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Onlroducllon

Itcccnily a growing number or aheorbls ll1av@ Oawo2tedl «h~ I?lI'ondpKcn or
hl'lllgraphy ao ,explain one 011' anothell' .8£pCCK or IbrrQllfll function. U~bnoricaUv

&h~ id~us can \be Qracet! no BUoblcm$ 6l0$Cd during O1eUrOj;elmC$!n wBael\\ nh~

~l:livity of relalively lI'emoRe circuits of nh~ devdoplng nervous l1ysl.:m 81Il18U
h~c()mc integraled no accounn [l>f :mch ~implc bd\Qvlor~ ~ $wimmln~. Among
llihers. ahe principle: of chemical' ·1fi:~onanC(li· nhUQ Gaune· ahe~ ~ircuiall ~8all
had a 1(ln3 un" inlluenlial life (see. c.g.• lLo~b. 19U1; Wei:ris. n~)9). More
spl."dfically. howeller. Goldscheillc:rr 0906» Inntll n·RllnOn (B4):!jb propos.:d1 «halt
Ih~ c~lablishms:nQ of tunee! II'csonnnce:Aon &hc: f\'lrmof ir.tel....::renc~ pau::rn1.
in the illluh brain could account forA vari.::ty 01' p.:rccp&ual phc:nomcom. MDre
r~c~lIlly. I.ashley (19~ 2) SIl.:lkli G.lul mmechanism of n.:ura~ inn~lI'r&:lI'encc: /paao

I~rns 10 ",.'plain ~limllluz .:quavalc:ncc: and Deurle (I'U6) devclopelll :0 IIUatheo

G!:Jlk:llly rigorous fLJrmlllalion or the origin or 5uch patlern~ of (li3nc Wilve
il:k,(~r .:ncc:s in neurill thsuc:. lllln ia WIU flOa unaiAnhe alivena of hulography

!:'ran ContaupOrilIy Pewlopnents in Matoonalical Psychology0
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with lIs ,lII\\,cu(uB ahllIlUSC-UfSblunO nmace 5~ilblT&l8e liJlltD lTfcnaualTUCalV& ll:Bllflmo

hilWcs ohna O'IC 6l1OIIUSe o( 1m fUSCD (CITCIICe Ola6«clTlo ou~chlllaaism of llJuahn ~'UlCo

olulO au,'CuII ,,: fuJly na'pucduoCtD. A~ ohe 1fI1T4J81eaaicss of IfIB."sfcmU UwBog(/,!!lDB83
becalm: ~81f1\vn ascc: Saw&.c:o OIJ66; 001mJfU1IBODo 0968 0Collie ITo lTDu(/'dUIIIIITdiao• &.
Un, 091 D». mllumbelT or IflhY50cuD DBUO lComB\UaCff l5dC81ai5a~ ~mw abe lTe~e"JlJ81C&

of hulogaurhy an ohe Iflrohlcms or Ilnmho rum:aloUllo memoulfo W81llJ [peulCflJl8loao
(e.g., vnn Dlc~ailen. 0961; Jlule$! OJ. rcomlngaofUo lJ96JJo WtellanlB~€o U968; lIBmlToB1lo
~91(); Cavanagh, i912).

The liurpusc of ahc rrcsell6 chmpiell' ~S) Ohuedoid!: (0)> Dc olllmmlllTbe aUae
IIClIfolucit:ul evitlcllcc «haR makes holographic IJlWcfSlIlnso BRoITlIIge (oemp0lJ'aJITU
or permanent). pnLl imo&c ITcconsOtrucliofll i IflVlIIudR>Ke mnoRo3Y 00 zOutllcn8h of
b. nin fllncliun; (b) 00 IJlrcsen8 III llIIllallcmoalcaD llltOW01T11 D110cVeU fforT nhe Ua08(j)o
g,jlrhic pwcess DS! III Llcmonsfttrullolll nhaft opalcoU 3ysRflDI3 8lIT~ anoR olcceumO'1!
forr Oas II'caKiu lion; uneR (cD fto lelUlmlne jile e~ItBcnc~ susnmhalOlJ OIT 81cSIIIRfaDI
Bhe neurolugical assnmptions Involvctll hn nhl~ auuJ) alacU'81l!lOe lT~oii!l1alon9.

The AfllllomlCllO nOITOhiCIID

One of Bhe bcsl (Cslablishetllo yeO IJnllulln~o ff'mea9 61boua IIJlTsll1l mccBumlsm9 @1Ild!
mcmory Is Ihan large dcsolrucoions wiahlrn 0 Dlcurnu ~Y$afm lIRo lIIoR 15c(/'lou5811
Impair ils (uflcliun. Varloull conRwllcllJ ltiipeITImen03 Blmve Ihccl1l IJlcaff'ormelJ! no
invcuigulc ollis puzzle. !Loshley (»950) 5howetll ohlln 80 ffJl:rcenR 011' more o( nhe
viulal curaCK uf" 0III cOIIM be dlllllUgcc.B whhOlln ftUlll! of olle sblUly no 1C0ITtreclHy
ITI:SJl0IltV no lIolle0"ll5 0Oalumbullo Nor8olDo DlltlllFlfommcO' (~961) hIve selfcrc(J)
D$ ..lUcia DS 98 Jlercenl or ahe: oftl.l~ nraclll O(CDQZ· with simllalf oleglllivc n5uKall o
81nt] Chow UIJ6Q) 1111$ lCulllbinclB aile owo Cl1111CITImena9 IuRa IDne Blnmlll8OleO\l~

nsulllla. Igain \\'1110 lilll!: clTec8 0.11 vis 1111 II (/'(C0801oi01ll lhciuUfl011'. Don 0lI IUD 0 of
cOllrse, hemianopia aOlB olhe(/' IIl1rgc seolommnlll mbo faiU no Impair nile ITecogo

niliun mcclulllism. Even smulllflunconU Irrhudve IIcsiofl5 IllCflflereLII 8hrouchoun
all.: curlicui munlle: of monfcc)'s ont.IJ. ShOWID no t.lIStrUfl8 Bas t~eC«rlcllU Ilc4lvi8y
Icave rcsrnnse Ro visual flilllemslnlucO (KlI'llf8oObrboo&~rribrllmo 0960).

These fimlincs have heen Dlllc(/'lllfe8eti by evelTyolle' no ImJlcn8e ohlin nile lllClilTllU
tlclllcn8s IICfcSSatry Ro ohelTtcuenilloID and II'ccoU Iflrocesscll mln811Je 4.IIlsarlbuOclll
ahroughull8 Ihe brain syslclIIs oflvolvell. lUac qllesRions ohan allTlse llrc «III) how
Is 8he t.lislrihulion dTccleti. (It) huw dues lI'ecognillolD oceulI'o anlJ! (c) ~IOW IAre
usslIl"ia led CVClIls lTccullc(~ Il,y 811e nelworft?

AllulISwcr IhaR is oflcn 1;lven b 80 cOIiSItICIl' ahe 11I1)lIa llys8cmSl oralie ~eurmnlSl

an LIl: CUfllPUSClK or Dllree OIl1l11beu of II'nmBomly cOllneclct~ DlcuruU ~lclllen8ll

(noscllblall, «lJ(2) uncI do show dlher by cO"'(1I11«:U ~Imllh,nimo 00' by OIIaRheo

malicul allill)'sis IhnR BIB a rBnllom IIc8work o( OICurJlIIS. uel,lIcollon null t.liso
8ritJIIliou uf sig'lIlls clln OCCIIII'. Ullfurhmaldy (OIT ahiS! ICI1/plilnnaiOrDo nhe nlll10

oomieul fueRs arc: lar&dy olherwise. On ahe "ISIID~ $Y6Rcno~ (011' InsKiuace. alae
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ueolooo oouD \CouOen au@ ~1Da1D1ecOe4ll lb1f D 01'1I0rmn (!)~ llllll~uo O~eno UaJl81l O«l> 0 gu@oO
•

• &nOeonO ~oo ff'Dmu8B~~c~. OanU.v OWllll UlBpdlUlcoo!ODHI ([)~ oMlJ fflmlTo~ic:O!o!f (\)(c:mr.

o. 1J1B6~ (!)lJloBe OlTBCOO lilmJ) umlllllo6ono O~oaO (torrrrrt n~BIlDOnn \bcnw~~II1l' nn,@ U~O~01l0 omll
(CouOa:u lCo18ll060oo0@ 0 llheo~ whi~hn wh!c~o o~~~ 11n:OII1lQ6 celf(e/llOn <eollDv~uoe OCD nnme
~uoconO lDI1l0CD oh@ DlllO~l1oD oeon~,unno@ UDudcun <DU oh@ o~ol!~imDl8n UUOlIll ~h@u@ n~~ert

aUlfcUBe OCD onl@ ~olTO@tl. 1f6o@ ghol8~ ~mr"o off oHI!n 1fI1!11T.m~h:D UDc:OWOU~ Un 01100 leilcDo mJeIT
8,0 ohe llYlllll:ODO coomecOB ocunlTCOlnli~ llJUOg'l8lRn OCllSRJOUO ~.OO!D co81lco~ l1ecrsh,lna cdill.

11. Dill nhe lfIUlOCellll aU OeumlmlOIOin aU obe m.lCUlJ on 'lfouloUIJ Ooc8010l1ll ~n ohe ll'3oho

WSVo llun ltf1Tc:cn~tf@ ([w<eu6oBD 4lleve~o8J1l ano> oUJOlGO 51° llJff '/fbUB~ on81eD lbcowecllD Ulclaho

i1Jolflna IlJrsnc68en llJff ohe ll:onducalllEl OiberlJ.

lEC]JDDa~~1f aou~~~DO~ &mll!llJ1eu~ul/pSJ anoll'e ~f1IIlfJoUOllron O~asuo O~aese ~11(elJlnBo01SJo DIOWo
~lfCUo BlJ nite ~nKC!uffloimo~oB1l on ©t/fll'l! \Ce~~ lJaanBouo (l)~ 8 aileen lD~ Uaoubonnlllll" \CO 111 0

lJ1ccRctO O1eaoU«Dl1IlJ ~B1l 0 /l»~ii1BBe D)culfJcmJllcBlDilll' U(!) O~ae fflmUQ~leO IJ!lbcll' SJlIzaem. These
~8ouBI08lnaO (CeB~lJ @!T@ (t~oP!TilCOeuB2Zed! lb" B~I08"fi lDll' I9llbsCII1IB 0l10nB limo IIlfJr~21&ioog

ttDend!rBle9. Do ~8£W lbeeun'o~no\VlJ1I Dao nhc lTeolna ~WeulbUIl1l & !DowUnlo0969) OGull no
Dome lenKenn O~SJ(]) ~Ill O~U: lCOITOen dlC'ffeuOR(cMao 0960»0 ollgn llucKo llprendi881'£ «ReoDo'
ilRlflaic BaeDwolTlXo BB'IIllV unoO jXcneuOe lJ1euw~ ~lBDfltl~U:Slo Ban /fmcn. 0lle1l usually ma"
lJ10n ~vero depoiauBKe~ THaelll' 8lcolt/~Qlf ~SJ dlolTSlcaeubedllb" Uay~eulJlolauJxoaBom ohm«
fiendSJ 00 alTfgBBnb© U~ae U'anB8cn~omD llJ! U~8e Slysnem u.y DBlhlbloouJ/ !r&lnhelT OhmoB endo
UBlRofJ/ ~ll'ocellse9. DBll O~IC ugaUnoo(f'?1l' Hl1IllOIlBlCeo aDo O1ene BmK'lu~seSJ @Uf ~enelJ"iilned!

!prBoll' no olae fglBBOgUOB1l <ee~ISJ (f'1T~111l wu.uc~o nlae orale alene nibelTB auoglBlalte. T~IUll.

lfJll'llcnlCIlUr Cl~6 all' oUae tCoUOllfJlenBolf ummlfclIQ fim ohe 0610lc U1Ieuve ~n 0 lTeUlecn!on
o~ nbe or!anb~n~ !pll'opeualclJ llJ({ llYcBl'oJlQulxBI8IJ Dlud! ~aYlfJe6IJlo~llUbh'f6 evcuaOIl. Illon
llJ( HnOclTacnloml amont; UDfUtle ijmg1Ulsco. .

Some NCUIra»HlVO}'fD~oUog~«:eO (C'ouu!~iYew~aUonD

Two medumlsffl9 Elll'e nUaell'~({oue D~al~obie 00 aCCOallB"Bn ~Oll' ohe llllbOITBballnlof1l 0[(

nlgnmRs ",Jalilln ohe olcunaO SJYSRfOiD. One U~~lflJ dUll O~le coUDt/elTjgfB1C!e ~nJlllilvelT3euace

o~ Ulelrve BmpUVSf9 ([moo (;md! ~lTlDm 0 neulronsD lJloo~. lllae oahea- rrdicll (l)B1) ohe
ffllreseu8ce 011' ~u~eug~ «moSla~l! ~nhlblnolT"» ~nael1l1ta~Onll nlB~hn; /p6mee hll llheeQS! of
~IOIrJzontDO ilReBURITBaic Uleawoa&o olnl8Qaedl 00 tellCIT" «:d~ 60adorn lJlelTlJlendicu~lill' no
olac e~scnllnlly lfJnlTmUc~ SJ)'sQenn off ~8B!pun nibelflJ. ll.eO Ull CCl1lfllore olae Iflouibic uolc
o/f Illulln or nhCSf lIDu:chaonbrlOll Un enr~alnln: ohe lTelliliall of ohc 6csioIO 1l0mfics.

/Evidence ~9 llllB>IlUcd! by ~nH'clfhnennll Ito WMeiD IContJlalollll of unellihefiim Ilife

IUsed! olanO ll"rpll'~Sll aile ({ullc8lon~ llJ{( ll8llilU 81eITVe UibclTll «hus ~cflvlng ~nlncn om.ll
/'I, dCilr~y allsccmiMe oile ttmmccll,vlOy by WillY o~ nnajulr OlClTVe ~lI8lluise H'DohwIllYll.

lltese enpcrlmen'$ have llhoWBB ohnn ~ocaUletll ueainn6 Illimulolion (\token a
lTCccHallve liddl ga ahe (olrAen oVCll' .m Olrelll no gie&l~ell' olulID mfew de&rce~1' "0
diallleler (e.:.o lfAI~oQ &. Manllol6. D9-3 0D. YeO. nhe: ~boo olama must Ille UrlllinctD
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indicate ollilt sUlUe 80 pcrccna dt more of ahc "i~unl corgelt oncluding ohe
("vcill region CilU be cltlirr~I":lD whhon« mar&ecl Dmp"irmcnl of ahe: (feeosui­
ainn uf a prc\liuusly karocd "isua~ 'p1&Ucm. Thus. whatever «he mechanismso

,Hslrihulillll of iupu« CIWllot be due 00 «he major paahwA)'$ n)U~ musa 6n"41~VC

the fille lib~IClJ ,ClllUU:Cli"iay i1b ahe visuu~ 5yslcm. cither vim nhc divergence of
nervc impulses and/or "ilA ahe iUlcraclions all king place on ahe ft1orh;on4a~ ceU
dClhlrhic nctwmh.

UOlh arc prublahly no some: f1l0ena responsible. ~a must be lI'emembercd ahaa
nervc impulses occuflring' 688 ahe flnc fibcB'$ Bend ao tAccremC81a an amplioude
Gllld speed u( comJucoion olUls becoming 51nw gnllBcl1lpotcnaiais. IFUlr«hcll'o ohc'se

• cradelA slow pUlenlinhl or miuBspi&cs muall" occur ~n ohe same uSlulomica!
nunlli,m os ahe hnriwnlan licndriaic inhibidoJrf nayrcrpOlaB'Dla8ion~ mud ahu~

inlerned wilh ahem. An raeR o nhe 8'c5uhing micro-ofGllnizaaion or juncOionD~

neural ucBivily (synapli&: anlA lephur4lcb coul~ be: II'cCludctB a~ m~illl!lIc sumo
mulion of gnu'clB encilllaory (dcpnlnrs:dngb and anhibioorf {hyperpolar!zing}
51uw POlcnliaB prllecsscSl. '

TIII:se slruclural orrungcmcn8$ nf slow filoaenliols orc especially cvlLlcna 4n
shcch'l of m:uran 8lssuc: such an 41ll Bhc rcal..memLD '\Corlen. The cercbnl~ corSello
fur inslance. may be 8hotlgla8 or &Ill conslsllng of tCohmanoa' mainn nRanB tCm'D be
c,msidcrelB more or Hess imJcpcndc:oB basic compll8alionan demc:n4so each of
which is caJlable of performing !l gimUu tCOmpllClillon{~ounlcllsllco R9j1 o
HI tlhel &. Wieselo n968). RnpUI15 80 ahe buslc lComputnaionaB elcmendSl ere 311'00

