repeated flushed enposure o a varlety of gratings of certaln
spacing (spatinl frequency), sdupted not only (e that fundumental frequency
but also o any component hurmonics present, {le concluded therefore that
the visual system must be encodlng spatiad frequency (peshiaps b Fourler
terms) sather thun the tntensity values of the gratlng. ble further showed thug
whean o siquare wave grating wus used adnptailon was Hinlied to the fundg-
mentnd ond its third harmwonic as would be predicted by Fourler theory,
Finally, he found ncurul units in the cut’s cogiex thet behaved os dhﬂ the Bross
potential recordings.

Pollen (1973) has evidence that suggesio that these spatlal-frequency sensi-
tive unils arc liubel sk Wiescl's complen cells, alihough botls his work and
that of Mallei and Florenting (8973) have found that slmple cells have the
properiics of sputial frequency filiers, in that they afe broudly scasitlve to o
sclective band of spatind frequencies. In addition, the lalter fisvesiigators heve
found that the simple cclls can gransmit contrast and spasled phase informa-
tion in terms of two different parameters of tclr response: cantrast is coded
in terms of impulses per second and spatind phase In febms of fring pattern.

The receptive ficld of complen cells is chacacierized by the broad entent
(when compared with simpic cells) aver which r tiue of relutively indetermi-
nate fength bui o certuln oricntmlon will clicli o response. Pollen demons
stsnted hat the outpui of comples cells was ot invatingt o orlentation
alone- -pumber of lhies und their spacing appeaced also (o Influence response.
Ne concluded, therefore, us hisd Fergus Cumpbell, that these cclls were
spatind frequency sensitive vad ¢hat the spatial frequency domntn was fully
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uchieved a0 this level of visual processing. Adiditions] carsabarnting evidence
hing recently been presenicd froms the Pavioy Insthiute of Phystology In Lenin-
gradd by Giezer, lvonoll, ond Tscherbach (1973), whe selate thelr fndings an
complen (and bypercomples) seceptive ficlds as Fourler analyzers te lhe
dendsitle ncurostructure of the visunl corlen much as we have done liese.’
There I3, however, stil] another sel of probicms thal must be disposed of
before the concspltion «f & spatlal frequency Gransfurmation of the setinel
Image by cusles con be necepted. These peablems deal with the tuning charac-
terfstics of each spastal frequency seushiive efement ond the extent of retinal
image which thls clement transforms. The evldence (o date suggests that cacls
slmpie cell §o rather broadly tuned, bub thai the recepilve Aelds of complex
cells are narsowes in Mhelr tuning characterlstics. Richneds ond Spitzberg
(1972, smong oihers, have duggesicd the paticrn secogniilon mechanlsus e
considered snalogong to that which obialng for color where stepwise recombl-
nntion of opponent processes sharpens broadly (uned receplor characteslstics
Into & magnlificent toof for subtle color perceplion. We have niready deiailed
ihe evidence that shows opponent processes to exlst ol varlous levels of the
visusl pottern tronsformatlon mechenism, What remalng to be done s to
show quontitsilvely how by combluations of opponent processes, sharper
bundig characteristlcs of the spatial feequency mechenism car be schicved.
‘The problem s not much dilferent for obiaining the greater visuel angle
over wilch the spatial frequency mechonisi must aperate. Same combina-
tlonal process must occur—ihe question ls, where and how. Evidence per-
taining to thls polnt Is presenied loward the end of thls chapter, Lug fissg Jed
us inke Jeave froms the transform process and look again Inte the distsibution
mechianism without which the braln feslon effects cannot be explalned.

A Lhwmitlng Spechiicaiion

We thus have evidence thal newral transformatons occur In the visual sys-
tems that couid, glven npproprlate storage, result In Fresuel-like (slmpic ccll)
and Fouwrler-like (complen cefl) holograms. But oll problems are noi yet out
of the way. Merhaps the most critlcal current question that Is posed by the
hologeaphie hypothesis of memory storage is the questlon of the enient to
which fnpit bgcomes disirtbuied ai any one stage of pracessing. As Indicaied
I un enelier part of this chapter, visunl lnpuis even 1o the complea cell level
of the conlen still represent only 8 few degrees of visual spuce. Obviously,
input doeg not beeone distributed over the wiole brain bo one pass, il ever,
Wit are the limits on distribution thag would yet allow one o use (he holo-
grnw ag o model? This quesiion mey pel have & single unswer und probally
depends on the coding and control mechanisins availtable tu the erganism for
thls purpose al 20y glven moment. There Is conslderuble evidence from verbal



RARL PRIDKRALN, sJAWL NUWER, ANID BOBERT BARON 45)

learning experiments that rehearsal accomplishes internal distribution of the
events rchearsed (Yoss, 1969; Trabasso & Dawer, 1968). Nelsser {1967) points
ouf that retinul transiation should destray the congruence neeessary for recog-
nition were » simple point-go-poinl template invalved - and i docs nof.
Moyer (1970) an the ather hand, i o scrics of expeshuents, has shown thag
recogaition ai a nonexpused getinal Jocus is impaired when a comples une
familiag patlern is preseoied tuchistoscopically once (o 2 restricted getinal
locus. Even o single repetition of the exposure with no chunge of locus will,
however, significantly enhiance recognition at o distant Jocus. Rehearsal is ob-
viously a potent source of distribution of information.

