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In 195 I, revietving l l ~ e  slate of our knou ledge of 
auditory processes for Sleve~l's tlandbook of 
Esperimental Psycl~ology, Licklider elided ~ v i t l ~ :  'If 
we could find a convenient \\,ay of sllo\vi~ig not ~ilercly 
l l ~ e  amplitudes of 1l1e e~~velopes bul the ac11raI 
oscillations of the array of resonators, ~e tvo~~ld  Ilave 
a notation (cf. Gabor 1946) of even greater generalily 
and flexibility, one tllal \vot~ld reduce under cerlain 
idealizing assurnptions lo the spectrulll and r~r~tlcr 
oll~ers lo llle \\lave form .... The analogy ... (lo) llle 
posi1ion-n1ornentr1111 and energy-tinie proble~nstiiat led 
Heisenberg in 1927 lo slate his ~ ~ n c e r t a i ~ i ~ y  principle 
... Itas led Gabor lo suggest Illat we way find l l ~ e  
solution (to tile probler~l of sensory processi~~g) i l l  

quantrlm aiecl~anics." (p. 993) 
During llie 1970s i l  becawe apparent Illat Gnbor's 

notation also applied to the cerebral cortical aspecl of 
visl~al and so~tialic sensory processing I l e  r~lost 
eleganl work was done  ill^ regards to the visual 
sysleln. A recent revie\\* by Tai Sing Lee (1996) in llle 
IEEE casts tllese advances in lernis of 21) Gabor 
wavelets and it~dicales llle inlpo~tance of fralrles and 
specifies tl~enl for difirclit s n ~ ~ i p l i t ~ g  s c l ~ e ~ ~ i e s  For the 
monkey, the pl~ysiological e\.idence il~dicales lllat l l ~ e  

sal~lplir~g derlsity of 1l1e visual cortical receptive fields 
for orie~llnliot~ and frequency provides an almost tigl~t 
f ra~ne represenlation llirougll over sampling. 

Evidence from my laboratory Indicates that l l ~ e  
Gabor \vavelel as recorded rrorri the visual cortex will 
reduce lo the speclru~n and lo l l ~ e  wave form under 
certair~ idealized colldilions: electrical stimulation of 
the le~r~poral lobe and frontal lobe cortices end l l ~ e  
relaled basal ganglia. 

'l'l~e 2D Gabor furiclion acl~ieves tlle resolution 
l i l ~ l i l  only i l l  its co~~lp lex  f o r ~ l ~ .  Pollerl and Ronrler did 
find q~~x' l r i ture  phase (even-syn~rne~riccosir~e and odd- 
s ) ,~n~~le l r ic  sine) pairs of visual receplive fields. 
llo\vever, lo lily kno\\-ledge, Illis is tlie orlly such 
report. I11 large part tliis is due to Ile lack of available 
lecll~~iqr~es t l~al  lias esisled up lo now. Currently, 
recordirigs ~rlade ivitl~ tnulliple r~~icroelectrodes and 
data a~ialysis \\*ill1 s~lflicieritly po\rerhll colnpulers has 
rer~letlied Illis situatio~l, and I hope lo have sotile. 
prelilninnry data to report or1 tlie cor~ditiorls under 
\vl~icl~ pllnse el~codi~lg ~~l ig l l t  OCCIIT. 

A ~ ~ o l l ~ e r  issi~e COIICCIIIS Ille li~rearily ofllbe sellsory 
prmss .  S~lgges l io~~s  l~ave bce~l 111ade Illat tile process 
is fractal 1iil11er 111a11 slrictly li~lcnr. 11 tilay be llrat 
u~itler solue co~~dit ions ~iot~-li~leariIy occurs. t1o\t1 
petvasive ale ll~ese coritlitioris? 

1'11e ~reuropllysiological c o r ~ l ~ ~ ~ ~ r ~ l i t y  has come to 
lernls \I i t l r  I l~e  dislribulcd nature of wllal I have called 
the 'tleep s ln~c~ure"  of cortical processing. Tire 
accepted view is Illat distribution enlails t11e necessily 
of bir~ding logetl~er the disparale siles of processing. 
Binding is a c c o ~ ~ ~ p l i s l ~ e d  by ler~~poral syncllronizalion, 
n ~ ~ d  llle e l ~ ~ p l ~ a s i s  has been Illat under the conditions 
\rllicli produce binding, no pliase lead or lag is presenl. 
If, as I believe the evidence slio~vs, the ele~~lenls  of tlre 
featr~res of an ilnage are already co~?joined ie a 
I~nl)l~azard fast i io~~ in the receptive fields of sensory 
corlicnl cells, llie issue of b i l ld i~~g disappears. 'Instead, 
ari aclive filler, a f r a~ i~e ,  acls to 'capture" the relevant 
feature or collibillario~l of feall~res. Capture can be 
i~~iple~llerlled by 1l1e i~~lerference efrects among 
\vavelels. Sl~ould l l~ i s  be s l~o \ \~n  lo be correct, Gabor's 
prediction tl~at 1t.e ll~igllt find LIle solution lo sensory 
( i ~ ~ ~ a g e )  processillg in l l ~ e  for~t ial is~~l  (and perhaps even 
in the ~leural i ~ ~ ~ p l e ~ ~ ~ c ~ i r a l i o ~ ~ ) .  