(esse,! In MlIireclion essenliully pcrpcnllicuhlll' So 411e ~hccn of ahe 'cortelIo and!
ahcrcrorc curlieal processlllfg occurs !n sliBgcso each li4ucc nnansformillB she
aclivation p,i1Uern of ahe cells ,BIa one' of she lCorolca~ ~1I}'(ru 60 ahe \Cclls of
6Jl1olher corlical layer. Amalyscs by KAbrislty {R966) !n~ by Werner (8910)
show ahun processing by one basic compuol1«iona~ clemc:nn remn!n! ~55en8iaBly

whlaln ohan clemen8 0 anl1l 8hcre{ore nhe lCorneIS can be cOllshJlcredi Bo conslsn of
mlarge number of essc:nlially similar pllnalM KlB'Occssinc elcmcn4s. lr'ur4hcro

moreo ahe processlllg done by ony one of ahe IlJlBslc compu«i1It1ona~ e~cmenls DU
ilsdf a paralic! procesS! (seeo (or tenmpleoSpinelli. fi970)o each ~lBYCU' nrans­
forming ahe pllllern of activily «h"n an~vcdl from She prevlou! ~QYCD' by nhe
proccu of «c",porun an(j splltilln stlmmnaion., nbe summuaion of snow hypcro

and Llcpolarizaliolls !n nhe dcndriRic mlcB'os6rUeBurlf or-aile corac~. Annlysez
by HhtlHT (965) anLD Rodicck U96S} have ~hown ohua processing (lla leasa
at ahe sensory Icvd) ahan OCCUfl5 ohrough successive stuges nn 5ude mlayered
Blcural nchvur& can !be described !by lineaa' ~q"l&aions. IElIch lColllpuRat40na!·
dcnaclIO b altus cupable or dll'lmsfoB'ming nd$ Inputs ahrough M~UCCeS5ftOln of
siilgc$o Dnd tach singe: KlB'tlducc$ In Bh'f181l' BnBau{orrmU40n of nlae ~3&&cm of
ucalvil)' al Ihc pn:viou5 stage.
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I -he proMena ahon ahll~ 4:on[ron&$ us 8$ essennially Ulis: how can ahc relation'­

hips hetween ncur,,! Delivi8)' Ibecoillc dis&ribliled and stored (lcmporarHy or
nore: permanently) by a m:ura~ network on which such pallerns arc «rans­
ni18ed nnd aransformedl ohmugin se"cll'a~ $lIccessive slagu an which processing
6 In fSsen81nJly lineor /lllualieR process?

fmallnD8e1y for neurophysiuiogyo physicisls have been concerned wiala such
yslems for In Dong dme: opticRI devices are parnllel &ransmission syslemso
.mll tJuring nhc past 2S year,s «heir OlB'occ:ssing characteristics have been lUutlicd
nlcnsivcly. One properny of op8lcaD processing inhiSllly callcc.JI ~n &0 our aUen- .
lOll. As we shall seeo ll'CCOrlB$ nln be prodllcec.JI in which lhe anpuK becomes
listribule<ll nhrougho1l8 Oile i80rage medium. lhis makes ahe recnrll! resislanl
() damageo and. niB faeaoRon of aU bua t& small poraion tlOC$ noa de5troy hs
mage rc:conslll"ucilng 81olentlal-

Mosa of OIS lin: familillr with ahe ~mage-ccncralinG aspecls of oplicol sys­
:m5. A camero records on photographic film a copy of the light inlensities
tncclcd from lhe objecng whhin ahe camermos field of "ic\\,'. Each poinl on the
1m 51ores ahc ~nlensi&" (the square of ahe amplilude) of lhe lighl Ihnl arrives
~om .!! corresponding polna An ahe //ield of viewolind allUS ahe: film's record
ook~ likeo ahe, visual nelll!. WhaR have Ibeen $ludicd more reccnlly are ahe
lI"operaiclS of records made when s 811m docs noa lie In an Image plane of an
pllca~ system. When B /lllc:ce or film b fltJloscd ao coherent light nhat is fe­
ctled nnd scatnered by objec&s In' nhe "bual fleldoahere 8S no ordinary image
rodllcell1 on &he 111m. Bill faca oohe DUm becomes so blurred ahal there is no
:scmblnnce wha8evcr l1Jea\\'ecn ahc 8lallern dlaa b slored on ahe film and the:
isuaH fieltJl iasclf. BHoweverowhen properly iIIuminBlcd. lhe film reconslrucU
lC wavefront! of Ugha OhaR were 8lresent when ahe cllposure was made. As
resulno nf Bill obsen,,:8' Boob noward ahe mm. h appears; 8$ if 8he enlire "hual'

:enc were presenn Ibchind la. 'fhe rcconstruclcd image appears clinelly us il
Ad during ahe cnposureo complete in every tlclaH nnt! in three din~cnsious!

'he ligha waves (rom ~aeh polna of 8he visual field hud inleraclcd &6' produce
n Interference paUem lIa ahe film. and ad nll ahl$ Interferenc&: pullcrn ahal wa5
:orc<ll throughou8 ahe film. Bn8erfcrence pallerns give rise ao nlae relllarkable
haracterislic5 of optical nuformation storage AS W&: Shllll sho\\'.

R:ven before ahe 61rl1c8icll~ demonslraliun of the usc uf interference: ral­
:rus nan ahe rcconSlnaclion of image$. Ouhtlr «n "018) hnd mathemaaically pro­
osed mWRy nf pwducing ~magc$ from phuaugraphic UC:Cllf&lS. Gabnr hCA;iln

ilia ahe BUlenR &0 oncrease ~hc rcsolullo.. of ckclron 8IIicruphlllu~rnrhs. RIe
l(:ges8ed ahllt u cohcr~na bac!\groUluB wave: IIml ahe wavc£ refracted hy Ihe
iSlIC couhB produce interference pllllernl\ alant wouhl siore bolh amplilude:

! .,



UluD Sflll8iuD ,-h18sC ~u(elrmualc'lD. lIICBD. lin 0 $ccontll 15aeODo aOeCiC shlu«:tlJ OlI!lUaClI'ODll
lC4IuM Ute: OI5e40 OCD tr4:C4m~OO'm:a am ~mJDgc aD! 0011: (1IlI'ICOBl&40 OIS1501d:. «AMbo(/' <tOouosOeaJedJ
Utili mIlO uccmcO III IUI'"gf41m because ~U lCOlDOl1h815 aiD BDeClCUIIIUV DI8(oll'Blumalo&1l neD
uecnm8uuca ahe \\fUtuRe «he,D-» ~mpl1e. TOle nasc o~ aMIS alClI'BDn ~OIT nOODa Oy!pe or
U\hulogra(lhic lTeconlll,u since become COB1l1ll0rll.

As ahe lua null science of holugrn"hy aic:YcUopedlo Dn became .cReBIT OhmU 0

vodeey uf mcRhod$ tJc:scrlbctJI by 0 OIumbcll' 'or mOlhcmllaicoD DllTocctiurelS lCOUOtll
II'csuln in hulogrolUs. lhls d,nplcll' bric:ny dcscribcs nW411lCOemeal8oll'V nYIfIC\5-nlae
fresncD limO alae: Fou,iclT'-1l1ll0 BlB'dlyitics.m O,enWill[~ lI'(oDilllalorll or QUae lrolllT~err

huhlgrllflhic proccss. Olhcr nYI'C$ of hoRocrums Duwe lbc:eoo founeD useruD: Uhe"
go hy o,omes such p~ nellct;IDuno Volume. D'luuco CoDorr. IP'ulsei!ll·Dllsc(/'o 8m:o·
lIerclla. OIlJ UliCitoD i,ulogralllll. AID sue badeaU'y ISlmllillT no nh~ ~Icmellnmrlf
fourier Dud n:rc5n~D oyptS bUl huve sileciaD DuOpetroGcD nhoQ mu~e nhem Ii:SBlCo

dally IIseful hn one or another oppliclliion. The rolluwlng IeIIposltiolD ~\5 nhell'e· ...
(ore OIIeana Qo IPro\lidc ollly &l guideline no Daologrll!II,lc !plI'4lcessl8ltl \b" IPreo .
~cllling ohe .lTct!ulremenall IICeCSSOIl''' foil' g holoBrophic DaYlJlollecliis or memorv
storage in IlJroin fllncnioro.

.
lhe proMena rocetll whel1l nlTyln.; ao BaOn~ n WlIlvdITOD1Q or BlnM 000 lfI~aoQoglTO!phlc

film Is Allua film dues Blot l!itore nlae omplliudc 011" !pi'llIse dhiall'ibualons (H'llfQCll'aDD~

. of licht. Ibua ~nsleillfi IQ ucconJs onlll nlae IIIQC8\51.]1 (oDUpUilmJe BG\lDlluedlD «9190
•

uilJulion. The Imuge olalla is sioretll on ahe mIlD Is 0 sQaljc O'c!prc5cnQaalorll or ahe
dynamic wavcfrono of ligha ahon IB'O'I\lctli during Ohe uposure 018'OCC$15 0 \huo nUu~

slured image IlllS 010 phose InrurouoliolD. As III rresulao In Is ImJlossibie OorreCD'cole
ahe lIynumic !pallem of light from whBdo ahe huoge WIBS anade. 0Uologrlllplay
ofTen iI WilY ao overcome ahls BlrolJlem by uecoD'l1lng 010 IlUIID nlae 61llclffcITCIICe
Irullcria formed by nwo dilfcrenn wavcfronas or Uieha. A'/; wc shon ~ho\Vo Ir nile
intcnsity pallem rormctll by ahe ~naeurc:rencc (suPcll'filoshlonD or awo dlifTclTcOln
wuvcfrunl~ uf liuhn Is D'ccurJclB on nhe iii.... 5ullicl~nn inflUl'.allolD is ueaulnctll
no elluhlc i8 uecunsnuucllon or chher wnvcrrona when only olae olhelT one ~g

present 018 it laler lime.
Lel lIS suppose alllll\ 011 ubjeca. SllY 0 4 • III plOCCtfi OIeUIT m piece of mIlO nUtU

i1hllllinillcll hy n coherenl suurce uf lighn. The WllV~rIJ'OnO producctll 08 ahe mUD
by light ahal Is scuttered from ahe Clbjcca win be denolctll'by A. 1I"U.t: MellO
siluation ",uuM Bcsull if film cuultJ store ahe wuvc:fronl ,a. fi UowC:VCD'. wheen
ahe lilm Is CAl'llScei um) e..ievdul'cll, nhe: imucc IfccoHke~ by alae film OS ~roporD

lionulln Ihe inlcnsily Ilalh:m 1,81 8 .... AAo. 0101 alae dcdretfi gtalRcm A. A'l> we
U1cnliunctl cnrlicr. lhe wavcfmlla A comlOl be trcconslruclcll from A(A 0 Alnne.
~cvcliIl tJilfcrcnl hulur.rurhic occlanitlucS l,uYc becn sauJictB allila Cllobic m
wllveflOnl uf lighl lu lie slorcll. antJI we $hull c..IiSCUSli (our or.ahcm BlUW.
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((Dm: Oll:c~BU8~€Uue O~OIllO ~lI11D !DeeoD w~tlIc~" IllIIIICnllll$f!ll ~I 8~,e ~IOcumO,oue couu!$OS 0100
oniy olf Uhsm11D1l018ll/i ohe ob)cca (())A wlaiD 0 IJlBmrae l!: l,clTenO wlD'!cfao810 nff Bleho.
[lmO 8110 oha 132me O~me udicc:Oh1Jrg game olf O~le cuBael iaO ~iCiBO U»y ~ IflDill8lc mirwlT
dln:cl~y OOWQU~ ohe 6Um. rile lIecq,ull waveflfOnO ([ 'UeIiO III c~nc:UI 0 ucfeaence
wllIve amll wm !be «lIcnuooellllb" R. Whe811 alae aWCIl4~m ena fllrah,aU 1Jl1oincITnz A sOltO
n h,QelTPcOo OUsc BUpelTlIlUslOlolD «a~cclbraic liUDaD olf ell laic ElmO O8Io;neolc cumpo­
osell8g) gh,eao !by A -/I- R ~5Ifoll'meUl. llJecame A lllntll: oll'e genc:amlcdl by nlae lllimc

UghO gouu,eoaile" ~8Ug oh~ same Ifll'e(jjuc81cy. A sl ~Ic huCU(cucOlce lfIilll8ern III
lfon8acUlo l!lIUJj alae IJUm uecoudz Ohe ~nOc81$iay olf olll InacrfcucGlce Ir)llaRem Biven
1h1f (A + il)(A + R)o. 011' obe «Uno ft!S hoouflDlTenOoi Qnci R c:nnnimoe 00 ~.rofl:a­

go8e hiliepentRen8Uyo Dnd! 'We a:aU Ohese 'outpUI IfIOJ !ln$ of Ohe wlIvc(ronO$ nlae
o1l8puO lfIa08euoID orr lllIeB1I1ITOUIT~ fil&08eunsi. " ,

Now lJU,Jpose obe mIlO Is ~evcU0l'etO ondllTepiocCI n aile O(ltico~ !System. Also
oUlPposc oU,oO OU,e obJecO ((l)A ~15 uemoved IHll nhll~ 01 V nUae lTefcucnce wave R ill
lllUowccJl 00 mumlOlQOe Oile IIUIIlI. -nOlle dCfllIrOllITC lfIoRl'n 15 given by oUle lJlroLiuc~

or ohe incoml8lB wlwc(lI'onO ai8eI1lUaOel~ 110 teach lJ10ll by alae OITOllI$mlultuo cocr·
I/IcienO or ohe mnD aO ohllo /polnO. TOte deplitrOUlTe 011 tern is ohcrefore Given b1f
.RCA + ,R)(A + R~OD wRalch ICllrD Ibe cenrondecJl mall Illolically 001

3lC~Alo -II- ~RID» +AIRID + AO ·R.

1f~le RnO aCITBBD or 0»1f~ l'JIlfIllInsloBD alIclculllJell Ohe Ufreo oee wave R &lOOenunocll llJy
Gun G1mOLDna ~AID + ~Rlo. The lJccontl! Oemo dC$clI'llI ,0 II'ccoll5luucletl! cory of
oUae ¢ic$llTcdl wm\fe(lJonO)J m1ooermaOc:Ullby 9811liimOtmO; (!D. lrhb wDvc:(ronO ~,os ml~

nUlc /JlrorelT0le9 coif olte 4J8'lglno~ woveflTonO /JllTfSenO dl InlJ ohe d:I1BloSlalTf IfJroccSSl.
As Q uesul~o B /JlClTlIOIll ~ooklOli Oow61rcJl obe mno WOI ill osee· ohe objcco OA. HBc·
couse 0 A UD UlOO lfJuesenOoOhe II'cc;om8rucaetl! Imogl 19 c:olletl! m°Choso Image:
IIIU» since abe uccomRrllcocUI WlBVCrrOI~O Is an fUCn IllY or AD nhe chosn Image
0rflUUB hu dOlTce dhncnslonll end! ~Ias' aU ollieII' 1J18 ~clTnj($ ahon coultJI nJe seen
during aile eIlpo~ure. lite ~O$O Oeum describes IJlOis which Is inlruduct(~ anlo
ahc myalem Ibv ahe ij,o~ogrB3"Ullc IfJrocess. The mm II :ollcOl Q holqcram &lnt» ahe
wo",fIl'OIIO A ~s Baldi 00 \be sloB'ctl!. (Notc nhlln of A !]uIJl hove: [I~ctn ShUtll di­
ITtc81yo nhe noise Oemu wouDtl!lJloO ~B1we llJeelU !IlfoLDI 'ttl! and! ahe lrCC4UUnIl'Uclctl!
Imase conllD ~1l1"e \betn If'ormetll dlneRI)' (WIlD nlae (}r~tD Imilge.»

Now ~eO Ull slIDppose oU,nO ohc'mlnor lrOaltclT ahnn 0' :' objcCQ IUlli \bee an uc:movctJ!
during ahe O'ccollsllJ'ucRlolU /JlrocesSl. lhe: dC8lDII'hiri pnUem WlJlIhB hove balD
Biven \by lOCAl + R)CA + R)O = A(IAIO + IRP)' RIIl1I D+ R°tO·ll1. ~80 nltil~

coseoohe lrcfclTcnc:e wmve Ill'ucc:onsRll'llcactl! (8he seCt lUI nerm). nlte wovc(lI'Un8 A
1l00Cnllaaelli (lhe aiua Ocran). 81ntll ntmhn noise 15 prod! lett Ihcue is' nhmlll 8lllaurll~

BynuHcory lbeRwccn ahe awo' wovc:(ronOlS 111 ahe lIy~1 n.



/ The liCCllnll Iype uf 1",lugmrhy discusscl~ 85 In sliahn 1U00Jificlliinn o( nhe faun
S)'pe. !lalher than using u plane: miuoll' nlb r8'Olluce: alac reference ivuvc:. ~cB us
me a spherical mirrur nhaB focuses ahe rcneclcl.ll !ighn onlo 1II ruinS ~D in (ron8
unon lhe oUlrua sitlc un aha: film. Whcn 8bc ~lologrnm Blrmhlcet~ by Bhis $)'5­

lcm is develupc,1 and rcplaced ~n ahe sysacm.nwo dilTcten& deparaure palaern$
rcsula dcpclHling on lamv nhe hologram' os Ulumina6elll. U ahc; objecn os removed!
anti lhe hulogram os i11l1aninlAlct~ only \l)y 8i~hn rcllccncd llJy ahe mirroll'. nlac
",uvcrrulll III b recllllsnnacleJ. Doth ahe focused wavcfruna amJl a noise Be II'III
nrc ulm producell. af &hc: ohjccn is usetA Bo mumllll1lc Bhc Baolognun anl.ll nhc
mirror removcd. &he fnclIscdwllvc(rnna ~g II'cconslrucl~d. Dnd m l>righn irol
G1r li~lil G5i (ocusetl III &hc !loina ~D. A ligha delcc80r placcd on ~lr could be usclll
hl,lc.:h:cl ahe hriChl ifllli. onl.llsincc: III bdghn spon ~s pruducel.ll only whelD objcen
oA is Ilh:sclI8 on ahe syslem, diu: delector cun be usetA no °rccognizc' nhe !lres­
cnce: (If aha: objeci OA. ll.ls opalcnQ $yslem (Can b~ Blselll (Oil' ahc II'ccognilion or
nluc.:-tlimcnsiona8 uhjcC6$.

The nhiftl ICll5less f)yslcm described 85 similar ao alll: 6Wo 8lfcviou$ $yslemSl.
-Thb Rime. Il'I\'Cvf:r. She minor is replaced! b)f fl seconlJl objecn. SillY 0 61• See
figure: I. When "hjc(;l$ OA anlll 0 0 grc OIIuminoncdl by Q coherena lichn !Source,
6\\'u wnve(wilis A nmB nore produced. nr fl mm ~$ II:nposetA 60 ahe onlerrclJ'cnce
pallcrn produced by "a anl.ll II anLil Jiven fb)fAl 1- D. nhc «lim wm II'cconJl nhe
Mafic llaHcrn c,a .... O)CA 1- 11)°.