Another way of upproaching this question is to ask just how much repli-
cation and how much distsibution is deinnided by the holographic hypothe-
sis. Pollen's datn suggest that in the visuad corles only smulf reglons of visual
space become encoded. 1owever, [lubel and Wiesel {1968) describe consides-
uble overlap of receptive fields within a single penetration far cells at the
sume oricntation and preferred slit widihy, 1{ow this overlap becomes usefully
integrated is an experimental question under present tabontory study {Pol-
bram, 1974) and is discussed {0 some extent b the final section of the chiapier,

The evidence ciled ubave thus gives strong suppart Lo the concept thad ocal
regions of the cortes wre respuonsible {or storing the memorics of enperience.
Doces this conliadict the sesults of thie abintion studics cited carbier? Na, for
it Is quite possiblc us wircady noled, that the proposed sysicm, I response (o
rehearsal, stores mulliple copics af the same enpericnee In remole seglons of
the corter, and thed coch of these records Is a complete description of (he
givesn evenl. Evidence that fn fact such multiple copics accur hias heen ob-
taincd: smull mocroclecirodes were Implanfed over the visnal corien of
monkeys and clectrical petivily recorded e discrimination experiment. In
rundomly distribuled locations over the visual corten, localized ebectrical
aclivity was reliably fomml ta be scluted 1o elther the stimulus or the-response
{or reinforcement) events in the experiment {Pribrum, Spinelli, & Kamback,
19617).

b.et us supposc that the strictly hologruphic trunsfosmations are o local
phenotienon, and that integration of information across the corles Is done
cither by o hierarchical summing onto the aext level of conncctivity, or by o
parallel processing mechanism vig subcortical conncctions, These slicrnatives
e being explored enperimentully st present {see Pribrian, 1974, for review),
Since the hicrarchical aiternative is almost universally espoused, it needs fitde
explanation. L.et us for a moment therelure consider the advaninges of par-
alled processing mechanising that make the  experfimental  investigation
worthwhile.
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iRedatlon to Conirol Processes

‘An essential distinction between o Werarchical serial process and a parullel

process is that the laiter allows conirel funclions (o be encrciscd before or af
ie transform or memary plane tather than after transformatlons and stosage
have been necomplished, [n their operations, control funclions can influcnce
several biological memory processes that are independent of the pasticular
storage model, yet each one can crucialy sflect the way in which the memory

itore operates, They sre the foliowing.

I. Permdncnce: Are the memory traces permancnl (they never change once
they are made), of are they temporary {the samie memory location cun stare a

different patiern at dater imes)?
%, Modiflabilivy: Are the memory iraces adaptive—do they change slowiy

aftce the Inhtial consolidatlon process T U1 so, whea are the modifications allowed

(o nccurd .

3. Consolldation: Do the memory traces become permancal upon o slagle
presentution of the input paliemn, or do they slowly become establishied upon
repeated prescaintions of the same input informistion ? I ihe lateer §s tree, what
are the contsol processes 10 insure thoat only the proper memory (races are
sllowed o gonsolidate et any glven tinwe? :

4, - Interferences B mnre thow o single preseatatdon of the dnpui pattem i
necessary, how senslilve I3 the nascent memoty trace to interfercnce

5. Decay: Are the mumory traces actuaily ‘permancnt’ afles they are ¢stab-
lished, or do they slowly degrade a5 a Tunction of time? 8 they degrade, whae
Is the rate of degradution? 13ow does degrudation allect recognition and secall?

Scveral memory controf functlons can operale on these storage functions.
fhese control functions are not pasticular lo the holographic madel and in
act are nog part of the holographic model. Tlicy sre the following.

i. Slaﬁ-saﬁp: When will e mnnichlnr memory locatlon begin the “caposure”
process, and when will it finlsh? This slari-stop process may be considesed

for o purticutar memory location, or it may be considered for all the memory

locations In 2 mcniory slore.

2. Scicetlon: For e memory store, the question nay be restated: why will
one memory §ocatlon store she curren apan Information rather than anotler ?
The memaory mny be stored indtially on the busis of inuate competences of the
neuznd ssue involved and later on the basis of changes in competenace producedd
by experience. Or, memoty localions may be nrbitsanily {pscudorandomly)
selected initially and then inpui deliberaicly chanteled (o compatible sites on
the basis of temporal or conceplual contiguity.