. Connection Web, Derldritic Tree. I l o l o ~ ~ o ~ ~ ~ l c ,  
lnterfererlce Patterns, 14e11ral Networks, Parallel 
Processing, Phase .Relat ionsl l ips.  Q~lant r t t l t  
I lo lognpl ly,  Self Organization. Rcccptit.e Ficltls. 
Wavelets 

Linear systenls analysis origirlatetl ill a str ik ing 
n~atllernatical discovery by a Frenclt pl~!~slclst, 
Baron Jean Fourier, i n  1822 . . . . ( \ ~ l l l c l r J  lras 
found \vide application i n  physics arld engineering 
for a century and a I ~a l f .  I t  llas also senled as a 
principle basis for understanding Ilearillg ever 
since its application l o  arldition by 0Iltn (1843) 
and ~ ~ e l r n l ~ o l t z  (1877). Ti le sl~ccessfi~l application 
of t l~ese procedures to the slody of v ls~lnl  processes 

@ 11as come only i n  the last two decades. (L~eValois 
& DeVnlois 1988 p. 3) 

possible l o  specif\- Ilo\v irlterfcrerlce patterns could 
acc~u l l t  for intage (re)constn~ctiot~ and for tlre 
cl istr ib~llcd nature of' the Ineltlory store (Van lfeerden 
1963; Jrllcz R: Pennillgton 1963; Pribratrl 1966; 1971; 
1775). A I ~ o i o g r a ~ ~ l ~ i c  Il!.potllcsis o f  brain rutlction In 
~ ~ c r c c ~ ~ l i o n  was tlc\~clol1cd irlto a precise co~nputatiot~al 
~ t ~ o t l c l  or I l r ; l i t l  h~nct io t l  on the basis o f  the 
~ l l n l l ~c t l ~n l i c s  Illat l lnd r~lade holograpl~y possible (see 
e g. .  "'I IIC Corles as l l~tcrfero~neter" by Barrett 1969; 
"'l ' l ic I l o l o g r n ~ ~ l ~ l c  Ilypotllesls o f  Brnln Frrncriot~ I n  
I'e~ccption and hletllor?." by Pribra~n, Nuwer, & Baron 
1974). The cotnplltalional prondse and nrnl 
t ~ c ~ ~ r o p l ~ ~ ~ s i o l o g i c a l  base of tllis   nod el has perceived by 
III~II~ SC~CIII~SIS as a startirlg p o i ~ ~ t  for \vllat llas becor~le 
the "connectionist" parallel-distributed processing 
approncil l o  ttlodellirlg brain function in perceplion 
alld lcarning (e.g., Atltlcrsott & Ii inton; Wil ls l~atv;  
botll I n  l l i ~ l t o ~ l  & A~lt lerson 1981). Van Heerden 
~lotcd. I lo\ \e~.er.  t11at: 

'I'II~ of  t l ~ c  rllost strikitlg capabilities o f  I1utna11 

9V0ty Is Q r r n t r t u r t ~  f H o I o g t . n p l ~ y  P \ e l c \ * n ~ ~ t  Po r l~c r l~on . .  I~o\ve\.er. are not present i n  a network. 

Drnirr FancPion? 1 lie f i rs1  is otrr ability to recogtlize a person tve 
~IIOIV. ~ \ . l le l l  lie appears i n  our field ofvietv, \ v l ~ i c l ~  

Quantum Ilolograplly: or I ~ o l o n o ~ ~ t y .  as applied to 
brain f i~nction, has sefveral roots. I l i s t o r i ca l l ~~  i t  
developed fro111 Lasllley's (1942) concerll tllat tile 
specific conneclivllies o f  the nen'otrs syslcn~ cannot 
account for the obsenration Illat "A l l  bella\,ior secllls l o  
be deterniined by Illasses o f  escitation. b! the fortll or 
relations or proportions o f  excitatiot~ t\. i l l l in general 
fields o f  activity, \vitlloot regard lo  pntliculnr nerve 
cells" (p. 306). Lashley drew on  srlggeslions by Locb 
(1907) and Goldsclleider (1906). I l lat the 
configurations experienced i n  perceplioli ~r l ip l i t  derive 
Protn excitation I n  the brnin resertiblirlg tlie "force 
lines" t l ~a t  deterlllille r o r ~ l l  d~ t r i r i g  erllbn.ogenesis 
aoldsclleider sc~ggcsted tllat s in~ i lar  lines o f  force arc 
developed ~v l len  scllsor). illptlt excitcs tllc braill. 
Lasllley noted Illat s11c11 titles o f  force \ t o~ l l t l  TOIIII 
j~~terrerence pallerng i n  cortical lissrte. Ilo\c.ever 
Las l l ley  r e~na ined  perplesed regarding tile 
neuropl~ysiological origins o f  tllese inlerferetlce 
patterns and Ilow tl1e.v ~n i g l t t  generate the 
configurations of the espe~iences and bellat ior r~t lder 

Illn! colltair,, n 11l;t;dred Inore people. The sudden 
I l a s l ~  or recogrlition we ma): feel,, !Ids absolute 
ccrlnitlt!. o f  "Illis is l i i ~ n  and i t  can be nobody 
else". is 1101 j11st a s~~bject ive enlotion, but is 
appare~itl!. e\.oked o r~ l y  by an eslrenlely reliable 
mid rnsl f o r l ~ l  of  i l l for l l~al ior l  processit~g in our 
b ra i~ l .  ' I l l i s  f i l ~ ~ c t i o ~ l  o f  rccog~rizing is also 
pcrror~lletl by tllc t \ \ ~ o - t l i t ~ ~ e ~ ~ s i o r ~ a l  I~ologranl, as 
tlle apyxnrnllce era briglit l igl l t  point ill Ule irnage 
p lnr~c o f  the optical arrnngelnerlt, and tlie 
briplltlless and slla~pness of the l i g l ~ t  point are a 
scictltilic llleastlre o f  the degree o f  recognition. 