Nnw ftel us ~ec whnR hurpelUi of nhe film b dcvclopel.ll Blllll.ll placcl.ll lelulcal)f
where il was llurine ahe enposuce. Assume ahua objecn OA is rcmovelil. ~(Ou is
illuminated. nhe: anivo~ wmvcfll'ona nhga rcachc~ ahe dUm 8s Uo Mlllll Ohc ~6l1aic dis­
aribulion of IrunslIlission cncmcicnlm on ahe film os given by CAl +D)(A ... mo.
The lkllnrlurc wlIverrona is Biven by ileAl + D)CA + ~)o all 8(IA18 + IDI8) +
AI DI 0 + td °B· lJ. lhe firsa &crm $hUWfi ohon ahe wiAv~f8'Ona B os 6rnnsmiUctA,
lhc ~ccnlHB lerna shmvi Iliun ahc wuvcfcnnn .~ is abo reconslrucled. I!nl.ll nhe
6hiH~ lcrm shows llunn noise 05 produCCtt -

U lhc objecls alo non Cl1l1se Kighn no be focusel.ll on ahe film. lhc: onlensity
distributions 1,81 8 nmBIDI2 ore ncarly uniform ucross ahc film evcn avcr sllIalft
Cmillimcll'r) ,lislllncc$. ~ ~u\Vcvcr, ahe intcrfcrcncf pil18crn (AI + U~ givcfl rose
hD un inlensily paUcm nhun 'If&Aric~ conslderahly o\'er imuU dissuncC'$. oUlI 4111:
rcslIl&illlt slurc.B flililern (AI + lJ)( ..a ... !8)0 resemblcs an vcry cUlUplcll dUfrac-

_ainn CUlling. U is Iln:cisdy fur 8his reason alallo abc ~cllur4urc Jl1ullem ns M

..



recnll~truccion o( ahc \\,uvc(rona of A ahlltls not present during the reconstruc­
tion prncess.

Figurcli Aunci 2 iIIm.trutc ahc hnlogrnphiclIlssocialionpwccss. Figure 2
shuws the cKpllsure proccu. ligha ~s rcncctcLi (rom two objects, a wide block
0" in ahc ft1ilckgrouIUD. an(~ IJl aaU block On in Ihe (oreground. DOlh objects
nrc ilIuminaled by iJlsinclc cnhcrena monnchromlllie rlane wavc generated by
a lasc:r. After CJlAHlSurc, ahe fih~a us developed and replaced exactly wherc it
was during the exposure process. Now. howcver. ahe objeca OA is 'secn' so
ahaa alae film is eltposeJ doligha which 0$ renected ,oniy from ahe lall block
011. Ih:cnusc alae deparaure wavefronn AI is rcconslrucled by ahc hologralll. thc
objcca os ·secn· by alB observc:r even ahough h is no longcr rresent. Again ahe
rcconstrucCed wavefwna os an eucU cory of ahe departure pallcm that was
prescoS dllring ahe exposure. so ahc objcca arrears in ahree dimensions antll
has 1118 other propcraies alma couM lbe !&ecn during ahc Cllp05l1rc.

The ahrcc IClIslcss hologruphic proc,C:sscs dcscribcd above are Almong many
similar «echnhlllcs uscll! for 8lroducOIIg holograms. ~ ~ologralll$ can he: pro·
duced hy cJlposure 40 objech~ ahan are ceilhcr nenr ahe flim (ncar-field holo­
gums) or far owny from ahe film lfar-ficld holograms). The oplical for·fleM
8rnns(orms used above are ~nown laS fresnel aramrol'ms. 88uwcvcr. holh ahe
ncar-fieM and far-field lenslcss holograms-Le.• ahose produced wilh sCllllered
wavefronls as reference wavcs (e.g.• ahc third systcm)-are usually referred 10

as Frcsnel hulugrams. 88010groffi$ produced wilb infinitely far·fidlA aralls,
(orms are culled Jrourier hologro01s.

One opticll~ system of IIhe !Fourier 8ype, ming &\ plone cohcrenl reference
wove produced by lenses. Is of special ~nCcrc:sa &0 «he neurotheoriSl because
a dlrec8 onalogy calu !be dnlwn !l>clwccn on Dod 21 layer,,! nenr,nl Olctwurk.
Uceausc: it is ahis InllJogy th08 we wish no pursue. ahe malhematical prorcrlics
of 8he system Dre dcseribc&A In iomcwhlll grcnler dctail.

Tn BE fOllJUmBR nUOl!..OGIlRAlFB nne lPBIOCIESS

The system o( In&ercsg consists of dwo gphericul lensn arranged so ahaa ahe
second focaA rlune of 8he fing lens 4s coincidcI18 wish 1111: first focal plane of
the 5ecoII«l lens. This ~lllSho\\'n in lFigure .1 The ahree (ocal planes ot Ihe awo
lenses nre ulso of snle:resl ao ahis DIIOiysh~ and will be culled ahf inpllt pltlll&!.
'ram/t"m or "''''''''IT)' pl{mt. DntA nll'l'"1 pltllu'of alae: system.

H 05 well ~no\\(n 8hn8 when Q phoaogfolJhlc image is pillced nn nne fuca I
plane of a sphedcllB Bens aull! illlIminlllcd by 11\ plane. cohercn& light wavc. ahe

./\ fOl/rier dfansform of ahe imaGe hl ~jrod,u ..ctJ an ahe olher fucal plane of &lae
lens. (foor a nice proof of nhiz Il'«:sulao !Scc HJrcsaoli. B965.) for llae oplicill SySD
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li'IOURIr 1.
fourier Iromrnrmino properBr 010 lens. Nole how nile Dotond IcnndTec:nll a secoa"Jl°lrcvcrsco
nromCorm. CBusill6 on '&nABC In nlae ouapun plane Oihe nlae orlBlnoO obJecn An nhe AnaJut 6Jlcane.

,/

«em pleaured nn figlBll'e ]0 nhls nrmnsfomaedJ nmogc OCCII1l'3 nrn nhe nll'lllO$form
plane..«h,. arunsrurmclll nmage also lies DI8 nhe nun foca~ 3limne or nhe 15econdJ
5pherica~ lens antB ahcrefosc aile fouriclI' numsform of ohe nrmnsfonnc:d1 ~men8e

appcan in ahe nhlrlll roca~ plane or ouapun pillne of nhe sys8em. eArn elc:men8i1lrJl
nhcorcm of fourier Dna~ysb ndls 1\.1$ ohon nhe II'Csula8ng oun31un omoge of nhe
iyslcm Is precisely ahe nnpun IlIlqgeo only h appearS} Ilipsillc down and
backwards.

Tills proc(ss may be ~llllelll more precbelyoSl follows. nn Bill opiica~ syslemo

wnvefrona paHerns are of hvo distinctly lLIifferenn aypes: JrltUIc and! J)'lIlJmlc.
The: sialic pilllcrns Ilre ahe 3torcLB photographic, images ah04 are dcscrib.:llI nln
nerms uf alaelr aransmisslon cocmdcnb (or Bighn 89 88 functldl! of ftlosialoan 0111

ahe photographic film. We will iea (.J:l'o Y) ll'cprescnn ahe cc:omelric coordinales
uf pusition aOll/ex. y) represent ahe nransmlsslon coefficient 04 ahe poilln (x. y).
TIa&: (um:lion/(x. y) on & piece of film ll'eprcscnSlI m!italic ~loraGe· pillRem (or
Ihe uplica! syuem. The 4Bynamic ~r active llloucrns arc 4he wavefronls of
lighl ahat nre prncessc:tB anlll nronsformetlllby nhe oplica~ 3yslems. In,c !SpecHic
IHlII~rurlllallun! Ihlla ocellI' Bn un op"icaO syslcm. 4.lcpclIllI on alac componenu
(lenses. prisms. tie.), their plucemenQ o nOlJl nlac properties or ahc: Jighn Wllves
usctJI. For Ihe upllcnl sy£lem being alcscribctJIo fourier anms(olmalioan results
hecause of alae choice: of lSpherica~ BenscSlonhdr auangcmcnao bmB ahc: use of

. .
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(ohell'ell8 ~iCha. ILen f(P. q) lbe nile fourier nransrorm ofIlx. y). Thclb for 8he
oplicaB gyslem tar !Figure ). np. q) is ~U1ugcd on nhe &ransform plane. The
viuiohlc:s p and IJ Il'cpll'csenB nhe position of ahe image in nhe Bfansform plant.
D[ we denole lby ~ Bhe proceu of fourier 8r~nSformalion. Bhcn we write

Ilx•.v~ ~ IF(P. q)

80 ll'epresen8 nhe finn sBllge or proceulng. And
: I.

I'

no represcnn nlae second! stlllge.
Now considcD' nhe Iflrocess nhon occurs 88 ahe phoaagraphic film bselr. A

lighn wave or uniform nnlensiay. uy AI. 8IIuminaics nhe image Ilx. J'). The
intensities of nlae deparnure waveflfonn ue a&8enuanedl \by nhe presence of nhe
ouplln falm. Un facB. nbe ~n8cnshy sn poinB (x. y) Os Klfoportlonal no ahe nrans·
mission iCoefficienB or nhe film aB 81alln poinR. The static storage palRern O!
conver8ed! ao III dynamic Iflroc;:essing paUcrn with amplilude dislribulion pro­
porlional 40 nlae 5palia~ dislribuaiolD or nransmission coefficients of the image.
This conversion is mullJplienlive. Thu~. ~f nlae ~mpli8udc of the orrival paUem
81 poinR ex. J') h\ AI. Bhcn Bhe 81mplitudeo( Bhe depar8ure pallern in froll! of the
ill111ge an poind (x. p) is Aj(Jr. yl. '

Now ~ca nil! suppose ahaB an ac4ud IPholographlc ~n1age of 8he nnuuform
. F(p. q) cOIII(~ be placcU! In Bile Bransform plane or BIae oplical syslem. Also

suppose dhaa alae Bransform ~mage coutU! IDe illuminated by III plane coherent
~ovcrrol1a. (1\ uniform U1ulllioo8ion across ahe Bransform plane can ~asily
be produced by placing'm poin! source of light in 81ae center of ahe inpul
plane.) The depar8ure p~Uem produceU! by ahe film would have an intensity
disldbulion Fep. q) anc.Jl ahe omageIC- x. - y) would be produced ill ahe oul·
put plane. We nnU! nhaa bolla Images/ex. y) ami £CP. q) conlain ellDeily Ihe
some information. ahe only. dilTfrenceJs In ahe way in which information is

. coded. Dn fuca. a film Il'ccorU! of 8he aransformcd image,. if made with a plane
reference wilve. Is An Fourier hologram of ahe Inpu( image and from now on
we /Tefcr ao ahese aransform 81l11lge$ as hologrums. They ore Ihe "memories'
of ahe oplical syslem. '

As described earlier. nhc stallc Imoges arc inlcnsily dislriblliiolls whereas
She dynamic images are amplitudc nnd phnse dislrihulinns. Stulie t1islriblilions
con be reprcsented by poshive real (llnelions whose vnluc is less 8han unily

. (IiChl is nua pl'(k~ucetA amB ahe phase of 8rnusOliUcli Jighl is nol changed by a
(liece of film), whcreRS dynamic 8lilllerB1s nrc rcprcscnted hy arbitrary COlW

plen (in ahc ma&hclllaticni $ellSe) quanlitic$. ~n general. ahe f,\urier unnsform
of Ii 8losilivc rca~ ianllge O~ D COnlr1cn &lllanlla)' IIml ahcref"rc: cunnut be ShlfC,B

directly os a Sialic pallem, To produce mhulogrnm of ahe imasc f(.t. ,,'). we
cannot simply UpOSI: a picce of film in Ihc: Irunsform plane. II"wcvcr• by
8aking allC slIperposition of nhe desired wavefrona and II plane n:fl:rcncc: WQve.



/\
i

u IwluL:rUIII ali glrmiUCCl8 oro which aile 41Jcsluc41l DBl(or611'8mal4Jllo ~Il onna OOlia. 1fal~lJ Oll
ilhlliB6L!1~'~ DID O:igurc£ <8 JIIrHJJ $. The !llcooOB!S or 68nl9 ODrtlllCCli5 Imrrc 3~8BD~11ll~ altD aOne
Icndcss C&851:. wlaleln WUli deliclI'ohc&Jl teAII'Oler IlJJshng 8 [pO!!lOIt: rrCfClI'fou:e weweo@00l1!

may n)C ruISUC'O ~,O dcOaoO !elscwhere !blf ohe h'Oell'csOc411lTG:atOcll' «SalJ'O~eo 09660
Til'pc8a. OIcr kowiolZ. iCOIiPP. lK oesKcr. lk Vuuu.lleullmrcOno 096$D.
. 1\ secon,1 olacorem from fOllu~cr ahcOll'lf Oil ~mrUbll'Ollna OCl> 6~,e 4ilsclllu~(])n a~llln

foll,m's. When nhe fouricr 6nlllli(Oll'8l0 JF«po qD of Ull 8mage/«Jr~ )'D ~IS umIOolpila:d1
by Ihc CUlllplclt conjuGate of oile fomiell' onmsforrm (;(1'0 qDO or II $ccmuO ~mlllge

g(x. y). UIIlA Ihe fuurierr 8ullnsfoum of ohe IllfotRlIcO anhBooahe rrcliu8n Is ohe ClI'OSIl

correlatiun uf ohc-«wo oniliaO omacc3~ ThiB ~s omror611na !became «:11'053 coneo
blion is 11 mcusure of nhc simillldty of olle oll'Ic1naO aWCl> hllllDges. A mell:mre of
similarily Is precisely wilma lsi ll'equlretB fOIf uccognllldl1l.

FoB' ouu orlicn~ sYlilcmo· I( ahe ho~08".am {G(po qD -&-- Repo clJ))((1(1'0 q» -&-­
Repo q» 0 hi IIllncetll 110 nhe anmrnrm rhme whne ahe ~moge j(Jro'» ~13 Ill~oce<ll hn
ahe InJllla IIllaneo ahe dCplluame pnllcm ahoa lresuUSI jU5a dller ahe naoiognmn Ull
Iile produci of ahe 8Wo '(uncllon51 fCPo qD antll nile nao~og"'DIDD. TBle Iresuio n~,aa

follows from Rile nbove aheorem III ahnO ahe \1:11'05$ cOlI'Ircnaa~on of nhe funcaloms
f(.'t o J') alllD g(.'6. JIb is 8lrmluced lID ahe oulput rinne. See n:lgll".e 51. O( nhe awo
illl8CCSI nrc simiiof0 I!l bright sJlun arpellrll ho nhe oulSllllO lJlilme Imdl ohe lbrrlShno
ness of ahe srot IndicnRe51 how slmllnr nlae awo Imagcll OIl'C. The system ftmnan­
lilllcomly cross correlates a\Vo $JlaliuO paUems. Om fncao ahll1 occhnlquc hillS
lJec:n npplict.B successfully no ahe ansiuntll8lCOUIl Irecognollolll of Ummmro facenB
(Iu gCllerul. III ahucshnhllll,3 Ucho 41cKecaor ~lJ 8)illcctll lin ahe 4.IunruQ ff»lan~ '00
delermine whelherr Olr Dloa 11 glveln Inrna ftllloge $holl~tll Ibe °uecoBnlzet.ll~o» T~le

ucoLic". shoult.ll oanlc: oiloo ailc ~lOiogum III fonnctB fwilD ahe InQell'fcll'cence IllZlanem
heR ween nhe tlesirct.ll Ounsform G(po 13) Int.ll 0 IJllmlle coi,elrenn WlS"C(IrOIlQ ll(po 9».
The Il'CSlIlt is ahaa holh nhc CII'OSII concioalolo 111".11 corwuHualolD (ullcalonll of aiae
awo imacn orc formellJln olae ouarun IfIHaue. figure 6 muslUulcll ahe fonnaulolTl
u( ahese (lInclioll$ hy ahe IOpllca~ !Systemo Ilut.ll Figure 11 gh/elS fl geomelll'lc
Inlcrrrclaliul8 of aha: croSS! conelutlolD entll convolullol1l runcRions. Aho OIole
Bha: similarily hclWCCID allis $yslenn Ilut.ll IrccOBnhlolD hoiognnrhy desedbetB
car Iicr~

Thcre Is uuolhcr IJlropcuuy of ahe fourlerr nuansfomn (I)~ DID ~mRge nhao ~Il (l)J
Inlclfcsl au ahe neurophysiologist IEnch lJlollla of ahe auomfornB IntHcatcn ORae
presence of spcciflc spatial (rctlllCllcics ahaa lire rresenn lib alae Input Image. oro
ror tIlDlllplcoRhe IIIJlllllmilCc Is a simple sinusoidally v'lIrylng '!aac:llsl8y ralieno
of spalial rrccl"cncy I'. ahen ahe fourier «raBlSform aU lJloshloro f(/,.O)-orr
nO,!,) dependillg 011 Ihc urlcnlnllon of Ihe Imuge-would huve lutensllY rro·
pnrliollulln 11u: lJrit;hlllcn orille Imol1e. UIlIO ahe IrCSO or alae Oll'nnsfuw! woultJl
II0vc lero illlcllsily. Ily nlllllyzillg nile Fourier arolls(orm of IUD lllpua Imuse.
olle cun deler",illc Jcs cucl sJlllliR~ componentll•.