L Recognition threshiold: An fopul Is judped as °recognired” when 8 evokes
assoviated micmorics, The hmplicution is fhat whenever mcmorics are called
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forih front an nssoclutive {content addressuble) siore, then the eflecis of an
cinrlice simHlar input st Bindeed slrcudy be o the awemary store. 1o sloiler -~
g shnitag be 1o becone recognlzed by (he aemory T The sthinulatlon of the

~ holographic precess developed here proposes thet a cross corgelntion (ke
pluce in pacalled witl oll stored mesosy, Thea §7 any reglos of any cross cor-
gchition excecds some nrbitsury shaeshold, the input s considesed recognized.
G luw és thut 1hreshold estublished and witcocd ¥ '

4. feenld: I slornge Is truly associallve, recaif ocvurs (o the eatend (bad an
input evolies ihe effects of carlics ussoclated Inputs. | low are the llinits placed
on such evocmion? A control mechanisim must be presend thot Is able to declde
which of the memory jocations thag have been addressed are (e be used la

furthey processing.

The nbove questions and conunenls are typleal conceralng the relationship
between memory and iis control funclions and some of these fiave been
touched on by Spinclli (1970} bn thie discussion of “Cccam,” What Is lmpor-
tant 4o snderstund is thet the genera] holographlc hypothesis is strictly a
waodel of the intesnctlon between siarage and Inpid processing and docs not
adibress these decisionul questions. 1lowever, the holographic hypothesis docs
propose thnl these decisional propertics Involving storage, recognition, nnd
secall occur by way of & content addrsessable parsliel-processting mechanisne.
We therefore consider bricfly the evidence tht, In fact, the organlzation and
precessing of snemory occuis jo o content addressabie parallel-processing
syslem.

There are a growlng number of expechinents thag are designed (o determine
whetlicr or not the recognition of a silmulus and (e setrlevnl of relnted
(ssociated) Information are sequential ‘o paralic processes. Results pre-
sented by Sternberg (1969) and nore gecently by Askinson and Juola (1974)
suggest in fuct ihat both sequentind and parailel pracesses are lavolved, 10 ls
generally believed trae that there {s an nlilal sequence of processcs that en-
code the stimuius information Into the forn used by the memory stores.
There nent appears to be an Jultlal rddressing of memory that results fn o
*familiarity intex’ for the stimuius invoelved. This Is the recognltion signal or
cusrclation value produced by an ussociative memory store. The renction
lime studics indicaie 1hat this is a pasatic! process—that the encaded stimulus
pattesn is presented simulinneousiy to all memory locations (nodes of basfc
computationai clemenis) of the memory stores.

On the asiher hand, the experiments Indicate that ouce the familiarity of o
stimulus ilem is obtalned, ndditional lnformation can anly be gecalicd Ly o
sccondary scquentind scarch of memory, This secondary search process Jo-
ciles specilic ilems from among these which are related 1o the stimulus, The
scipuentind search appears 1o be sestricied 1o those memory locations that
contaln information sssocinied wiih ‘the stimulus - memary Jocutions thwt
recognized the encoded stimulus puttern, Furghesmore, thiese experimental
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resuits bnply that Individual mmemory locations mﬁy be necessed independensly
und thele stared lnformation recalied.

SUMRIARY

Our studies of holographlc processes have deialied possible mechantsms Jog
the disiributed memeory requlred by the resuils of expeclmenis on bealn funce
tion. Scverad {ssues became clarlfied. [lolography depends on twe separable
functlons: {a} storage of lnterference patterns or thelr equivalenis; (b) pat-
terng cresied by superpositlon or ather Fresnel- or Fourler-like bnput process-
Ing. A nelwork mode! of one limling case of holography—the Fourier
Hloiogram—Dhas been accompilshed using clemenis aad Junctlonal charac.
terlstica plausibly ke those In neurnl networks, Other models have alse heen
touched upon, In additlon, cvldence liss been adduced that, In fact, holo-
graphic stosage snd spatlnl ﬂ'rez;ucncy-—ii’omlcr -like—processlng occurs in the
visito] sysicin.

Thus the advaniages of o Enoiogsnphic memory as o modef for beain fune-
tHon In perceptlon can be fultfully pursued with vigor, Adlde from the
propecty of distributed storage, holographlc memnorics show large eapacliles,
paraliel processing, ond content addressabillly fag sapid recoguition, asso-
clatlve siorage for perceptual compietlon and for acsaciailve recall, The holo-
graphlc hypothesls serves therefore not only as gulde to nenrophysiofogical
experiment, but also g9 o possibie explanatory toof fn understanding the
mechanlsms dnvolved In behaviosally derlved [pw&:?:um b the study of mea-

vty and pereeption,
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