I ' l l c  sccolltl capnbility is our ability, afler 
tccogl~izir lg a petson, to recall quickly a 
co~lsi t lcrnl~ic nlnorltlt o f  tile i ~ l f o r ~ n a t i o l ~  we 1lar.e 
about r l ~ i s  person. I n  na optical arrangement, the 
recog~lit lorl s ig~ ln l  gi\.etl by the two-ditnensiot~al 
I~o logra t~ l  provides the instruction for generating 
total recall o f  the relevall1 i~ t fo rn~a l ion  from a 
t l l r ee - t l i t ~~c r~s i o~~a l  Ilologranl ... 

consideration, 
111 i ~ l f o r~na l i o r i  t l~cory, recognizing, or speaking o f  

The lilnitations ofttnderstanding the illlcrfcrctlcc 
tllc q~l; l t l t i lati~.e rlcgrcc o f  ttro t l r i~ lgs being alike, 

pattern tnodel began l o  yield to f i l r t l~er  inqil iry wit11 tltc 
is dcscribctl hy t l ~ e  correlation function o f  t n o  

advent o f  optical I~olograplly. 1 l l i s  i n \  e t~t ion rllade i t  
tirllc f~rrlcliorls, or t u o  iulages. The elaborate 



coniputatior~ of the correlaliori f r ~ ~ ~ c t i o t ~  call be 
described matllen~alically as a filtering operalioli, 
but the coniputation of l l ~ e  rrialclled filter required 
for Illis filtering o'peralion is of course as in\~olved 
as (Ire original coniputalion. The fact tlial the 
hologram perfor~ns Illis filtering f~rnction \\.ill1 50 
per cent efliciency, and that a nerlrone nettvo~k 
witlr simple postulaled properties can do l l ~ e  sallle, 
is due to'flle fact 111al accide~itally and f o r l ~ ~ ~ ~ a l c l y -  
or maybe it is in the ~iatare of 111i11gs-a 
propagating wave field carries out aulo~iiatically 
this laborious con~pulatiori demanded by the 
tl~eory. 

P. 3.  van Ileerdeir 

Despite . this ack11on4edg111ent of ~ i r o ~ ~ ~ i s e ,  
objections, solrle more precisely staled Illall otliers, 
were raised regarding the I~olograpliic n~odel. Certait~ 
initial objeclions were based on an incorrec~ a ~ ~ a l o g y  
between tl~eparanl~errialia ofearly optical i n fo~~nn l io~ l  
processiilg tecl~niq~res (sucl~ as col~erel~l r e f e ~ c ~ ~ c e  
beams) t l~ougl~  lliese were sl~o\\.n very e ; i ~ l y  or1 to be 
unnecessary (Leilll 1976; Pribraw, Nuwer & Baro~i 
1974). Ollier ob jec l io~~s  derived fro111 a 
misidentification of the "r\.avesW involved i l l  

llolograplly as sornel~ow representative of the braill 
naves recorded from tlie scalp. blacroscopic \\,aves 
cannot possibly carry the a~nount of infor~~~al ior i  
necessary to accortnt for the processing req~lire~ne~its  
involved in perception. On tlre other hand, spatial 
interactions alllong junclional tiiicroprocesses 
occurring in dendrilic nerworks can provide I l~e basis 
for extremely c o ~ ~ ~ p l e s  processir~g (Pribrnll~ 1971, 
chap. 8). 

A more ge r~na i r~e  objeclioti came fr0111 llle Tact 
Illat llie t l~a t l~e~i la~ics  involved in I~ologrn~~l l )~  as 
developed by Gabor (1918), centered on the Fourier 
Illeore~n. In psycl~opl~ysics. tllerefore, i l  \\.as 
sotnetimes held t l~at  the Irallsfer fir~~ctioa co~~~l )u te r l  by 
llle sensory systeln was a global Fourier I r a ~ ~ s f o r ~ ~ ~ ,  
Illus spreadi~~g l l ~ e  iripr~t over large extents of cotles. 
This was sllown to be nn u~ttetiable posiliori for 
psycl~opl~ysics (Caelli & Jr~lez 1 979). I l o ~ ~ ~ e v e r ~  111e 
neurophysiologists w l ~ o  I I : I ~  ir~itinlly ror11111lnlcd l l ~ c  
I~ypothesis nlitll regard to brait1 f1111clio11 11atl i ~ l \ \ ~ a v ~  
noted that the transfer hlnctions ii~vol\ed are l i ~ n i ~ c d  
to particular recepli\re'fields - -  t l~al  is, to parcl~es of 
dendrites -- and Illat more c o ~ ~ l p l e s  r e l a ~ i o ~ ~ s  dele1 rliitie 
processing of e ~ ~ s e ~ n b l e s  of sr~cli fields (Pollen 197.1; 
Pollen, Lee, & 'I'nylor 197 1 ;  Pril~ra~ll 1966: P r ib rn~~ i ,  

N~~tver ,  & Baron 1971; Robson 1975; DeValois & 
IleValois 1988, Cl~apler 8). 