Jlle nnllly~i5 uf ahe 0fllico~ system Is similur 00 dae pDlniyscz \hoth ur COlD­

IICIII;'IIIIII opllcal Daulucrurhy 1/8 which lfoUlrlCB" or Iflfcsnd hologrnms t\rc BlB'Oo

.0
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«Hologram 0« II »,

C>

Plone
Coh@oenD
WoveOuon8

PoinD
Sourc@

/

fTIUlI'U ~.
Ih-':IIIl'" u'lion ,If ,nil, J') ",ina O:.iu,icr holo8rllphy. 0O~re Ihc Al'ane W!'lve R(p. q& acls ell
Ihe J&:cuml. rererence wave 118 nplurh't3 I'll', qb Olll nhe holoarell1. Allp, q) An ohe /Fourier
plane ima/JI: or on .,/f-uIlIr,,.J polna lIoorce. Ohconslwcliun b t\:lfeclcd! OleIC oDarouah us@
or IIIl ."'·fr"'4'r pQinO lIourGc. Thill Orlc~ llcparonclI/4.lfo pD r,OIlO /«-Jro -.I)') Aen ahc O"IpuO
plane. .

(hll:c~n lind nf VlIlR OOcenJeno
$ 096]~ mcohotD of ~nrormllaiOln$BOragc nn $olic.b.·

There ure also analogies bc&wecn crOS$ conehalinn on abe OAll!COO $yslcm tlea

scribe,1 here und In lJ'ccognilion (DncJl ian (IICB essocim4ion) BC:C0U104Bue5 bOlh nil
vnn 8Bcenlen's syslcm DntD in convcnoioman holography, The II'cuLBcll' fts direcoctD
for 8ha: ,Iclaib &0 Bhe lJ'cfc:renccg cih:tD.

It. Ml1llu:mallcan' Nc&woll'k Muden

/

[ullugh of allc {ormll~ aaarabulc:~ o( olae Oaoiogrophlc upticnO sysacms 8Raua we.
how rUtll1J 80 hU\'f ahc ~sscnlia~ KlroPClJ'alu fllf stor~1&C:, lJ'ccognlliono Bne!

reClln. What nccli$ hb \llc «.Ion\: R&b ma~e hoillgruphy Bnlo 18 mcfun meaaphor for
sludenls or ill nin funcalon nan mcmory mmB O1crccplilln ~s «0 see whclhcr alae
lens s)'slem, or «:VCIn am oplicun s)'slcmo Og 6lecessary 80 «hc accompllshmen8
or ahc ~lllloGraphic prucc5S.

We (uunc! curlier ohiln ahen: &an: !Julh $8aiic (sanracc:) IIIUJJ dynamic (pUla,
(:cs~illa;) pilllCrJlS OlD alae 41plkun sys8cm. We f4.J1UltD aha8 llplicu~ processing oea

clin hCCilUSC of nhe gcnmc&lr)f lauD components uf an 4lplicun system. We (mand
hnw 51alic 11I1l~ dynamic ollfunnalinn Qlllllcnu Inleruel o DIIl~ nnally \VI: fUlIne!

&ho& II ~)'slcm in which nbcr!: ~m: 8\Yo 58ugc$ of liu(lIr infomuuiOlD processing
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UICOU~2 6.
Results from itluminnting n Fourier hologt21m erith 0 tta~e. F(p. q). ~hieh is not 1M same as the 't:1D~

~hic:h created the hologram, G(p. q) llnd R(p. q). CcrmI'Ohnion o.nd com:latiOft run~ions~ rOf'l'md
On ahe OUtput p~
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UIUURIt 7.
([JcOIuclrlc InlcrflreCnOlong o~ alac \tonvolullorn Dnd) Cl:oB'lI'd-aolorn ffuncalonD. IN08@ OIO~ OBa@
('o""'CllllllolI Illl/olves a !Totaled 1Ieulon o~ one ffuucRlol1lo "'hlle aile ~olUcllldorn 40ell noD.

lsi cUf'abie or slorlng. lI'fcognlz18lC. anUllf~CUmn" 'lIlst?~ ~81rOll'maulol1l. We OBOW .
Llruw un ..nulneY hc&wc:con !Cutin of ohese «~l8ImBlales hn (l'Ill&I~IID S"SUCOOlSl aamD cOO'lI'Co, ,

, s(lnnLling (Iuanahlc$ lin comfluUcO' :ilmuiuQetll gysOemll. ' ,
lhere: IlUC bolla slunle (Sltoragc) gm!! ttlI"mamlc {Ul8'ocessll1gb UJO«OCO'OISl IBn «llDli'

ncfwol k 1U001d. ll)e !Slllllc IfllltnCO'B1lS pre sClI5ill"IIV' 'lIUIUCSl or «he Junco~ouan

cunlucl$ hen \\,celn uwo ctlb. «fooll' convenleOlce we clll~ om omnBhc08loBlcmD 1Jl1l'Oo

ccssiuJ; clcmcnh °celbo 8nti alu: god ordlilnge5 or $c81Sla~vi'1f 'lIlliUell OJ uncaloIBSl:»
The jUIlC:lioJU urc DssumClO 00 !be tlis8ribuiclII ohrouchou8 nhc: voRumc or uhe 0$.

scmIlly ur cells. lhe cunuibuahm UhuB III aaniO (8808 8(1) IP~ conrusclD wia~D fI

JlwccssillC QllliO 4l( QlI'anslllissiviay has Uowlln~ uhc nUe «,f acQlvnliolB or olle
8lus1jllnC:liolllli cell unay dilfcll' lliepclu.IIillg 010 ahe gcomelll'ic lJlosialo,n. of ~n13

uuival. We 8hcrcrurc cJcfinc nhc 1"("01 ulldli"iIJ' uU umino «.~o J'o I) ar mlCel~ Q(»

IUc 01 OIICUSIIIC of Rile dfccaivc conudLllIalOID aOWQlft.ll DcaovalOOlo aluau i~ D'lI'Ol~UCCtD

• , i
I
I

. :
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on (l»OSlIQ~OB1l «'~o jOo·a» ~U'OOU1l IJlITeJlmCn~UBUIll~ a:eUD. snnnic lJl19nnCITUIS ilITce aJJC$ClTuiJetD I\J"
B~vho~ ~4UIT cemc~o lCdD q!po CW» llbf n~a~ lIU:nW4lU& ahe OoelllO BCB1l$~n~V8n" (mu:aIOB1l
fXvo{J!0'l08». Uo(J1)cmD gC:01J1~IK~tf~nJ! ~~DlBeo oITe 0 fUI11lCn~oU1l <m~ n~ae A,mlto~oool!l~ I11ID;CIT4IIo

BQU0JCname (I)~ <COBUnacOn omona nh@ a:d~o•
. DOll moll' 0800&eOo«JIl'OOmmllC alU 1I)lJ'(Dce$$181l~ lJlaOQeITlI1lB GlITIi: n~le lJlilloneUUUlJ tD~ OCn~tfaaloB1l

~1l1l a:ollccn~ouoD CDr 6lIT(1)cessIoB" lCeUs. We 9ssume {UIT slmHJ~ldnl' o~leJn nh~ icnhrmQloOll
o~ 1iI a:d~ aRclJlc8DlllD <mo~O" am n~oe IDWeIT81rge ~81Daa@ (1)[ DocllO SleuuslnlvonV nDaITtDQ016hmsn ~nB

junc6lo81llil~ lllIlcffOSn«IlJICnUITe. (If~DID GlSl$UBUIJl6IounIII l11IuuMe DaeIT@ [OII ~l1HJlng6oul' IJlUITo
1fI0SCSl onO". OIl1l 0 lJDIOU@ <comlJln:heOft$1l1c mollleO \\)V IIllmrrol11loD~100 n~oll1 IDUUlUlpRiolll
~SJ 090n OUllltDe.» W@ dlJelliuoe nhe ggl8JllolvlO, o~ amBo «Po l\JDo aJJeooonelD llJlf K/JOo no l1Je
oOae 'lIo~ume BnQegroO (l)vell' nhe mlCITllllsQlTllICnUlTe «J[ n~le DoemD BCll15lnlviQlf (..ndlolo.
1r~IIIO ~no'

C(r;a c::J III JiuJ!J!o Jlo 8» dJ! 611 dg•.

1J1aese (leUlsI6Iv~oJ! ~lilDlKeo a:oITITCSlHDOl11ldl no 000@ nr1'l;JOlsmbsloBll lCoeffidell10D al~ oDIe
OHJQICAO (lys6emll. b\tYeB1l10U~eDo n~le (lQ~6Ic BnolTetflllUIRnelTUlso 91l"~ IPll"e$eIT~ftll ~f1l Ohese
oeoul8Mn" ~IlUane~ @D 'W~ I11IOW O~IOW.

lhe aRynlll81llc IJlsnfterrrres IfIIl"OCCSD ~B1lroumsRlo01J fflTom one lCoUccalorn olf cells 00

ooloK~aeIT. !Dll'llUlmlc 1fI1I\6Qell'mJ nlT@ aJJescrr!bellllby ~1"h1lg nhe ITaOe olf ocRhflil6 IUl1l g"tll
, ~n~albUloBO al!nhc Jaom:ftloBOIID (COD8niilCnB ohmcOn cdD ~Ill O~ae ICollecnlolD os 0 lfamcnio80

(!)~ a!me. [[)yBnlBmlc HJIIla6errn(l mllsn \lJe (J'eBO-~IIDlBedl fU8Ic6lolllJ of ftlme,
lheue In ObCl 0 i1lIlll'ecO OlJUiOOg" llJc:aweeUll nhe OITIB\sfOll'l11Iloaion19 o~ Qhe al«l8lcsO

nl/sQcnn aD (llJleclflellj 11»" ~19 jJcomenlT1f 8B1d1lComHDoncnnlloDaul! 80ae nUomlfoll'U1all8~onll

o~ ohe lJ1eawolllX l11IOotlle~. 800 oi,e lIu:nworr& oUDoC»eOoIJlDRncmo o~ €nchmnioao /iiue numDal~o

lrOlTlI1Ie(Q all O~le1f IJlll"oftllllf&ROe ~U'onn lime OmyclT al( ceni9 00 8II8008helT bccmuse or nhe
~Duplillg tDfffic6elllIJ llJenweeuo celio. U~o Iro/! leul8BB1ftlieoone cd~ end8co sno8helJ' 08
@ 8'iSh lTliQco 'a~le lCOl8rnB'~ ll>cnweeBll OOae ftwo \Celis III ~,~gOo ontD lfDod8ftVe. O( ahe
oDIe (tel8 ncntllo no ~61i,llb16 oll1oRhelTonhe (CO&JJPUBIB D~ ll1ecllnlvc. Coufliing tCoeffio
dcnRlllllTC: ramcOloou9 llbflJlo1lJ'1l ohdillmllltll omllln Ibc lSp.:dli.:J1lrur every COIIIl('Ca~,O·

filAI,. or iccII9 or mlIleftwoll teo .
Sialic 8l\8ull G.9ynmmlc OliilnlcmD ~81aeVllc6 ~ID ah~ Olc6woll'lk onUl~~O ~IO milch ahe

\Sllme Wlllf ahoa nhe" l!io Jao opalca8 Bysacms. 881) 8Bll o!ltlcaD lSl/$ICSU. Oieha nlTll\'clo
~an Q SQlI'mlCM Olane mull ohe °lliOIO[l~ioBrt ~SJ de6elTmlll1etlllae08llcnlTkl1~l" 1lJ" ahc Oln:clse
~Ihhmce ftile 81g11n hlln no nITm"e~ (lTOIlO ~a$ mlglJ1l 00 18~ dc~liaalllloB1l. Urn ohe ol'8icllO
sys8cm llIeSlcuibetD 1Il0U)v.:on~le BmllUnnill~ OiCha wave ~z (01l':II:n8. Gutll ollclI'.:foll'c
alae IPhose o! Bi~hn aUP8l$8IIhneclllruom each 1P0liao Is ahe sallie. or ahe disUnnce m
Oiehn lIsy nrQIVcb b 1\ OIIul81plc or nhe wavelength. ahnn ff1!ly 8uhb: If aile tlisl;llIce
Is OlD odUi 0Il1lB808llc: or RaaU a~le wmvclcIIg8h. 6he IToy SlubhacQ!i. These COH($!hmUi
80 oulallimunn ~nclnllnnlTY GnUl 8111,11)16011''' call1pUlIg 110 ohe nct\Vuwk mo,kB. lIc­
specilvd". See Ir-lguB'(i:' fj. Deealme nhe disnance olama ahe ii&ha halS no QraveO
"l1ll'ic~ 1l]f$nc:mnQQcnllv GC~OSln ahe 6rr61mfoum !,~nB8e. alae lfonric~ all'llIlSr"II'DID uf nhe
IlIl'un ~li!lIcm III lformcUl AID ahe OlTllnsforDn Blinn&:. As 8101ClO. DID nhe Ilchvor te.

o
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ITIOUlllE Q.

CtlUcipunJcnce b:lwccn opllcon and! ncurnB ny£lemll. The 6:oupllnan in 8he neuron lll/llKCIn
IlIl1)' tll: cumi,lercd wilh uespe.:8 00 nomc lJ10slalve BlIncline. Thull 0111 'inhilulor1fo 6:0UpUnO in
in rcalil)· JUIa Ihe decrease lin elll:iaallolll ~Iow Ibc!scline level. and awn cuuld bl: @l1cilnlOrll
ill physiolu8icolKcrmn.

model °couplingO is dcRerminedl by Bhe AmounB o( uc«lvioy aCtUnBng ill lJlDlrn
of cells of Oil ensemble.

In ahe uptical syslem, if Bhe iup.:rposiaion of DI~ ~iChB \VllI\fCS ~Ias gmplihule ~

.·R al p,li.. t (x. jO). and aile film aa lJlohia (xo J') hu atansmissilll1l coemcicno
/(x. y),lhen alae ClII'plll pallen) has ampliaaule Af~J(•.vb. On ahc 8lelwor&o if ahe
~paliill SlIlIlIlIulinn uf 011 uCRiviay ITcsull$ Ian Mnea cAcitu8ury 41ualiliay If! ua ccU
«/',1/) in Ilu: IIch\'urk. ahe cOIIQriblllion ufacaivlly ao ahe nella cell is tJelcrmine«1l
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!

hy A nnd by alac :ienshlvl&l' Kpo of alac receiving cell. The qUGlluia~ A is nol
determined nay cohercnce lJllrOflcrRles anlil h is &1& allis poinR Rhaa Ageometric
Dm,IIlCy with ahe 4)flticuO sysRem fails. Of alae: inleractDons between static anll
dynaniic lJlrocessc:s Ilrc multiplicative (which we willialcll' propose) abe Dnalo&y
as ditc:ca. Dnd ahe conadbuaiofll fll"Om al~ BlI'c:juncR8ona~ cells aow,wJ! ah~ acti­
vation of posljuncllonll~cell (Po q) os given by AKpo'

The resulting Ilroperaleso storage. II'ccognition. mndl recall depend 011 specific
luchilcclure. coupling coefficientso &lnd! ~enslai\fily values. and! lire 1I10W ao roc

. . I

stullied am' detail. .

Consider diu: Bhree-Oayercc.JI BleBwork OIIuswuc:d on figure 9a. We will calB ahe
.cells in the three Bayers ahe IIIpll8 (eIlE. 6ralU!"rl18 OUllt/lUJ'V cells. and OUlp'"
cells. respeclively. The IlcRlvaaiolB paUelJ'nSl in aiu:sc ll.iree collccaiom of cells
wilh:nncsflUlu8 dlredl)' ao ahe tJynllmic pallerll$ which occur &Ila Rhe influa.
anul$formo und outpua "Iaoc& of she: optical syslem of figure J.

nn ordell' no nillhe In Bll1lioSlf bcaweel~ ahe optical. syslem Ilod! ahe ou~aworlk

of figure ]0 we wm Bleed! no choose fl lSaandanl Babcling scheme for ahe celli
of ahe ahree colleclion~. We win begin by ssslIming thas cells are Babclell witlo
& two-lIimenslonllB $ysnem of ~llriDblcs. lllu$ !D. parlicular ,clllf1l !II collection
may \be lhe {4fo 6)th ceUo 011' in generan. we consider the (m. "Uh cell. Ihe IlC­
alvily of the (m. II)lh cell al nime 6will be given by/(11I, ,.)(6). Ihis corresponds.
Bo Bhe dynamic ~npun Image/(x. J') of ahc optical sy5lem.

for each pair of connecled cells we musS specify the coupling coeOicienl
bc:iwcen nhan pair of cells. for nhe {lIB. 11)110 cell ~n nhe Inpua layer and Rhe
(p, q)ll! cell in nhe nronsform loyell" we will designule by c':oQ nhe coupling co­
efficient (Superscrifll~ lI'efer 80 prejlinclionan cells. and suhscripls refer to post D

junclionun cells.) We assume nhaa ahe coupling coefficients do noR depend on
Rhe geometric position (Jr. )'0 E) In ahe nelwor~. We must also duignalc II local
scn~hivlty function kpoC.Ttoy. g) for each cell (PI 9) orahe transform layer. Cf;.or
nhe nnulysls nhag· (allows. ahe only <cells ror which nhe local sensitivity vnlues .
nrc of Inleresa mre ahe c:cll~ of nhe all'ansform or BllcnUlrY layer. We will ahere­
fore assume fUU' slmflliciay ahnR'dic locul sell$hi"hy values o( nil oaher cells
hove vnlue 8 and! mny nherefore be omluetll (rom ahe di5cllS5lon.)