A rliore fundat~ienlal difficully for urlderstaridi~~g 
11ad lo do 1vit11 the rialure of the Fourier relation itself. 
The Fourier llleoretn l~olds t l~a l  ally pattern can be 
analyzed inlo a set of regl~lar, periodic oscillations 
dinering only In freq~~cacy, an~plitude, and phase. Tlie 
Fouricr Ira~~srorrn of such a 11atlerrl is described as a 
spcclrlllrl c o ~ ~ ~ p o s e d  of coellicietlts represenling the 
a~ul)liIl~des of 111e ir~lerseclion (quadriture) of sine and 
cosine corllponenls of the various frequencies present 
ia llle pattern. The ~ l i e d i ~ ~ n l  of optical I~olograpby, the 
silver grains of the pl~o~ograpl!ic filrn, encodes these 
coeflicienls. 1'11e enects pf reinforceme111 a t ~ d  
occllrsio~~ at tile irllerseclio~is a l i~o~ lg  wat-e fronls are 
encoded, not the lva\:e fronls t l ie~~~selves.  The sites of 
itilersectio~~ for111 nodes of var).ing atnplitude, nfldcli 
are represet~led ~iumerically by Fourier coemcients. A 
rai~ibo~v displays a specirulll of colors diuracted by 
discrcrc drops of ~yo i s lu~e  - the wave fora~s  that 
col1ll)ose llie display are not seen as sucli. I'lius, Ule 
I~ologral)l~ic ~llodel of brairi f u ~ ~ c t i o r ~  had lo be 
described. in t l ~ c  discrele l e r ~ i ~ s  of a co~~iplex spectral 
represenla~ion. One11 descriplio~~ \\.as erroneously 
made solely i l l  tenils of tvave f o n ~ ~ s  per se; sometimes, 
because of its counleri~iluilive nature, the spectral 
represelllalion was disco11111ed. 

Iiolograpl~ic tl~eory is based solely on die "eilller- 
or" Fourier d~lality between space-tinle and speclmm. 
l'lle lrololiolr~ic brain Il~eory incorporates Illis d~lality 
but is adtlilionally based on the delineation by Gabor of 
a "pltase space" it1 \vlricli the con~plex of space-lime 
and spcclnilil beco i~~e  eli~bedded. In srrcl~ a phase -- 
space, space lili~e considerations ~ ~ ~ ~ s t r a i n  an 
esse~itii~lly spectral C O I I I ~ ) U I ~ I ~ O I I .  

' l ' l~e f o r ~ ~ ~ a l ,  r~~a l l~e l~~a l i ca l  foundations of the 
co~nputntio~ls cnnllibuting to l l ~ e  l~o lor~o~nic  brain 
t l ~ c o ~ y  lest on IIVO f l ~ ~ ~ t l a ~ r l e ~ ~ l a l  collcepls and the 
relalio~~s bcl\\eca Il1er11. I ' l ~e  f i~ s t  basic conceplion is 
a ge~reralizatio~~ in percel~lual processing of the 
co11cc1)l of a spectral dolllaill: Not or~ly colors and 
tones cart be analyzed inlo colliponelll frequencies. 
I'rocessi~tg of all esle~oceplive sensations inc l~~ding  
ll~ose t l c l ~ e ~ ~ t l c ~ ~ l  OII spat iolc~~~potal  col~figuralions 
(s11c11 as l l ~ e  s l~ ;~pcs  a ~ ~ d  f o r ~ ~ ~ s  of surfaces a ~ ~ d  fornls) 
can.be ~l~itlerslood as sl)ace tillie ~~~odu la t i ons  of basic , 

freq~lencies. 
Tliis ge~~etalization derives f ron~  plotting spectral 

a ~ ~ d  space t i ~ ~ ~ e  values \ \ , i t l l i ~ ~  tllc salile f'ran~c. I t  tunls 
0111 111;tt \ \  I I C I I  Illis is tlo~te, I l ~ c ~ c  is ;I 1i111il \v i l l i  wllicI1 



boll1 frequency aiid sllace linie can be coiicr~rrentl!~ 
determined in atiy tiieastlreiner~t. This I I ~ ~ I ~ ~ I I I I I I I I  

describes a fu~idamental indeter~ninacy or u~~cer ta i~ i ly  
similar lo tlial described by Ileisei~berg in 
micropl~ysics. Gabor ll~erefore called his basis 
function (1946) a r i t u l t l  of in for t l~a!h .  Gabor's 
formalisrii consisted of sit~rrsoids variably constrairied 
by space-litne coordiriales a r~d  differs frotr~ l l ~ e  i l l t i t  of 
iflormation deIined by Sl~anrio~i,  usually taken as a bit 
(a binary digit), a Booleati clloice betn.ec11 al~enlatives 
(Sliannon & Weaver 1919). Ilowever, Sl~attrion also 
defined information as a reduction of uiicertaintg. 
This uncertainty telatiorisl~ip provides a link bec~\.eeri 
Osbor's and Sl~annoti's defiriitions and a1lon.s for an 
explicil convergence of iilfortilaliori processirtg 
tlieories, Furtliennore, the distinction between Gabor's 
arid Sl~annon's Ibrt~ii~lations provides tlic I~asis of the 
distinction bet\veeri tlte configural and tlte c o g ~ ~ i t i \ ~ e  
aspects of perception. 

TIle rnajorily of neural processing tlieories sirice 
the setirinal contribution of h.lcCallocl~ and Pitts 
(1943) have taken tlie axonal discliarge of tlie neuron, 
llle nerve impulse, as the currency of neural 
computation. 'I'lre kno\vledge that \lie neuron Iras o~l ly 
two states "firing" or "quiet" suggested coriiparisol~ 
nlitli IIle electrotiic computer. In tlieir gross sltr~clures 
tlie brain and tlie digital coliipuler were tltiis tltor~glil 
lo have harked sitnilarilies. As Wiener noled: 

i l l  the atii~iinl tins its parallel it1 tlre probleti~ of 
co~rsln~cl i~lg artificial r~iernories for d ~ e  n~acltiae. 

I lo\te~.cr,  fro111 a fiue st~~ucturnl star~dpoit~t t l~e  
brnir~ Is co~~sitlcral)l\ illore co~l~plex l11nr1 the digitnl 
coli~j)uler, and bj. the 1960's i t  \\.as realized by sortie of 
us ll~at tlie hlcCrtllncl~-Pills Il~eory was Inadequate.' 
l'lle brntlcltitig slrtlclure of dendrllcs (Ilie so-called 
rfcrid~.i!ic rr.ec) plays a far more i i~~por ta t~ t  and diverse 
role t11an \\.as il~itially surti~ised and as we sl~all  see. 
Furtlier~norc. ailnlogue cor~ipulation also plays a 
s ig~i i l i ca~~t  role in ~ier~ral  co~nputing. 

hly o\vii al)pronclr in tlre niid 1950's dlUered f ~ o m  
Illat of h~lcC~~llocli-Pills arid llle early Wiener, by 
foci~sing oil tltc relntiot~sliip of neuropl~ysiology and . 
~ ~ ~ i i r d ,  atttl 1aki11g coti~l)r~ter propramminq radier than 
colilpiller Ilaid\\nie as its n~etaplior (Miller, Galanter 
and P t i b r a ~ ~ ~  1960). At sorne poinl in programn~ing, 
Illere is a direct corresoondetice between the 
progrn~llr~~ittg Iangirage arid tlie operations of the 
Iiard\\.arc bcit~g addressed. In ordinan serial 
processitig. ~ilncltitie language en~bodies Il11s 
correspot~tlcttcc i t1  an easily recognizable way. IUglier 
order Iat~g~ragcs ellcode in Illore subtle ways llie 
i i~for~iiatio~i Ilccessar). lo itlake die hardn.are run in 
liiore nbstracl and ll~erefore ger~eral useful languages: 
Wltetl a \\.ord processir~g prograln allows tliis essay lo 
be \\.rilten i t1  ~ n i l i s l ~ ,  Illere is no longer any sitnilarity 
bct\\.cct~ tllc r~scr's langitage a r~d  the binary of IIle 
co~~ipulcr  I~nttlr\nrc. l'llis, tl~erefore, ir~itially appears. 

. . . tlieultra-rapid coti~putirig ~iiacliine, dependirig 
as 'il does on consecutive sn~itcliing devices, lnllsl 
represent almost an ideal tiiodel of tlie,problel~is 
arising in (lie nervorts system. Tlle all-or-none 
cl~aracter of tlie discliarge of the rieurotis is 
precisely ar~alogot~s to llte single cl~oice t~iade i l l  

detertni~iiri~ a digit on the billan scale . . . l ' l ~ e  
synapse is tiotl~ing br~t a ~ i~ec l ia t i i s~ i~  for 
deterttiining wllellier a certain co~itbi~iarioii of 
oirtpttts from otlier selected ele~tietils \\ . i l l  or \ \ , i l l  
not acl os an ndeq~~ale  sliriiulns far llie discltarge 
of tlie nest ele~nenl, and tiiust I~ave its precise 
analog it1 tlie con~priting tnacl~ine. l ' l ~ e  problet~i 
of inlerpreliiig tlle traliire and varieties of Illelllory 

I \ ~ . ~ C I I L ' ~  loo rcnlized the enot~eousncss of his cattier 
eslil~~ntio~~. s\illlcss his words in  1964 i l l  a posdiuiiiously published 
paper. 