VIUlIlllt 9.
In flllri Q 0 uCllrplnclwork b dcscrUlCllllchclI\3lically. mlc m:lworh is IInalollollll hi ahe
0r1kpt diaGram or figure), Iloro b IrcllIcsc:nlll 0 mure Il'cllliuic di:l6ram or lIIicrosuuclure
o $)'n~I'lic llolllllinli in corlcl1. The enselllble of overbl'I'illo circlu rcllrcsc:nl"llhc jum:lioll9
bchvc:clI Lrlll\l;hc6 of lupus BI10nll and cortiel&l dcntJrih:a. (Itcl.IJl4Wn oracr Schdbd &. Schcil~1
jn .'rlhrPIll. 1~1B.»
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1J'hl~ ooeowuull ooomBcD teoDuu~l!plDBBtlll! OIlD mle Dlude lCOilUplOOlonicDlDUO <r~~mcnO: one
<C4IU~iCoIOID or a:t:Uz obeo QU@ dp$cOV lCoupiccO nogcoileu. Ouu Muumpoiuro os moae
IJllrcdsdV ohmO e~ctry lCelO (!)n~,e Inruo 01ll"eu ooanhli cmmecoinns 00 <eveu" cell of
ohe Olrunsromo OlllyCU'o Cl81Ll1 ~"eu" (teD~ lor ohc ou.uromo DOIlyetr mahSl a:081neCniOlill

OlD e~cu" lCcI~ tD( alae tDUipUO ~llIyerr. We wOlB dcdgnoRe llJy /(1180 11)(6). ((P. q}(6).
rnmll/'(mOo Doolin» n~lc «~Y0151mlc acRh,lu" lfJiBnOeums IBO oile DUfluOo OUIUS(OIfIlD. sncJI
0l1RK"1I0 ~allclf9o rrellpecoh,gijJ on nlm~ o. Since we dJesig181l0e b" «:~o 8he tGJUflUnl
(Coeflicleuao u.COWCCOD Ohe «1100 oB)R1Ill 1818mO «:eI~ IlnLll O~Ie ~Po q)IRo nlrl'Jusfo/fUo cdl. nhcln
nile Blca BlmOlmO o~ endolilalo'D Oei$ 'die IllIDDOUnn or InhihhiolO lJllOvltDccJI lOy ·a18
OonP8l0 iCCUlS an IRIBDlf lJlolnn Om ODIC nlTDBUfOrBOD ~lIyeu of ahe alchvm~ is liven lOy

«DB

./'.
;

'.

T8,e usOe off liacdvo810Bll off nDu: «Po qUID nUlIufoHlD !tell Is IlJVtBD !by

1F«,0 qy)(nD t::I Iff ltvo(Jtd'o 11) E «:;0'1(110.11)(0) Ii)! dJ' Jlo u»
. . • 4103.110

W~lelTe 08lReSITQolO81l wouVdlllJe over olte 'lfohlme lI:o"Qallll1l3 olllJlrejullctionaO con­
U1ecalollSl of O~Ie OIl'51Ul5(ormo II.InI8.«011l teodo cnSfo If n~Ie uale o{ Ilcaivl1~OOID os alcgQ­
nlveo'we IiiISSIome aile ~lCiO 1(\ ijnOlobltetll emil wilD U10a anmsmla aO mltD llJecnme nhe
(C018pUnl: (CoefficOenu8B l!io nuon aifH'foull OIrO 1Jl001niorno OOle Ina(,~1f6nioon /Clm 0..:· pelTo
fOll'metllsUidl lEquDololo ~ rretJucen no

«000 ~ S108Il1i:wDIDO moue tComK'Uc~acc.ll mo~cO IJllfege/l'8letll \by lfD:nmuo. 0910. nlae
dTccnlve couglling llJeoweern IPlTejuncdoBloD IIlIUl! H'0SlnjunclloIlDU cells tBurhil Slm­
lice Goull UleuU dClfIcncJIs llysncalIonlcuUy 0111 nlme BIBBeD gcomearlc lJlod8DUIO «,Ir. )'0 g)
DID nhe neoworlX. The 8'ellulO Os ohon nVae OOC!B~ senshlvily 'lfol"e15 cOlBnon he mvCll'o

DCCeD. The DtMinlos9 ODr ohlll °almlnc OIICChlB81bm' eOlDbh~B nhe OicOWll1T1X 00 slure
8n~ uecall p:lonell'm~ ohan VilTy liS! mfunclion or olme. ThuS!. (or.cllam!'lc. $Iorucc
ulCcClgnllimo &O,tlI u&:cnUO oh,elTboD «aauUlloB"Y) InroulIDololo Is ~()S$iblc.»

DID ahe o(>olcnO llyslemo Bpeclnc OnmsformnRloou5 ucsultccJI Ulccollse ur olac: gCUlB10

, dry l8ItIl compollcnRD of alae zracdOc $y~Rem. IIJmJerr ohe l1I8ology. anUU(lllTo

UIInllnnll 8hllo ITc5ula ,In alae nciwor!t depend dJrecaly on alae cUllplin~ corni­
denlS. c~oQ: We DUUlBle ohon ohe coupling !tudncic81l~ nrc choseon 51) nhllR nlll: ,.
ale8WOlT~ fomlelr-OUllnsronnll ohe inK'ua ~m ..ge. To sce Ilow Khhi onir.i18 be: tlune.
we 81CCI~ on~lf no 000& lin oile Ilpcclfic ecft".. I;OIlS roll' fuude!r UUIIS(OrllUllllllI ~IO

0BJalcllD i)'iQclm. fur nhe OBlllcDD zysaem. nlae fouuie!r aaunsro.OII Oil givcn [,y

arnile S)'51c8lO b discn:le: lTlIlilCll' 0111118 Clll\linuomi. D:'3&1:1l1ulI .jJ llccumcli
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where AID is ahe Olumber Ian dJiscn:ae lfIoinas of aile !manc. .
for our nelwork modeDo if we couM choose ahe couplin" coefficients In aile

.onalagous way, ahaa iso

(6)

Ihe nclwork would fourier-ual1sfprm'ahc input paucrn. 0Uowevero we nrc BlOC

al liberty an usc maahemalically complelt quantities. (OU6" ear~)f DS5umpaioan
was lhal dynamic pllUern$ Ilrc nonnegalivc reaR H'U11clions.) Un orde6" no UllIiI,O
11 network mollel lhna resemhles a bioloSicuD ncur.oD Ulc&worft nhaa will IPrco
serve lhe. fourier tronsform. we musa preservc,negative and complc:n qllanlio
lies, In 011 oplicaR syslems described. negative om! complu quanaisic6 were
preserved hy sioring ahe inlcnsily dislribulion of lhe superposition of ahe
desired signal with a second (reference) lighlwave:. Dccausc cohercnt Righa was
useJ us n source of illumination. a stable inlerferencc raHcm lI'csulled "'hose
illlcnsity dislribulion enobleJ rccall (rcconsarllcalon) of ahe saorcJ raaacm.
Oil&: pussible mechanism (or IB BleuraD DlclwUB'~ ao encode au~gllah,c: lAnd cumo
plell (1'lUlllilics is 10 ullow 8IuJcpemJcua lIleUrOIiS ao convey alae UJoshlve Antll
necalivc. rcul nntl imnglnury componenlz orahe desired slgnoD. "lrhis Dpprouch
was used by Daron (1910). Anolher possible method Is to have Bhc cells Dcd­
\faled or a badground rale (which Il"eprescnas alB Dclual value of 0). Dndl 80
assume that inhibitory effecis reduce 8 cdl'~ aelivily 80 belnw lbacksroumJl
firing, These slow falcs wouldl Irepresena negalive quanahie5. The treaD Dntll
complex componcn15 of nlae rrans(orm would slill have 80 !be preserved by
indepcnJcnl cells. SevcroD tresearcher~ have Dlso considered c:ohcrcnn ncmD~

aClivity in dircci Dllalogy wilh ahe oplical syslem. Dn each Clue an IntemaR
signal is uscd 10 Insurc coherence. Sec for cll6lmplc Wesllake C~968). Swisera
(1967), and Darrell (969). .

The Neural! nHologram
......

We note ahal Ihe llssulHeJ uu:urul processing 8hut underlies 8hi~ formalism AS!

relatively simple. Chemical 8rausmiUcni arc released u8 iylloptic junclions
bclwCCII prcsynnplic ond poslsynaplic cells. These chcmical 8rnnsmhten dif­
fuse, across the synaptic cleft Dnti llIodify 'ahe rcsling pOlential of ahe pOSI­
syllaplic cell. The 10cI11 IlImlifiealinns to ahc resling pOlcnlialneDr aile synaptic
junclillus propagille tu sume eAlent away frum the junctions. EAdtillory arans­
millers calise dcpnlarizallons: Inhihitory amnsmill~rs cause hY(lcrpolariln­
lillJlS in Ihe dClldrilic microslruclurc uf ahe poslsynilplic cell. H:lldaalnry "nJ
illhihi,ory &:uIII, ihu,iom slim by 6(lJtiuR SUIIUIiUlioll, anti lh~ B'e~ul& is il small

'0
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COlllrihuliolD 00 ahc AC8ftv&8001U or ohiAn cciB. 1l1,c cOll\adbllalon no dCSloliBO'h~50lnl\

fwm Any junctiun 8S dclennincd by aile local 5cmiliviay e8 ohma junclion Olllll
dCSlcnds in aum on its membrane (Jrofle:raics hee below). The 10caO flllc&ua­
aions, sluw ~ulc:nlhllsi or minislliku internedng with ohc junctional micro­
struCIUUco glrop"Cllie ooward aile somlll /llnd cause 00 00 depolmrBxf: aO a Il'lle
givel1l by Ellu8lions 2 011' .31. The resula is alineall' Qransrormaliun of the inpuo
dcpolarizolion lfliluernf(lIIon)(/) to ohe transronn pallern f(po q)(I) through
one: sillge u( DlcurA~ processing.

Un abc: opdelll syslemo ohe exposure of nn undeveloped piece of film to an
O'pliCIl~ pallem sensitizes «he film so «hila developmenl at a, later aime cause~
Iloinas lhaa Me exposed 80 bright !iSM eugha with a large amplilude:) no become
black upon dcvelopmenOo and poinll& ahat are exposed 10 dim ligha (or no light

,aa 1111) 00 remain transparcnt U one «hen Olloke5 i& °positivc· image of alac film.
lhe resula Is ahat «hc «r,ansmisslon coefficlenls of points that received light
having II high inlensily will become high. and ahc ~ransmission coefficients of
points «hat received IIlO ligha aa 011 will become 10\;'. This is lhe optical hula­
gram or °mclIlory aruccO of aile opllca~ system. lily analogy. we suggest Ih:u .
on ahc model during alac °Cllposurc· period the local sensitivilY values become
nl&ereli In Il'C:CICUlS ahot receive !n DuCe: nca omOlanl of acaivalioll and become
I1lacrctllln «he U(lPOdIC direction DID ITccions ahal /l'ceciveLlll Sllulll8\ca ''''lonna or
actlvalion. Some neurons slore ahe Oreal· para of the transformo other neurons
store the 41macinaryO porO. Un parlicularo we Ilfopose ahaa ahe local sensitivity
vullles for nhe °rellio hair of ahe population of junclions become pruportinnal
ao «he nea (excltlltory less Inhibitory) amouna of ahe uClivalion that arrived
during ahe exposure periodo whilc for ahe °lmRginaryO half we propose the
oppositc. te.o deacllvaalon (inhibition leu excitalion) occurs. That Is,

Kpo Is sea proporalona~ 00 E (C~IJ)o.r(lIB. ,,)(1). (1)-
, 1IQ,~.

whcre/(Illo 11)(1) Is tile pattcrn ao be stored. Deeau5C: the ncl amouna of arriving
Dclivolloll has SI spatlai dislrlbulion (lEq. ~) ahao i$ precisely Rhe conjugale
Fourier Qransform of ahe dynamic inpul pallerno the resullant dislribulion
of locon sensitivity villues corresponds 00 one Ocrm of «he oplieal fourier
hologram om! la b foil' ahls feUO'! «hnt we call «hese °memory trnces· 2 neural
hologrllm.

nn shuro o III IIelirall,o/ugram Is ahe raQtern of sensitivity vplues thaI curre­
spond 10 one c1eme:nt of nn Opticll~ !Fourier hologram and ia is a (unclilln of
ahe junelionnl microstructure of ahe memory units. The: sensitivity values of 11

neural hologram (lreserve ahe conjllgal~ fourier transform or the pallerns of
ucitalion and inhibition lima Ilrc inhlatcJ by the lnpua.
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Uh:cognlalul1l IIn&ll URecfl~O

We hnv&: dIOW4D ohnO IFmorle:1T nll'OOUifOll'ooannlODO nOD lbc fIlcuroll'~Blc4ll lblf 0 9101gRe
zillge uf ~nc41hell'enO OleUIl'UO Olll'occuingo saO ~CiD,$O DaD fIllThBCipRc. We 01l0W ~nOcon4ll

mlr onalocy bctwcclO nhe opaicoO lS}/slenn shOW81l 1.0 IFlgulTe ] slIull Oile OhlTe~"

Illycred lIehvor~ 5110\1110 lro figure 9&\1. We IDUl8mC n~DlBn nhe Orel8ls(omDlBaloBn 08000
uccurs hetween aile: melllOIl'}/ DUfelT anc.O olae IlllDlflUO DaytIT I~ olso 0 !JO'oUlTlclT Ouml"
forlllalion. lluan Is, Ihe dynnlllic lic«lvnalon paUelTon of ohe ol8igmO OiyelT 151 o~ae

Fourier aransrormnalolD of olae: dYlIllmlc plille/ron or O~le me:mory UnyeIT. Oonee
this hUppClIS, ahere are prctiictllble Il'HlUcmll or scOhf41y 1m nhe oua/puo ccilDo aanc.O
ohls activity lakell on owo diuDllclOy dllrclTc~ln rOrB1l1ll.., . .

full' an orblcrQry InflUa IJlnU~m (b.oOhe (cllcodec.O rOll'm o~ OOac semoll." salmaoo
0115). ahe ou'pua pilllem h alae (CU'Oss lCouciadolD or 6he 11I8"a,0 IJlllaOCIn1I whlo alae
pa18tm ITcpresenaed by alae OocaDllclIshlvioy ~DBucs. D9D olals casco Olle SlysKem rgh,c13
II slrong siClla~ whan Aile illlilin lJluaacm Is g~IIII111IT 00 nhe naoll'cc.O IJlmaaem. 111119 ~lJ

thc recogllilion process. aID alae oplicol system or FIgure ]0 olac II'ceogllillom
signal iJppellrs R$ In Ihdghn span ~n nhe ouapua pillue of ahc ssysRcB1D. lUly 81lnlogyo
the: rccognition slgno~ (011' 0 mcmory node Is ahe lI'uplc.D Blalng of Ii) $mn~D BIl'OllP

of cells in ahe oufpU8 layelT. The scnsitlvlly UJD8Iem Ball!) III O(oclIsingOelrcCO oro
alae surrulInding acllvhy. IInc.B when nhe DUplin UJIlOlelTU1l ~ll fiomlllDlT 00 nhe saoll'ec.D
pollerll. ahc rccognltlon ~nformlition ~~ rgaahcrcc.O aB mgmu(D of cells. The Oleal"o
II y in SlIch cells cOlllc.B (Cosily b(: monlaoB'ctli Ihy oa~IC:1I' lI1eaWOll'!cll 881c.O aosec.O rorr
selce.llle ahe mcmory notics from which 00 DalelT II'cclll~ onrolfllilaalo,o. Thl9 IJlIT0 0

ccss is cOlllplelcly onalogolls 00 II'ccognllion ~.aolognl61hy 8S descll'ibcc.O emll'Uell'o
. and 60 the cross-correialion process or ohe Hens BysOcm.

11y contrast. alae outflua lJlattern hilS III complcldy «.IifTell'cnn Il'1Dturc wilen. alae
qlls of llae lrnlls(~rm DnyclT nrc enehec.B ~ID 0 uniform way. or alae memory cellD
aac uniformly CJlcitcc.B. ahao b o by fl Blnglc cell whose cOlDpDin; coefficlc8ooll are
the 51,,"e ao nil 8IIcmory cellso Ohe uniform uctlvallolD b modifiec.O lIJy nlae Slcnslo

tivlty vullll.'S or nhe l11u:mory cells and ohe II'cslIla 11.\ ahmO tOclo memoli''' cd~ gbell
utll nte: ahut Os rroJloralo,u,~ no ots senshlvll" value. ,BIn oltls ClUSfo Ohelll' Illlaaacl1'll1l
uf depolarization OS! II ucaclivlltlon o( ahe slnrcd{.IlQQcm. ~O Iso B.o (lleao ahe
conjugalc Fouricr 1lrllllSform or ohe lJlaatcm ohan Os saOB'ctB. The oalapnO pllaaem
is in this case n copy of ahe ori81noO B'QUem of depnrOurc Icdvlly ahan waD'
input wlacn alae loelll sensitivity VQlliell were cslnblislacc.B. The oUlpuO /fIaBlem
Is D Irccalled'copy of aile: SIUfCc.O 011(0,.."000011.