I t  is tit,\\ clcar tliat lhis all-or-nooe cliaracter is Ole result 
c r l ~ l ~ z  lolls dl~tation in  titi~c and Uie long conlinknce ~ 
space of I ICI \OI IS  coriduaior~ ~tndcr essctitially constartl 
coclclitio~~< 11 is 1101 to be e ~ ~ e c t c d  Uien in a sl~ort fiber in 
\\11icl1 t l ~ c  r c l t l a k i ~ ~ g  or Ule i l l i t i d  ititpulse I ~ a s  not Iiad 
lieadit a!. e ~ ~ o ~ t g l t  lo auuttte its tiuial sliape or in tviJcl~ 
t l ~ c r c  arc t~o~~.l~oiitogerieilics sucli as it~cotiib~g or 
o u l c o ~ ~ ~ i t t g  brallcl~es as in Ute leledenbon or die dendrites. 
lltcreloie the pattcnl of all-or.~~one activity, uliere higlily 
s11ital1le for !lie co t~d i lc~ io~i  of newous ac~ibity t~ Ute 
\ t l ~ i t c  I I I~I ICI .  is b). 110 t t i e a t s  SO suitahle for Ute study of 
l l ~ e  s a l l~c  soil olacli\.ilg i n  Ule gray matter. tb n niatter 
of b c ~  I bclieve l l ~ e ~ e  is positive evidcllcc U ~ a t  die all-or- 
~ I O I I C  Inpc>~licsis applied lo llle p a y  matter la rh  lo false 
coc~c l~~s io~ i s .  (p  401) 



as an e r ro~ leo~~s ly  conceived irreconcilable cluillisl~l 
between ~nerltal I n ~ ~ g u a g e  and ~ ~ l a ~ e r i n l  I~;~rd\vure 
operations. When, Ilo\vever, all the transforlllalions, 
the recoding operations that lead fro111 binar). tllrouglr 
llexadeci~nal codings, asselnblers, ope ra t i~~g  sysrews 
and the like are available, the connection bet\\.eea the 
binary system and English becornes transparent. 

Transposed fro111 nle~apl~or  to tlie actual rnind- 
brain connection, ~ l l e  operations of the cerebral cortes 
seen1 far renioved in their orgariizatioe, fro111 l l ~ e  
organization of our tllor~gllts and of 111e psycl~ological 
processes tllat we describe in observatioll sentences 
sucli as "I see a red apple." BIII l l ~ e  separation bet\\een 
these organizations is of llle same range as t l ~ a l  
betnleen coalputer progra~ttrl~ed \\lord processing and 
macllitle operations. 

What is different in the mind-brain conneclio~l 
from tlial ~vllicli cl~araclerizes Ihe program-co~llpuler 
relationship is ils massive pnrallel processing of self- 
organizing structures at every level. For insta~lce, tlie 
optic nerve, \\,llicl~ tra~lsnlits visual infor~llatioa, llas 
more than Ilalf-a-tnillion parallel fibers. IIigll le\*el 
psycbologi~al processes st~cll as tliose involved in 
cognition are tllerefore the result of cascades of parallel 
operations, in\,olving t~vo-\vay feedbacks, ralllcr Illall, 
as in computers, tlle rest~lt of fairly fised top-do\\,~l 
progra~nming opentions. 

Tliese differetlces bet\veen classical corllpuler a ~ l d  
neural progratn~ning have led to ne\v developnler~ts in 
parallel processing p r o g r a ~ ~ l ~ ~ ~ i n g  arc l~i tec~~ires  callcd 
neural net\vorks. Successful co~npurations in these 
networks depend on lligl~ly -- often fault tolera~it -- 
interconnected elements. The Inore diverse llle 
computation, llle Inore corlnec~io~ls are needed 
l io \~~ever ,  classically, aeuroscientists IlaLe s l l o \ \ ~ ~  t l~at  
neuronal palllrvays are s o ~ n e ~ i ~ i ~ e s  relatively sp;lrsc. 
and always in a specifically co~lfigured f a s l ~ i o ~ ~  1'11is 
anatomical fact is irbiqnitons but seellls lo be 
inco~ilpatible \ \ i l l 1  the fact tllat psycl~ological processes 
depend on patterns t l~at  can be transposed froill orle 
location in the body or its environaient lo anotl~er ' 

' ~ n  C Y L P I I I ~ ~ S  oILJII: Ira1uposal1ili1y of pallenls is 111s 
reasonable fidelity of \\rilit~g tvilh olle's Isn I I J I I ~  or lell big toe il l  I I I C  
sand - or even otic's 1es111 - -  \r l lc~i oilc 113s tiever pre \* io~~sly  e l ~ g a g ~ d  
Ule neuromuscular apparallls ill Illis fasl~ioli Eve11 \ r r i l i l lg  011 U I ~  
vmical surface of P blackboard engagss II IC  I I ~ I I ~ O I ~ I ~ I S C U ~ ~ ~  S ) S I C I I I  i l l  

' 

a different fasllion koln t1131 \\llicll occurs \rllen \\ritillg is 
accon~plished on a Iiorizotital sl~rface. 

The proble~n beco~nes resolved when the 
colnputaliorlal fra~netvork of the tieurosciences is 
broadelled beyond nerve-i~npulse-transmission, to 
ir~clt~de tile nlicroprocessing t l~at  takes place \iilldn the 
brain's dendrilic arborizations tvllicli provide the 
~~r~cor l s t r a i r l ed  l ~ i g l ~  co~lnectivity needed in 
co~~iputational processes. As noled, neurons are 
ordiaarily conceived lo be the building'blocks, the 
u ~ ~ i l s  of orga~lization, of the brain's cortex. Iiowever, 
as \\-ill be desctibed sl~orlly, Illis emphasis on tlie 
neulon lllust be si~pple~nented by additional 
co r l f ig~~ra l io~~s  \vl~ich opciate to some considerable 
eslcl~t  as a dis~ributed processing space independent of 
the neuron. T l ~ e  role of each neuron is to locally 
sa~llple Illis space. 