Alh:rnalc i\UucJcb

The Fumier proccliS b !lu8 alae 01111' !process our (ofDnplism CIIII U1S~flllly tieo

serillc. Eellaal illn Jl eives oh~ 8lUllcm of uclivlay o( nhe: UIlItS on. alae memory
luycr ill SCUllS ()f allc illPli1 pulle:m felli, 11)(1). ahc COIII)Hllg cndJidcn8s c':dQ

•
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• Dntll oiae ~cmdo~vloy wa~uelJ ~IW nle a:«nopn8l~ a:oeffidc01015 ohma (mmMetll oile Olea·
wml1'OIl» 1F4-nauleU'·orrmm(nmu oh~ lllI1Iuumaic lJlOaOCUOl15 o( mca~v88V ""fue 010 DulbiououV
dmlcll:oMonaD hD !l'rrhu:~glie DUlllf a:Oaolc~ <Dta:4mIflUol~ a:oeffidcUllOl5 a:ou~tlI gse uulltJle.
000 «JUdc(/' (oU' oiu~ ateOwolT11 oIII \be gaIMe' 01lP Mme nn(orrmlJOOolD. Oiae IngluO au~uU>(OlTo

. ODIII~lol1l15iDOO.~tJl 0100 OOie h.(oll'mmaloBll. 00 881ma Olmve Bill 8m/err,ne. Off a~ae nfoad8ovlnv
\Yllh~Cl5 off aile memoll'lf uOlIOn lJlB'eseu~e a~le Orrllm~roumetll· paOOeuuo crull alae aUllm~·

(nuOUl1a!OIO \bcoweeon obe onemorrv UUIOll OIull olle OURfJUO oenlall lJlB'OdllCCll ahc In·
~crrse alTBloos(omllllaloO'Do aheaD n omlfoUOlo ~ItCOOIIIO~(])Ull of alae onemouv cell~ wm
(tduse O~le zOorcedJ lJlBaOelTUD 00 (be uecailcd.

oDo\Vc"cll'o U' obc lTOeOwolTlX Dn O«ll ,uJlclJlloIllRe01f lTeC:0GnlKe ~D1Bma Dn(OITOOliDOlOiD. ahe
uecognhlofD BlgmlO llhollitll llu: much BarrolllgclT wi,eBlJ ahe 1180retJl lPl1nnem flUlrQ\fen
alousn wiaeO'D SJrll 8IlIrlblnrroll'V dltreueooa /peRoeuon Bll'll'lveB. 00 15 Wf~O IXll1loWOU altoo (OIT 0

Oincl1B' llvsRem «iasuOfDo U960)0 ahe lbesa lPou8bie Ircecognlnlorn S5i81180 63 &Ilchle\'ctll
whcn aile alTGlmfcll' (U1ncalofD o~ ahi; llysRem 8s ohe c:oIDI/picl1 <conJlIglloe of aile
fomlerr ouauufomu oU' a~le l/1I1108em 00 Ibe lTecot&81betll dl\flcJttD Ill" ohe (requency
SpecIIT18800 or abc noise. 11115 ~S5Il1UeclicO" alae Ireudo Dchlevedllbv ohe lIlo~ogr £lphlc
modell /llrfzeoaoedl ~f1l Ohlll \Chspoelf. «W~ ha~e Qz~mmedl (OIT dmpllclav ohan nhue
~ll 010 s)'5Rclnl10Ic O1obe htl nhe OleaworlX. O( Olohe I~ IPlrcscnO In Ohe ~Yi8em. Olae
$emillvlR" lIfllucz mU$O Os'e «.IlvMelll \b" nile BllecRuulID of nhe Ololse.D lllu$. aD·
Ohouglo o8hcll' ~llIel8lT alrlllBl$rOr8U1J1iloBlS can lSuPflolfO nlae lllormge Bnd! uenll' proo
<teucSI. ohe" elue 0108 mil MeDU" lluiletll (OIT uec0tll8lalol1l QIJ Ohe lJiOlJ6'~ell' IJlll'OCeisC3.

A. verr" uecenO Uleuual! Oao~oglf!Bllhlc model! 1M'll! /pB'Opoiet1l by C'llIvan93h U97l»
Of1l dlreca 8ma~og]f ",18~o nhe ~Sl$ocloOOve lJao~oarSlphlc llri8eooo dC$crUJedi e:uOlell'.
Cmvdl1ll1£1B lPlI'OpOSeB nhao nwo ~lIde81ellcJcno collcc81oms or Inpuo unhn \ColIIseO
ohe memolTY Omll$. ontJl ohiln awo ~lIde/pemDeaao collcc810nz of O1l8UlUO unlli carry

.Ohe depl1ITOUlTf 1f'l100ClT8Ill flTom each ltompu8aRloIIllO demeno oD" ohe $)'58flll. The
~nllll10 hafluO /pa08elfalSJoaay IfV Ililntll R» are lCOn~e/TOec.B 00 Ohe OUlllu(omled! pilUerBIlS
A antJl lJ lby ahe Rna Ooyell' ~r /pITOC(Zdll~. ~ntJl aile onlcmiay raOlcm (.<J + 0)
«A1 + 8)0 In lInOlfcd!, Ihy alae uemlllvlo" \Ydlut:n or ahe memolTV unlill. «The lJlill8 0

Ocm~ A1 anc.B lB a:onezpolltll ao ahe Buul\faO If'lIaoeum AI snc.B lB he ohe IlUocilllive
OIOiOCHlphy llys8cm ~nclI'ibf'd!4:aoliell'.» lOu: c:olJlf'lfoag lbeo"'ee~e alat memory allli8$
OlltJl ahe ~ulrua IlInhl5 1$ nnumedl alll hmve owo llllTopclf8leo: .~'( 010 Informaliolo In
1180retJl ~n aile memor" tllnl811. aile dCfJlIIToure 8laaaelTllz In ohe 0\\'0 colieclioO$ of
cells 1C0ruelillontll 60 Ohe SluulvaO ff'I"a8ernll. lIf. howcveu. consolidation hlltll oeD
ltUruClo when lIuulvo~ pl181ell'llSl A IJntJl Dwere lJlrc,cnl. ohen lin l1 lalCB' dmc. Bllrlla
IJlIIUern (8 aionc wilD Cl1lUe ahe dellof Oure /pIlUCITI1l b 00 lOe lTecollsllucle,1. and
"lcc veUI1l. ihllll. If 6Jl III pre5cnO hu Ohe 11I1'1In. III '&hmo 11U1I~C· of b III oulo·
maaicl1llv /&cnclfiRct1l. ont1l ahl9 ll'Cconsuu~tlOIn [llf(lccn b Imlllnillneoull. No
search rUlccliure ([)8' UICIfIlO~ conlrol III lI(ccuorl'•.

On conlll'olln 00 ourr modd. Cl1vanugla hall dcmonslroQetll upllcilly ohe Qwa
collecllon$ (lnnpUa unil$ 11111& cOlfUespondl &0 ahe nWO' wllvcfronlllu( liCha used
In opalcn~ Oluingrnphy. Aho 8f1l conlfll$O no OUI1' QIIoJco. Cavonagh K\HlpOSl.'i
olliln "nlemily vulncs IUt :laf~rCln lTothe//' .'lon alae /Tcol l1n~ c01II1'1c1l qUl'IlIQiticll
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uf alu: arnns(tlrmCl~ image. ·n.e 4:sscnaiul poina os ahma mimy molic:ls com lbe
sll~CI::'h:ll, 11IUO each nne cuplures une 416' more or ahe: csscollia~ (enaures of
optica'lll,'ugnaphy. Aa om:scn8. each mndcO aULasa bc consitRcrctJI !I$ III $lOiaulblc
alh:rnative 10 Ihe: olher. untO &aulin more dircca (Cltpcrime:nga~ evidence os .!Ia
OUllut IUb mmld «'-'lID he 81SClft ao pf4.'ChuBc aoooahc:l1'. .

MUll)' 81hHlds (all BllaeD nhe: chlss of afcurnl hl,loBrnphic Shuogc models, anVl
8n is obis gCllcru~ clilSS of mollels we arc «ryong do describe ~lcre.

S'ouce Propertlcs

Nctwurk 8IIuJcls o( ohe holographic processes "O\'C accOl~lplisllctB severnB
oims:

a. ahey havc shown ohoo optksU B}'stc:mfi aue 11101 IT&:quln:d1 (Oil ll1ologrilft'lhl~

uans(oflulIliuns 00 be fl'coliled 0and

2. hy keeplnB In IlIhuB some simple: dUIU'oc&erl~llc£ of nervous oiuuc. ahe" Ou!V~
spelled oUI rCI,ulr&:nu:ntll (OIT (0) lempofllll''' or pcrmollcun mocJlncaaiol1l of an"
nne layer of OIcllron~ by way of «:hanccs In nlll: Sliadc fIlaIBCtruS 011' 6ca1shhilay
values wilhin R juncllonal mlcll'oslrUClure. and «b) proccsslna lbe8wccn layer» or
ocuruns hy specificallon uf Ihc eou,)lIn/3 cocUicicnls between Bhem.

tel 115 begin by cillng evidcnce: consononft with ahe: lTequircl1lena~ (or 81c:ura~

IIUllJilicalion (storuge. «cmpoB'lIry. or HlcrmoncDIO} demanded! by ahe modet
The mallei suggests ahaa ahe nrrlv81B pallcrns ao m uuia-p l1Jeuron BnlB Ih~

dClldrilcli-' produce II microstructure of slow poiCD18iols (depolorizaalons and
hyperpolarizations) In ahe form or on interference flD81ern on ahaa neuron'~

dcndritic nnd somatic membrancs. !Eccles. Bao. nnd Szenallgothol U961) have
descrihed the mechanism of production of such Interference paUerl15 'on ahe
cerebellar coriell, Aft ahe regions o( 811"e08e5& conslnJcaivc Inacufcrence. changc$
ilrC produced in ahe membrone's sensillvily aD elIcitation 8ln~ Inhibition.
Whenever lIe\\' nrrivuD pullc:rns similar QO nlae originai occllr. If'cralll'bo4ions
of these sensitive orcas orc produceJ. Thus ahe likelihood of depolarization
anll conduclion In thaa cell are grcuRer alum whcn D10llsimllar Inpuls arrive.
II is precisely Ihis, and ol/Iy this. properly ahaa we have shown do be ncccssary
fur neural holography Btl be possible.

There is gond reason ao believe ahaa 11 :llanilna' procc:ss occun na ahe ccrcbrll~

corlcl&. IJcnc\,cnto, Crcuazrclda. and Kuhna (~91.1) have sUGgcslcVI 018 ahe bnsis
of intraccllul:u rccordings ahaa uU inpun ao ahe curren reSU'I$ in cllcilu80ry
(tlcpllluriLinr,) proCCSSl'S "'hile ahe dfccu of horilOlI'allnleracriolls prc fsse.i·
.ially inhihi.ory lhypcrpuillrizing), IEJllroccllulllr ITccordings, nesting ahe effccts
u( lIouble silHu/lnncous visual saimullliion in 0111' laboratory, arc onosa reallily

'.

'.
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interpreled in alu: Sllme: way en'helps. ~ 972). lhese results give some: juslificia "
dion an ahe cmphnsis given in 01111" sirlctiy holographic modeR 10 a single proccu
hy which clclUliarozalion antll hypcrpuhllrizuoinn aITeea chanccs in sensitivity
values. Neither hypell'a Dlor depolorizoaion rcr Sf arc ahereforc con5idcrc:tn
oCenas fur memhrane: mudificaHiun.

Thao dllis clT~ca is rcslrocaecJ hn Uncus is I11UO unli!tcly: Il1 much ~nvcrsc squillre
hDW (011' alae elTcC4$ of slow grradetll poacnlials has heen assllmetn by modd
bnilders ~Ince IIlclIlI'le (!9S6) I1nd has stillicien8 backing of evidence (e.g.o

B'hcips. U912) no \he na~cen se8'iously~

lhe holographic siorage hypolheses lTec!ulre ahaa ahe modified synaplic
scnsiaivhy be ftlroporaiona~ ehher 80 nhe Inpua si8no~ sarenglh (our model) or
no ahe square of ahe inpill signal strength (Cavanagh). This could be accom- .
rlished 0111 ahe following woy. rcrmlllnena or some reversible semipermanena
change no I memhrane woukll he proporaional no nhe square o( ahe volloge
difference between l11eighboring input jpa8lcrns of electrical activilYo since pcro
aurbatlon in ahe poslsynaptlc dorllain is 11 funclion' o( ahe diITerences in dis­
tribullon of hypc6'o and dcpolarilalion"s produced hy ahe .arrival of inpua
paUerns of presynapllc potenlials. Il'c$ulling in voltage dilTerence$ pamlJrl no
ahe postsynaptic membrane. A aC5tabie phy5ical descriplion of snch a mechaa
I11lsm hos Ibeen developed! \by lIUclum.ll Gauthier for nhe specialo though not
unusual. case ofBwo iynllJ'lSCs from aJitrcrena BltOnll (ormlng adjacent Juncaion5
Inlo u dendritic or somallc membrane. lhe Intell'actions belween cllcilaaOr)'
nnd inhibitory processcs can be con,ccived to occur somewhat like: ahis: wilh

. 1110 synaptic onput to ahe membrane. ahere is :. resting eleclric pOlenlial across
ahe ulcmbrane. wllh lhe 'lfoltage grlldienn or cleclrlc field lines perpendicular
10 ahe membrane surfnce (fig. Wa). Suppose thaa In neighboring terminals
ahc Inpul ao ahe Bm:synnpaic nenninais causes alte postsynaplic junctions 10

become locally depolarized and hyperpolarized. respeclively (Fig. lOb). Th«:
elTteR is to produce Il pair of horizontally oriented eleclric dipoles 01 ahe sur­
(aces of ahe cell membrane. which superimpose aheir eleclric fields on ahe
vcraicnl ncills alrcnd)' present (,UuleuD 8978 0 Borrello B969;. rribram.B971).
The net tITcea is 10 produce 51gniftcnnt elecaric fieills or vollag~ gradient
componenas ahaa nre pnrall~~ no alae ~ur(ncc or abe membrane. We propose
that ahcsc trnnsicna horizontal componenas of eleclric field "trigger Sirucltlrni
(e.g.• conformational) changes in nhe membrane ahat outlllSQ ahese horizontal
fields. The: induced strucaurul changcs on nhe membrane which In themselves
mny be reversible coultn nhen !Sci off furaher biochcmica~ processes ~eatling ao
long-Iasling Ion [lermcubilily changes. .

When either synapse Is Dctlvuted again. ahese 51nlcaural or permeability
changes con cause nhe effeels «i.e.• poslsynapllc pOlenllals) of one synaplic
input au diffnacl Ilnd mimic ahe tITeeas of olae olher•liS I( ahe taller were present:
Thus ahe IIcaivlllinn of oue synnpse Ilroduces lhe eITeelS! o( aClivaling bOlh.
The conlribullon uf nny such puir of synaplic inpuls is 5mall. but when many
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conv"lutinnal ontegruh; ha$ been (ound no a1dct!1I3ady descrihe nhe n8'18115(08'°
lIIaliulls tha' GlCcur !u:hn·r.n Ihe ITclill3~ ITcccp80r u~aos3ic amB ahe ganglion cell
outJlUl (rum nlac eye 80 Ihe hrain. .

The ~ecOI,,1 (IUantilativc Liesctiplion comcs (rom ~nrolh·CugcU IlIUJllRobson
. «1'166). Un Iheir account nlley have: dcmonsnlflllclD nn nlae trange of 8auglion-teU
.rcceplive fields 3 v;,riel]! of rclaalonships lbeaween ccnlcll' ClIU~ surrountJI. BI fiBUla
jng also emphasized by Spinelli (8966). IEnrolh-Cugeli. Dtohson. dC., allen
showcd lhallhey could Clplilin ahi~ vadeal' on ahe assumplion of8n opponena
mechanism-separate fltcilulory (dcpolar81ins) mnt] illhibilory (hypcrpohu92Z"
ing) rClinal processes, each rroces£ ll.IisplllyiuS clUb esscntil.llly OllllSShuB

dislrilmlion.
Where: do ahesc seriHllle ucilalory amB nnhibiaory Iflroccsscs Ol.l&e IIllmce?"

nowling nl~d Uoycolt (1965) huvc shown ahon. prior ao ahe "anglion cell ~a"eU'o

ft:w if any retinol neurons gcnerate nerve hupubcs. AU ~nacrQCalOmi Are petr..
formed by way of slow pOlcnlinls. These arc of awo opposing aypes-de·
polarizing excitatiuns anti hyperpolarizing lulalbiaor)' elfcc8s. ·~ia«8'acelilihall'

recorclings (Svuelichiu. 1967) have suggesled ahan ahe cxdlnlor]! puicu4ials
urc genclated alulIl; ahe Inpun nnansmiuion palhs (bipolall' cells) or obe ITciinm
while lhe inhibitory putcnliuls arc due no nlac horizunlallaycnI (amacrine Dulll
litH iWlltal cells) Ihul"cross ahe arunsmissiolB channels. lhis 'Iulcrnl' inhibilury
process has been stlldieU! clltcnsivcly nnU! made ahc basis (or qllanlhnalvc: de·

. script ions of sensory interoction by DlnrSline (sec Uhtlilf. 1965) Dnd by von
Dc:kesy (11J5l}) in Ihdr nrculmcnB of Bile Mach band phenomenon. The equm­
tinns they invoke I1re similar Bo ahose usclll by Rodieck in his descripllon of
ganeliun-cell recerlive fields.

The gist of lhese clIperlmental analyses Is &haa Blac ITclinul m()snlc becomes
decomposed into an opponcn8 proccss by depolarizing lind bYllcrpolalTizing
slow rotcnlials and Iransforms inlo more or less concentric receptive fields
in which center Dnd slIrrollnd ore of opposite dela. Sels of convolulionoB Inlc­
grals flllly L1escribe Ihis Irllnsfotmlltlou.

The nCAn cell statioll in lhe "isual pathway Is IllI: BalcraB geniculale nucleus
(If lhe thalamus. The reccptive field characteristics of nhe outpul from neurons
uf this nudeus arc In snme respects similar ao the more or Icss concentric
orgallizutinn ohtaincd 08 U,e Cill1clinn cell level-Now. hmvcvclI'. ahe COila

ccntric organizillion b lihue symmclricnB. Olae ~~rrnuml a;~lmlly has more
dear-cui hounLlaries noLI Is sumewhul more u8emive (c.g.• Spinelli &. H'ribrnm.
1967). Furthermore, a sccnmJ pelllllnbra of the salllc siCn us ohe ccnlcr cun
he shuwII to he: prcsenl ahough its inacnsil]! (number uf nerve imJlulsc~ gen­
eraled) is nol nearly sn grelll us d,nn uf Ihe cenlcr. Occnsionully, u third
pCllIllnhm. IIcnin of upposite sicuo CUI! be millie oul beyond 0111: secomJl
CllallllllonLl, 11)12). .

Again, II transfurmlllinn hus occurrc(B bcQwccl! lhe ollllulI uf the "clino
and the olllpllt of Ihe latcral geniculale nucleus. Euch ccniculule ccllocts 05 1ft

'.
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IflCCflhnlc ·viewinc· mUlRll'n of n!u~ lTeail1a~ omogc: mos3ic. Thi~ 0$ due no nhe [alcR
ahaa each gcniculaae ccl~ ha~ convcrging 8Iflnn Os $omc m,ono ganglion ceU
I1lhcr)j. This ll'cccpth/c ficid pccphoi~ o~ each genicuiaae cellos made of cona
cenlroc o'ings or Ollflosing 50gn. whose e.lmfllhaulc$ fall oflf sharply wilh disQ!!Ince
from nhe CCIl8ell' of nhc field. HID ahcse wa)!~ nhe nB'2!nl!.forma8ion ~cconaJlii~hcd

hi like vcry olcllr·fidtB oJl8iC$. ,
/rollen. !Lee. BUtB TBl)!lolT ~ ~91 ~). ahough SUppoll'aive of nhe sugges8iorn ahan

nhe ,,!sua~ onc:chnnusm as a whole .amll)! (uneauon 81~ & fnuriel1'·li~e ommUleIT.
emphasize ahBQ nh~.Benic~iBK~ oUHplsn ~s ~!isenniony nopl1graphic all~ punctate.
as 810n frequency specific. and! «Joc'S oho8 show wuulmnionul inVillrDllnCe-o.e.•
every U1uminllle411 poinn wilhOn nhe Il'eceptive field does non produce ahe same
effcct fal/r Alieif'0 ahe 0flpoillena /flrOfiernlea noted an nhe retinal ~evel of orgoniza·
&ion All'C mainanlnetB snd! cen~umccd 8la ahe casa or overall aranslaliona~ o.lvari·
11IIce. Yea HI step noward mdiscrene nransfomn domain Iuui !been aalten since ahe
outpun of An indivlduai elemenQ 'of nhe /Tdlnal mosaiC-51 /Tod or cone lTeceptor
-os ahe origin of nhe Iilgnm~ aransformed on nbe ~aaeran geniculate ~eveD. .
Wh~on ahe ouaflun of ~alerDn geniculRte cells ITclIchcs ahe \tclTchr'al coraelt.

filelhclT nronsformnlions noke place. One !Scn of cmaicnl cellsochrislenell 'simo

/flie' by ahcOr ()iscm,eren~ (H Rubel &. Wiesdo ~968Do lUIS been suggcsicli no foe:
characterized by D receptive field organization cOlllflosed by In literally linc:like
arrongeinenn of ahe oUI(luts of laauol gcnaeulale cclls. This profiosaD 1$ sup·
porled J,>y nhc (ocn nhDa nhe 6imple-cclln:cepaive lieltA hi accompanied by side
band5 of 4.lpposllc sign UOld occasionally !by msecond .slde band of nhe same
sign 115 ahe ccnarul field. Hubd IlntB Wiesel IflWflOscd ahaa these silllple cellI'>
ahu5 sene A5 line cJcleclorz on ahe 6'lrsl slage or & hicrmrchicni arrangeanena of
po14em deaectors. IDoUcn en at CU9n) hmve countcred ahis pr.oposal on the
basis ahan ahe oUlpua from ~Impie cells varies wilh contrast luminance as
well as oricnllliion IlnJl Bhna nhc ITcceplOve ficM is noo narrow ao show arans·
~nliona~ invariance. They argue. Bhereforc. nhat lin enscniblc or simple cellsl
woulLl he D,ccdcd ao detcct orientation. They $uggest thai such an ensemhle
would aea'much as ahe strip hlieeratO! used \by aslronomcu ao cull dalm from
III wide arcllI wilh onslmments of Umlned norogrAphic capachy (ilSl is (ound ao
be ahe case in Interul ceniculnHe cells). Whcdhelf' hi faca slrip onlegralion occurs,
she linclikc anangcmcnt could be conceived as Sl preparalory, slep in Fresnel.
romier or olher [rclluency-8ype flro·cessinc-·now 81 slit ralher ahan a pecflhllie
'views' nhe ITtlinnl mosaic.

Blua i6 is noa neccssary no view ~lrnplc cells ouly liS way still ions in iA hicr.
archy~ nhcse curlical amias clcDrly have funclions in dheir OWII riCha. A serics
of ingenious studics by nleury Dnd IlBishnfl «D I)7I» IIII\'C' cnnlirllh~ll lhiln ahesc
simple cells nrc c:xquisilcly n..uclU gu nhc 4·t!gl'$ (luminance cnnlraslb 4lf lines
in the vislIllllTcccflai\'c f1Cll6 ondcpclulcnn ,If lim· whllia. SUllie .Ire wn~d hI nhe
Icnlling, SOUlC 80 nhe 8ruiling edges. Responses arc uf nWlllypcS. ucilalury DIUI

inhihiloryo nnl! vcrr nraen show opponent pfllpcrlics: i.c.• when lhe l',I~c h



/

/'.
i

..wvcli i" "'Ie lfilcclinlD Ilcruss aile ITcceglolvc 81cM aile cdTcca (c.g.• tenda3110lcmD
is Bhe ClIIIVL'Ue &traUma (C.lt.• onhihilJUlDb If1wdllcctll ",81C:00 ahe ctBge ~\S moved! hll
alae up,lltsilc .liu:coiUlD. '/fIlcSf halo'csolgnoolT5 OIlIlVC \Showoo aOUllo ohhs' ~lfcca nil
hinoculally udiviOletB. OnW" \\'ilcon ahe cl1douSlun ;mllcs alTa: nlO lf1iBose III IDB1l «mRo
8\118 signal GcnCITUlclt Tills occuu e~chldvdy whem oBoe Image: dIlOO alae Rwe
Bclinns 5upe.illll'usCS- te.• ",hcon 'ubjccos· 11J1I'C lao ftleus. T~ms. simple lC,CUB mea
U6 cales ahaa ko I"IU olliy hinucIIUuITly flOsetB h,fllD'lDUaai08o. •

Allulher c1nss uf cmlicui cells lUIS gCllcO'uoetll CITcua In8eO'csa. These a:dVD welT~

chtiSlCllcl1 'culllplcl1' hy ohclr discovercrs. nnube~D8ItB WJesdo !Iln~ allollUhR lbll
IhclIl(us \\'ell liS by Pollen) nn atC aile nella step hll alac OlnnaCII'Oll uecngnhlolo
hlelulchy.Sullle doubt has becn D'Dlscd (0 8oIfIIuun &. S80nc. 0910b Ibeclluse of
theil n:lalivdy shorn latency or lI'esponse os ae wOlclhcll' glD c08llplclt celln re­
ceive their in rill (rom simplc: cdls. Wlu:ahca- ohcill' ~npua \Comes dlll'll:cal]f fO'om
ahe &cnicIII:lh: or by woy o( simple: ICCU fflHlccsslnB. ~IOWC"CII'. alae ouaglUO (lI'om
cllmplclt cells of she visual corOCll dlsllln)'5 all'm8lSrormnohu!~ or aBu: a-collla~ ~n81ld.

chalncici iSlic ur the hologrnphic dumollD.
A series of clcgulls flll\crimc0I8s lby fUBlIll CRmpUlel~ 5lntll O.ls ClI'OlB«Jl hlllve

illgccsictl Ihns ohesc COll1fllcll cornlcml cells QlII'C llpIl8IuD·/frclBl8ency lScndtlve
ckmcnls. Inilially. Cumpbell shmvctJ ohaa Obe lI'ellll0nse or ohe fflU.C01llll~ evo&ed!
ill BlInn UIIII ellS hy ucrcOlcLillushctl Cltposmc 10 5 "IID'1cOy of 1&II'IIIIngs of ccrOohll
splIcillg fspaliul frclillent:y). 1I1Inplc:d!lIo0 ollly 00 ollna fUlu.lllmcnloU frcquenc"
bill 0150 80 ony cOllllumellO hurmolllcSI Iflu:scnt HOc cOllchodc£ll ahca-d(JO'c nhllln
ahe ",islIal syslcm musS be cnc(uUn" I5pnliaO "fIJ'C(3Ucncy «IJ1Cr~la81Sl ftao fourier
terms) lJ'ulhcr nhulo 0111: intcnsity voillen o( nhe I!ratlng. 0De fUIl'8hcll' ~howed ahaR
whell II slillilre WlIVC gralillg \\IUS used adl'I)80tlOlll WlUi Uml8ctB no ahc fumdfJ o

IIIcnllll oml i111 ahird hUlllunic IU woultll be Illcdictctll lby lFoudcll' aheoll'''.
filially, he fuuntll nC:lIl1'ulunh~ Ian ahc Clla'g tOUnCA nhan RJclllllvctll os liitll nhe ~Wllg

pOlc:nlial recoldings.
'tullen (llJ7J) hus evltJcncc: nlliln suggeSio ahan nhese $pll8lll0·frcqllcnc)f gcnil­

livc unils iJre HulleD BIIlD Wicscl'15 ctUupicn ccllsJo Milhough bOllo iab worlX and!.
ahat of MalTd and fiorcntini (R 97.]) OlliVC rountll ahaa shnplc cells hllve alte
plUpcrties (If srullai frc(!ucIIC]f Biitcn. 118 ahna ahey DrC IbrmuJiy sensil~"c no 0

sclcclh'c banLl of spiltlu! frcquencies. On ocJLliliOill. nhe Oallell' havestiganoll'Sl Oaove
fount..! Shal alae simplc cells ~pn nrunsmin cunRroso Dntll n8111aio8 fflluuc 1,,(oIl'081m·
lion in terms of awo t.lilTcren8 rarlllllcicrs or nhdr Ifcsponsc: connrosn 1$ coded!
in leflns uf impulses pCI' scconc..D RmB lSpnaillO rlHlse 110 Odmg or nring lPattcm.

lhe uccc:plivc ficlt..l of complex cells b clIRIl'IlCICr8ICII by ohc broatB iCnnCna
(when Cllllll'lIrcti willa simplc cdb) (well' which II IIlIe or uclullvcly lndetermi·
nale Icnelh hll8 II (crlul" urlclIllllltm will elida III ucsflullsc. lrullcUl iLBcmono

sUllied Illal the nulpill of cumplea cdls WiIi nul ollvauinul 00 orientntlon
i1'IIIIC" "1IlIlIIlIcr (If lilies "lid alll'ir spnc:lnc uppcorcil ulsn au 'nnueBlcc Il'CSPllllsc:.

Ble ClIucllllbl, IlIcre:fmc. us IlIuO Fef&Ui Cumpbell. nhnO allcse cells' were
spalilll frcljuency sensilivc umD 8han «hc I5pnlllll (rccl"cllcy tJOIl1Ul1O WIISl rully \
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uC~llc"c&1l ~n aM15 OcttcO o~ ~lsaaD~ ff1[OCe$511an~. AlllI,UBlunmU lCo/l'uohmoBISIlIi ~vll~cnce
~ao~ I1'ccconQ~lf hccoo IfIUeSeOlRcdl rl1'ono Bhe fiDa"Unv DoaflQlBuae or Oo~,,,donOBY nl1l D.ltnl..­
/&r&810 DJy ((liellclI'o OvIlJrnolfoDIDIO T~CO,eI1'IIJDcOn «o~n»o wDoc IHCUDae BhelD' lllmRill"'6 dUll
tCuBUllicn «1108&11 ~a),lJlell'com8licli» UecflJllOve I1idtill tl~ foulTnea- on21U"uuu no Bhe
l1Bc8,~riQlc OOCUl1'osnl1'lIIcBam~ or Bhe IlfbullO cOI1'Ben oomcVn SIS we ~Iln~e done Oaeue••

"naca-e ~go ~8owe~eu 0 Slam ml8\Oa~u:lI' seB tllr [Jl1l'/lJlJiC:8m~ ahmB 00'1"$0 file iLlis!,osetll or
IIJdoll'C O~le lCoO"fllln~mll aaW mJ I5poo~m~ rlTetjjUcOlclf Bn9OU$rmOmnnomn nr ohe ueoiaomO
Imnge lIJy curnen clnll1llbe MCCfIJlBctB. These lllwiJiclDIll dicaiD wioio Bhe ausnlnrg chuac"
ocrlstlc$ or emdo BJ1I1R1a~ (rc«BUencYlle085hlve dcme8la ontll ahe tenUenB or rc8lno~

InulBe which nhllS tcielDlCfllR Rlflms(OB'ml5. lbe evidence no daue ~uCgcsg$ ahmO ucln
61mpic a:cl~ lSI 1J'IiiIQhell' IIJlTlllIUU" ounetllo Ibuo OliaB ahe lI'fceplove lIleMs or cornpicl1
cells rue OUll1'U'OWCI!' hn Bilelll' Oamlng ChIlI1'BlcBeulsalC51. ~UChmll'lJll ontll SpiIKl>cUr:
«09n). 8'amOIl~ (!)Qhen. RUHle d18uc!6Qetll Blae IJlSUCU81l lI'(tcognltlolo mCclllB8I~5m lIJe
considcrel!lDBJDiogou9 no ohan whldo obuolnlS roU' coHoll' where 5Repwbc rrccomDtl·
011111010 or oJlJ1oncnR lPlI'oceucSl BhorlPe81$ brondlr nunetll ueccS)OUIT chal1'tlcaerbnlcll
luao Sa ouasnlflcenn OOO~ foil' £lullalc lCoioU' lJlea-c~8'llolll. We Uamve Qiu~&Idl' d(oailcdl
niae cevMcllce nllan 6110Wll opponenn IProceues Bo ~nlsu on '1l1uloU9 8cvdll or Ahe
'b'lsuu~ IJlDsaCII'DD Ol1'llBlSroulJl1a,lon mechmnbm. Wilma a-e",nln~ 00 be done Is 00

llhow CJIl1llnOlliBlve!y how \by comblnQ«lom~ or 0p8lonena lllroccnes. \Shlilrrcll'
hilling ll:hnl1'acaclT~$uIClJ or ohe $J1IlUinO flfcq18enclf mechDnlslm com lIJe adllcveUl.

'lhe g')robicm ~SI Irnon mu~1n difTcuICUlB foil' oblslnln; Uhe £rcmaeo "humD lingle
([]l~Cll' which ahe I1lJllJQllIU rrequency OIIec~aonlsm mUla opcraRe. Some combino­
BlollaD 111I1'OCCSll musa occur-Rllc quuBlol1l Illo. whel1'e BUlIl 1I10W. 1E~ltJence IPU"

Oolllln= 00 ollis lJlolnn III /presented! RO\\(!lI1'd! Uhe ceuuJloro~llll chnpaeu0 lIJuo IIlUA Dco
us On~e Relive (//'OnD Bile Ofln9form IfIrocfsll ~mJl Doo~ ogailn Iliao Bile dislribtlaloro
mechanism wlnhoua wRalcls Blae IIJraln Dedolll ~lTccnll Cllllnoa Ibe cnplalnetll.

A IlJUllOllI~ S&,ccBBlcelOlolll

We BIIII9 ~Imve evidence nhon /I'IciuraO Oll'lrUrOll'mnQlon$ OCCUII' 0111 Ahe vlsuall $)'ll­

aem ahan COliMo BlvCID OK"p/l'08l..~nae oaouageoucmla ~I\l lFB'c$ne8·U~e d5l1U!,lc cellb
anli fomleu·lI~e «COIUl8liCllCdlb Oaoiogl1'lum. [jun ol~ g')lI'obie8U$ QlI'te 0108 ,,~n ouO
of ohc way. lJl~uia~rz oile mosO lCl1'lolco~ ltuweU1B quesliolU ahmB Is lfIosetll by ahe
~1U~og8'Bpiaic ~'''[ll\ahesls or memoa-}f sBoa-sge ~s Ohe 4!ucSQi018 or Bile uRenB Bo
which 11111110 lb~coll1cg disaulbuled &\Q' anyone sange of processing. AlllndicaleJi
lID IlIO torlielT [larn o( oiBIs chsplell'o 'lfbUllD OIIK"IIIS tvelU 00 Bhe CO"'I)le~ cc:I!I,:\'d
of Ahc CODaen 111m a-cpB'csenQ only 8 few lIC~r(Cll or ~lsupO siluce. Obviously.
OllpuB docS! 810B bccumc dlsllrlbuletll overr nhe whulc: Ibrllin I.. olle [lIlSS. if ever.
WhllB lire Bile 1111111$ on'dlsauihuQlol1l Bhaa wOIIM yeo allow one 6&) usc Diu: hoh,·
~rnm nil 18 olH\lMl1rhl~ question mmy linn ilRvc iil single UI1S\WIT UlIli pwh;ahly
llcllelHh un nhe cOlllu~ IUHR (ouirOO mcdulIlislUs nVllilillJk lu Ahe 4lrcanlsm f\\r
8hls Imrpnse nU any given momenO. lhere Is cOlIsitierubk tvhlcllce rn.lI" wlllaU

o
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Iellrning et.pcrimcnls thill rehcars:,! Dccumplishcs internal distrihulan" n( ahe
cvents rehcarse,1 (Vms, 1969; Trahasso & I)owcr, 1968). Ncisscr« i9(1) poin'l~

"ullha8 rdinal amnsiali,m !LhnuM dcslmy alae congruence OU:CC5sar]f (UIl' rc.:og·
nil inn wefe Ia simple puinHo-poina RelUpilltc Bnvolvcd' , and oa dues awa.
I\Soycr (llnO) on the other hand, ,in &6 5cries ,,( Cllllcrimcnhi, has shmv80 alma
recognitinn aR n unncl1l'uscJ rc:Rillill lucu£ os impaired when m, complelt un·
famili:ar IlaHem is rrcsenleJ au~hislnSCurican]f unct ao a rcsariclcc.n 6"caiulil
locus. Even 11 single repeliliull of ahe cllpusurc with no change M locus will.
how(ver. significanlly enhallcc rccngnia'ion or a distulltlucu~. Rehearsal 8S ob- ,
Vi'lusly a potcna s,~urce of distribution of information.