Anato~llically, rieurorls are corilposed of a cell 
body to \vl~icll are allaclied a set of branching input 
fibers called dendrites (rootlets). Estending from one 
locatio~l of tlie cell body of the neuron (its axon 
I~illock) is a cller~lically dilferent sort of nerve fiber, 
often longer tllan the otllers, called the axon. At its 
ter~nirlus the ason splits into s~naller  branches called 
nerve terlninals or teledendrotls. There is a minute 
gap called a stslnpse between the far terminus of each 
~elcde~ldrori a ~ l d  the dendri~es or cell body of the 
adjacent as011 011 ttllicll il impiages. 

El~ergy inputs to dendrites are exceedingly srnall 
and IIIIISI ,  Illerefore, "su111nlate" in soltie way to 
influence (~ilodulate) the nerve i~npulses  lbal are 
genern~etl by the c l ~ e ~ ~ l i c a l  processes operating at the 
asor1 I~illock. The resr~lling ~llodulated series of nerve 
i~npulses propagates down the lengtll of tlre axon until 
i t  rcaclles the teledcadro~is of its far terminus. When 
111e nertfc i~~lpulses  rcacli the ~eledendrons, they 
dccrcll~el~t due lo llle s~llal l  dia~neler of these axon 
brancl~es Tllus to i ~ l f l ~ ~ e ~ ~ c e  the adjacent dendrite 
across a synapse, the eleclrical signal produces one or 
olllcr cller~llcal lllal dilfuses across llle synapse. Tliis 
difhsioa creales all electro-cl~et~~ical  potential 
differe~lce in llle dendrites of the post synaptic neuron. 
l ' l~ i s  po~e~l t ia l  dif irence in the post synaptic neuron 
call be esci~atory,  t l ~ a t  is, depolarizing; or it can be 
i~illibilory, Illat is, I~)perpolarizirlg. There are myrials 
of s11c11 synapses in tlie brain. I refer to the activity 
inilialed at syllapses tllat produces delmlarization and 
I~)*l~erl)olarizalion ill the de~ldriles as occurring in tlie 
braill's corrrtecriort web. 

l 'he I I I ~ I  iad of synapses provide the possibility for 



processirip as opposed to l l ~ e  Inere l r n n s ~ ~ ~ i s s i o ~ ~  of 
signals. The terrn rieltrotrari~rrtifter.s applied to 
cl~en~icals acling a1 synapses is ,  tl~ercforc, s o ~ ~ ~ e \ \ . l ~ a t  

. , I misleading. Tertns such as ne~tror~egrtlo~or a t~d  
' 

neuronrodrrlntor convey rnore o f  the r l ~ e a n i n ~  o f  \v l~al  
aclually transpires at syiiapses. When sigt~als arrive at 
synapses, potenlial difrererices are enliat~ced crealing 
hyper- and depolaritations. These arc nevcr solilarg 
but constitule arrival patterns. The pntlertls are 
constiluted of tlie periodically f l t~ctual i t~g I~yper- and 

~depolarizalions \ v l ~ i c l ~  are insufficier~tly large to 
imtnedialely incite nente i~~ ipu lse  discl~arge. The delay 
entailed i n  the passive transmission of these patterns 
afiords opportunity for co~npalalion. 

Thus, one o f  111e nlost inlractable p r o b l e ~ ~ ~ s  f a c i ~ ~ g  
brain neuropl~ysiologisls has bee11 lo  [race the passage 
o f  signals tl~rouglr I11e dendrilic trees of nearons. l ' l ~ e  
received opinion is t l ~ a l  SIICII signals rapidly 
accumulate from t l~e i r  origins a1 synapses by s i r~~p le  
summation o f  escilntory and in l~ ib i to r j  postsynapric 
potentials lo  irlflr~ence l l ~ e  cell body ant1 ils ason and 
t l~us l l ~ e  cell's or~tput. l ' l ~ i s  is a considerable ot.er- 
sin~plification only true \\. l~en a well-establisl~ed inprrl- 
oulpnt relalior~sl~ip has been eslablisl~ed. Before SIICII 
circuits 11ave become operational a nlore con~ples.sel 
o f  relationsl~ips i n  the processing web need lo be lake11 
into account. Each synaptic site 'is f ~ ~ n c ~ i o n a l l y  
bipolar --- i t  bo t l ~  projecls synapses or110 and receives 
synapses fro111 III~II~ olller processes. --- llence i n p ~ ~ t  
and oulput are each distributed o\.er 1I1e entire 
dendri~ic arborization - \vl~ere[everJ de~idrodcndritic 
interaclions are i~nportanl." (Selverston el nl. 1976, 
quoted by Sl~eplrerd: p. 82 1988). 1'11e analo~riical 
complesily o f  the dcndritic neI\vork has led to I l ~ c  
opinion su~n~narized by Szenlagoll~ai: (1985, p. 10) ' 
The simple la\vs o f  l~isrodynarnically polarized nerrrons 

a 1011 --- callle indicating the direction of flow of escit I' 
to an elid n,licn 1111fn1nllInr types of synnpscs bc l \ \~ce~l  
dendrites. cell bodies .and dendrites, serial s)wnpses 
etc. were found i n  i~d in i te  variely." 