Another way of upproaching ahis (IUC51;on is ao ask jusa how milch rcpli·
calion nnll how much distribution is dClOllnded by the hologrophic bypolllc­
~is, Plllleu's dolo. sugccst lhut in at,,: visual coriell only Amuli rcglons of visual·
sJlace bccomc encodc:J. However, OOubd anti Wiesd (0968) describe consider·
uble: ovcrlar of rcccplive fields within a single penclra8ion' (OIT cells aa alae
5Ilmc oricllialion 11II1I preferred s(il width. 0Bow this overlap !becomes usefully
illlq;roteci is an Cllperimenlu!' questinn under prescn8 labornaor)' 5Iudy (BId­
hroun. 1·)1-8) 1.1,,,0 is discussc,B to some (llh:nt in ahe fin'" 5cclinn of ahc chaptcr.

The evillcllcc cilell uhnve thus gives $11"01111 iUJlpurt 80 nhe cculeepl thua BncnO
rq;h"'s uf ahe cUllell IIrc rtspnnsihlc: fur saorine ahe mcmnrics uf cnpericncc.
Docs nhhi (unlulIJicn ahe rcsuhs «If nhc obllliion swdic:i died carRier'.P Nu. (or
it is quil~ possible U$ uln:ndy nolclB. alanO ahe proposed 5yslcm. in respollse 00
rchcunal. 5tarn mulliplc copics of ahe same <enpcricncc hi rcmolc rcglolls of
the CortCA, Rill! ahut cllch of Ihese rccnrds is D complele: description of ahe:
given evenl. Evil":nee ahao in fuca such ll1uhirle copics occur hns been ob­
lained: small macroc!eearmle5 werc ~mplQntcd over ahe vlsuaO cor8eA of
lllOll!;CyS und eleclrical IIcai'lit)' recorded in'm discriminllAiolD enpc:rimcna. On
rUllllmnly ,lislribulcc.B loculion5 ovcr ahe 'vis..nB corlcA. ~ncaliiclB c1cdric.:a~

actilfily was reliably (mUll! ao be related ao·chher alae stimulus or 8hc-lI'a:sponsc
(or reinforcement) events in ahe cltperimc:na cnDrihll'UIlD, Spinclli, Ik IK umbuck,
1lJ67)_

Lea us slIppose Ihat ahc strictly hologrllphic oruns(ormations Dre iI Bocal
phenomenon. nnd ahna inacgrnliun of informnaiolD ucross ahe cor8cI1 is done:
cilhcr by II hierarchical slImmine onlo alie: nCAa Bevel uf connectivity, ur hy An

Jlar alld processing mechanis.." \'ill subcaraicnl cOllnccli~ll'S. These ullernalives
me hcing ell plurcJ CIlPl'l'illlclllully Ila BlrCsCna (see ~DrilJnlln, ~.J1-6, far review).
Since Ihe hierarchical ultcnmtive is nhnusl lIlliverslllly espulIsclll. 8a n~c,ls lillie
cllplunUlitlil. &.,-. us fnr n mumena ahercfure cunsider ahe: ntl"lln8ugcs nf pitr­
alld pwcl-ssing nu:chanislllSl alml make aJlI~ ellperimentul onvesliCiition'
wurthwhile. '.
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.Am c£scn8ia~ dislincnlnl1l beQwfcl1l n MCB'llrchicn~ iedil~ Illroecs$ and em lll11rullcl
prucc~~ is ahan alae ~inaaCIl' MI~uws contU'«l~ (unclion$ Q(l) be cltcrdsetB bc(ovc orin
lhe nnmsfmm or memoll'y Illinne u!l\thclI' nllan eaner nIl'Dns(onn'iltlon~'lmtl $OOB'!!lge
have: Il>ecn !lcccunpli2ihctlJ. ~Dn ahenll' opcll'illion~o c:unlll'ol (linelBons CZln onflllcncc
5cvcra~ hi(ll()gicll~ memory IllITOCCSSfS Qhan !lITe ondcpcndcnn o( nlae 1ll111 ll'niclilall'
uoragc modc~o yea each onc emn crucially alfcen nhe WilY in which.ahe memory
lIare opcrllncs. 111cy arc ahc following.

n. ffberlllllnence: Are nile memoli''' arACcs 6lCfmanenl (IIu:y never ('hanIe once
Ihc)' arc madc). Illr !UC Ahey acmporDr" hhe lamc memory 10cDlion (Un ,;Iorc 0

dilTcrcnn A>lltlem an latcll' almc~)?

~'. Modif1ablll8y; Arrc olae memory arlle.:s adapllve-do Ihey chilngc slowly
.ancr ahc inhilll consolidation Jlrocc511'1 or so. when ure ah.: modificalions allowed·
00 occur" ... ~

l. Consolldnllon: 1D0 ahc memor" oraces become permanena ul,on II slnule
4lrCSClllllliolll of ohe inpua Bll\lIcrtnoor do ahcy dowly become Cililblished upon
repclllcd 8lrcscnlnlions or ohe same iOJluO Informolion'l af Ihe IUller is aruc:. whaa
IIrc ahe COlaBrol IllU'OCC5SC\I 80 In~urc Ohll& only Ihc prallcr mcmory Ounccfl IIfa:

Dllowed 10 ~uns()lillaIC 88 !ally slvcn oime? "

41.· Unlerrcrc:ncc: Dr more Ihul8 0 sinBle prcscnoaalon of she inpuo pall&:ffi ill
neccuaryo how llensltlv@ III ohe nluccna memory arllce 00 Inlerference?

S. !Decay; Are ohc: om:mory Macel! aclually °61crmllnenao after ahcy !arc a:sla\).
IMlcLl. or do aln:y IIIowly dC81l'adc all AI function of limel ar lhey deuratle. whill
Is ahc rale ofdct,lrlldulion1 DHow doclI desrudallon Illfecl rrec03nhion and rccliU '1

Several memory 4'01lIro//alllr/IOIu con ~pcroac on nhese ~torage functions.
fhcse control (unclion:li are BloB piBraiculnr ao ahe hologrllphic modd ami in
!liCn are 0101 porQ or nbe hologrnphlc model. They are the (,lllowing.

D. Slarl-slop: When wllR lIB lPunicuillll' memory Docalidn hegln alae °Cllposurco
process. Rud when will In finish'1 This lllurHtop ('recess may he.: considered
ror p BlurliculR8' mcmorryRocalion. 08' II lUll)' be comidcrc:llI for aU Ihe memory
10Clltionfl lab III mcmorYlllorc.

2. SelceaiolD: !For III memory slore. ohe question muy he rreslalcd: why will
one onemory IncndoR Slor«: ahc cuncnl 1111',,1 Infomullinn ralher ahan Rnollll:r?
The mcmnry mllY be siored inilially on ahc huds of Innah: comJlClenc~s of ahe
nCUll'II1 ahsnc Involved Ilnlll RaGeII' on ahe lhasis ofchunses in a:ompclcncc produ~el8

hy cllpclficncc. Or. memory Qocillion!i may be urhhrnrily «(llitudorUlUlullIl)')
liclcl.'lcll iniainlly DlatQ ahen lall'uO delibcrnlcly Q."hiIlUlQ.'lclR 00 4:ollll'lllihle °silell on
lhe h"sis nr ICIIII,ornl or conn'('Iunl contiuuily.

.J\. It CQ."Ultll ithm Ihrclihohl: An 11\1"10 Is jllll~l'ti In °fQ.·Q.·oyni/cd· when 18 C\'u&;cs
lIuol'iillcd mcmorie~. The implicution b ahill whenever melllo,ief; Ilre fulled
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lorah (rom nro Imoduoivc (cOlllcnn 8ulldrcnublcD lln08'~o nhcall ohe <eB1l'cCOll (f)f 8111

em licIT l:iiUllllllr 1111'1118 OIll81i8 lJuicctD &I~rclu.lb' ~lldlO nha: mcmulTff 15nOITC~ 0Dow lllunDUm/' '
IIIm8 lIlmilll8' alC no o.Cll.'OlUC aCl"Ollnbc&JJ Olb' aile mcmou"i lOle slmuDaoloDo off nna~

hulll&:JiIBlhlc Olloccn ,h:vehIIICIO heue IJIroposcll ohllO 8 lt8'dUi$ a:Olll'clIIOIOIll nolle
utlUt'~ in D'iIa'nlld whh ull MuretO memo,.". lDu:an Iff DOD" uClllmn 41~ RIO" ltUOfill CUll'­

acllllimu CIlcccJII IIUIIII: luhluiliry 81l1rc~laoltD, ORae DIlIJIUO Oil cornltJclI'ctD uecIIlBllbc&l!.
Umv is Ihua ahleshult» Il:sluhlishrtD DulD IIllcacdl a>

08, Ill'cII II : or lIlornC': III OlUly Imodllllv!:. uccai8 aU:4.'U8'n Oc» olae lel10c:nO OhnO lIUll

BOrlla evukeli lhe dlcelll or elllliclI' uuodulcaJ In81UOll, OOO\tf Ime the Dlml4s IJllllceOl
nn suda cvucullon1A cOllllol mcdllanlsm musa ille IJ18'CSCnn ollun Oil sillie 00 itRcdtic
whlt:h or Ihc memnry loealJons alll18 hilI/I: been gdtRres~ctO Ille Dc lLte II!setll Om'
fUllhclT ploccssin/S.

,

The a1mve Clllesiiolls and commen89 alc oyplcoO conccmlug Ohe ITtDaRlomhlp
!bcOwcell memury ontll ~8$ conliru~ (unc8ioUl~ rantll lwmc or ohese O.2ve IbcfaD
OOllchcl1 on by Spilu:1Ii (0910) In the discussion or "Occam,oo Whmo DS! Impoll'o
80111 10 IlIItlerslulltlI Is ~laoo Olae cencroO OlOlograflVaI~ OaYUlodtCS~ll ~lS B~ulca~y &l

outltld uf ollc 01l8l:8'IIC«lo88 beO\\'een slO8'oge 8111tJ11U/1llDO IJlmcelidng IIBDtJI tllUC9 anon
ad,lress oilt:se dccislollul quesliul1ll. DUOWCVe8'~ olll~ hoOogD'R,lhlc U,y«,oohcslll itRocll
propose alliin ~lacse oIcddollnO OI(OPCII'OICll D"voMng gnoll'agco ITfcOgaJDa!OIDo DRUB

uccoll uccur by \Vay or Il cun'cnO adt.DrC5l\ohlc !paralicO'/118'uccuiuS mcclumbm.
We Ihcrefurc consltlell' !bricOy Ohe fvidcnce ahaRo110 ~lIcno ailc ([)rg:lllblllo~olD lllauJJ
flloccssillil or mcmory occurll lID a 1C01l81:nO IHMrc$Subic OJRD"allcll'jJJrocessing
5yslcm,

'O"Ilcle Dire 81 growing l11Umhcll' oll'tl1pc8'ftmcnOSl olllnO are dcslanetll no dc:Vctrmfne
whelhcror Uloa nhe rccoglliliolD or m llilmulu9 antJI olle uelrlcvnD 011' trcDnoetll
(asstlcialcd) ill(urolloaion orrc sccBue810lo0 '011' lJloroUcO Il1fOCeSSCD. lIlc$ullS! /pre­
senled by Slcrnberg (896C)) ontl more trCcclllly lLty AOI!cill$on mntll ]UOllll «U91-8D
sUGgesa lID (uel ahat bolh 5cllucnllil0 IIntl gJillrJlllell/ptrocene9 oue Intfolvctll. nO III
gCllcually believed Oruc ohaa oIlCIl'C ~B BIlBD ~nllla~ 5eq18cnce 000' !proccsscS! «haO ~~a ..
code Sill: stimulus informlltlon Into olae: (orm usetll by nlte memoli''' stores.
Thele nelll Dppellu Qo ILtc am IlIhloO QcMrcsslng of,mcmorv ohuo U($uItD hn C3

'(amiliurily hulell' foil' olae stimulus Involl/elM, TItI~ iii obc Ifecognhlora BlgnaO 011'
CUI rclalion vullie ploducetD by IUD IIssociutive memory store. l~.c trcncaiolB
Oillle stmJies !lItUcah: shill this Is III III,III' II lid IPlOcl:ss-ahoo olle cl1code&.ll s8lmulu$
Illallern is p,escllletJ simultnllcuusly 00 oil memury ~ocuaiOIt$ (notles 011' !b°ade
cumplltatlulllli clelllenls) of &he memory 15lorU,

On ahe ulhcr 11111110. the upcrillll:nts IIItJiculc: ollnn once ollt: romiliolTlty of !!I

slimllills item 15 uhlulnccJ, Plillilionll~ IlIfllrBlIRllulll elUD alnly a,e II'ccalictl u,y Q

sccollciary SCtlllclllial search 4)( DII~IIIUIl'Y. This liCcOlltllluy $carcJo IIUtlCC5!S On­
cUles spl:dlic items (fUl1I among ahose: which Dre: udlltc.O 00 nhe stimulus, The
SCII"Cllliu' search IIppcurs. lu bc IrcslriclctJ ao ohuse 8IIclllOry Uoc·lIaicul$ olano
culllall8 ill(tllmallull ussuduh:J wllh' ahc Sliallullll~'" 481emnry Uuclllimlz allua
rccollllilClI the cticut.letR slimulll~ Ilullern. Furlhcnuurc, alaese eJlpCrhm:llluO
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Incsaoi~5 BmIllB)! aBulia ~mlllvlthHoO memoll')! gocQQiIlmn O1Ul)' QJe OCCli:uctll omYcQlcDlliclI\tU"
!IlBUtll nUadl!' ~nOll'cdlJ aoofltDrmmQloo8 ueclIlUcc.D.

((1)&88' 3QulOicB (!l~ aIOVO~lI'iilllR1lc IIllfoceueg aaave ¢YcQmUetJI lJ10uJMe mcchonbmll rOlf
nhc LilsOll'obuQetJI memOll'lf IfclRulrec.D lby obe lI'clluilll of ~I1KlelJ'lmenun \1)111 lbrAln fune o

niol1l. Sevelfll» U$$lIfU llu:eame dlBlTlfle~. 0UoinglJ'DKlhy LiclJle8UD~ OB1l awa lIclJlllllTmbie
runcQlonll: ~El» lInall'llee or haacr(cu:o,ce IPIlUclrOlt 011' nhdr «=quh,'oicnQ$; (b) lJlan­
nCIfD'~ crcIl6etlllby BllIlJlClTJlo'l8lol1l or uti,elf IFresnci- or fourlcr-DiYce Inrun IJlroccu­
ong. A UleQwolf& modcU 00" one Bimhlog emse of BaolngulJlhy-Ohc fumier
OOoio&lI'lIlm-BaaD lbeelll Qccomg>lbhctll IUdn; cKcmcnRs iDltll juncalonaD dU11T1le­
QerOsdc9 D'Hou$lbB" HJh ni,ose DIn neulrllD Dldwm&g. Olhcll' onodeBlJ have aho hecl1l
OOllchctll nagJ0Ull. DUll QIMhiolDo ccvhBence OUilll \been DIMucedD ahino hD r"cao halo­
grmphlc gftolTPCc fiioUJJ gfll1a1mO (rcl!ucncy-!Fomlelr-Ukc-lIlrocculni occuus In ahe
VIS18D~ S)/lliem. •

1rlm~ nhe mlYv&JlUligcll (l)~ 0 Oloioguplalc memou" BIl Q moticO foil' U)fl1ln rune·
alon ~11\ lIlell'cepRlolll «:51111 \be rll'ulafully /llurouetJI with ~lgolI'. Aside from nbe
"8'II'0l'co-oy or dlIisarobuUetlloaoll'Qgeo ~ooiOBII'8irhlc memodeg show hllrge capnclBiello
IJ'DU"llIlcD IPlroceslllngo ORill lConRenn addu:nablllay (OfT uapld Ifli:eognhlon. asso·
dllRlvc lSQOlflge roll' IIlclI'cc!'8uaD lComKlleRAol8 sntll (011' p6110cloal",e uccaU. The 01010­
;rog,i,lc UarQloAhcllllJ !SClI'VeD nbeu-dolTe 0108 oniy lln l&ulde no o,caBUophyslologlcaU
ellpcrimcllOo I1mQ aiso aD n /polJdMe el1pirmaaory nooi liD undeu6andln~ ahe
mcchnnbonn DnvoUvetlll18 lbeUUllVloriaU" dlItuAvctIJ lJluo!bKclUll 1111 nhe lIautiy or memo
ouy 1l1Oltll Il'elfcc!l'doln.

ACttNOWlL1I!1lUlll}.UII!N1rSl

We wish no Uumet IIUchulI'tJI ((]auU,lefTo \Eirich SUUerroAuailUlT ILlllngeoBnd lCi'Dile.ll
SllI'Omeycll' tro&' nhelll' l!Iulsaance and! lCrlnlcoD commcnan which cDlIi",enetll can·
siticnbly aUae wulting o( ahlll !l'lllpell'.

C\ lEUR IEHCIESJ

Alh lmon. Ol. C.o &. Duoll1. D. IF. Scnn:h riintl! dl:chlon IJlrocrrUCll In II'fCollnltlon onemo
OJY. Dill [). 00. lJ{ullnl&. lIt. C. Athlnsolno 11\. lDl. lLuc(. IIIun n°. Suppes lEtts.).
Cmllrlllp4"lIry J,,·tI.'IIII'flllO ltD oua,'"ma"rulps,·tllI,/.llI'·. Vol. n. Sun n=[llnclsco:
O:IrCCanO'10 n9H.

UlUWIO. It. ]. AmodeO UOI' conlcDU mcmory. J. of JU4I,I,tm,uk",1 rJ,:(A.".I",.. n9100

10 n ·s'}.
Ulllm:lQo '0·. W. 'U"OIC~ (orUCI1 B118 6nocrrCIl'Onlclcll': ll"he UUlilnsminslol1l o~ amplitude. r't­

"'h.'I""1' 411\l1l If'hnsc In ~OIulcal SHuct",.:», N(,,,,lpurdlll'llg'I" 096\)0 10 nun "10.
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