The received opinion, also focuses on l l ~ e  
trarisn~issive nature of synapses: 11111s l l ~ e  ler111 
neurotransmitlors is, more onen Illan 1101, ub i q~~ i t o~~s l y  
applied lot l~evariely ofrnolecular processes st i~nuln~ed 
by the arrival of  an asonic depolarizalion al l l ~ e  
presynaplic site. This focus is ~nisplaced. I n  ally 
signal processing device, t l ~ c  last t l ~ i ng  one \\.allts to do 
i f  unimpeded trans~aission is required, i s  to pllysically 
in lern~pt  the carrier ~ n e d i ~ ~ m .  I ~ ~ t e r r ~ ~ o t i o n  is 
necessary. I~o\ve\.er. i f  the signal i s  to be proccsscd ill 

all). a s l i i o ~  l ~ ~ l c r r ~ ~ p l i o n  allo\vs s\vilcl~ing, 
a ~ ~ ~ p l i f i c n ~ i o ~ ~ .  i111d storage lo natne a Teav purposes lo  

l1ic11 ~) l~).s ical  intcrruplions sucl~ as synapses could 
111akc possible. 

IV l~a t  (IICII 11iigl11 be the use lo n.11ic11 vnapses 
c o ~ ~ l d  be put \\.II~II i l ~ p u l  and output are eacli 
dislribuled o\,er all eslerit o f  tcledendronic and 
tlcndr itic arbor izatior~? 111 Languages o f  the Brain 
(1971), 1 suggested t l ~a t  any n~odel Ire make o f  
percept~ral processes rnrlst take into account boll1 the 
i l l~porlance of I~~ lag ing,  a process Ll~al constitules a 
pot l ion of our subjective (conscious) experience, and 
I l ~ e  fact.ll~at there are Irifluerices on behavior o f  which 
l i e  are no1 a\r.are. A r ~ t o ~ ~ ~ a t i c  behavior and a\rvareness 
are onen opposed -- the rrlore efficient a performance, 
t l ~ c  less a\\.are we beco~ae. Sl~enington noted Lhds 
nn tagon is~~~ i n  a s~~ccinct statement: 'Bel\veen reflex 
( a ~ l l o ~ ~ ~ a t i c )  action and tnind there seems to be actual 
oppositiot~. Refles aclion and mind seen1 altnosl 
IIIIIIII~II\, esclusi\.e - 1I1e tnote reflex l l ~ e  reflex l l ~ e  less 
III~II~ acco~~~panies i t . ' '  

E~eidence \\.as l l ~ e r ~  prcser~led Illat indicates that 
a1110111atic bel~a\,ior is prograr~uwed by r~er~ral  circuitry 
111cdialed by ner\ e ilap~llses: \vl~ereas auareness is due 
to the s~~nnp~odendrit ic ~i~icroprocess, the excilatory 
and inl~ibitor) postsynaplic polenlials and their emect 
OII dendritic proccssi~~g Tlre longer tlte delay between 
r l ~ e  i l ~ i t i a ~ i o t ~  ill  lie dcndritic ne~\\,ork of  postsynaptic 
arrival patterns and 111e ul l iu~ate production o f  axonic 
Ocparture pallerlls, [lie longer l l ~ e  duration o f  
a\\.nrericss. 

Recent support for t l ~ i s  proposal colnes from the 
\\.brk of [)an Alkon (1989) and his colleagues n-110 
sl~o\\.ed 1l1a1 as tlle result o f  Pa\.lovian conditioning 
there is an uneq~~ivocal reducrion i n  I l ~ e  boundary 
\ . o l u ~ ~ ~ e  of r l ~ e  dendritic arborizalions o f  neurons. 
These neurons I ~ a d  pre\:iously been sl~orvn to increase 
l l ~ c i r  s j ~ ~ ~ t l ~ c s l s  of IIIRNA (~nesseager rlbonuclelc acid) 
and specific proleills under tlie same Pavlovian 
co~~ditions. A l l l ~ o u g l ~  tl~ese esperiments were carried 
oul i n  ~nolluscs. suc l~ conditioning induced slructural 
cl~nnges may be akin to l l ~ e  synapse eli~ninalion U~at 
nccot~~panics dc\~elop~nent as the organls~n gains i n  
esperience, and ~l~erefore, auron~alicity I n  the 
appropriate sites i n  the cortes o f  rats exposed to 
e ~ ~ r i c l ~ e d  environ~~~cnts.  

The I~ypoll~esis pr11 fonvard Illus slates that as 
bel~a\,ioral skills are atlair~ed. t l~ere is a progressive 
s l ~ o r t c n i ~ ~ g  of IIIC d u ~ i l l i o ~ ~  o f  dendritic processing Illat 
occl~rs bcl\veen the i ~ ~ i l i a t i o n  of postsyt~aptic arrival 



patterns and the prod~~ction of asonic departure 
patterns. This s l ~ o r t e r ~ i ~ ~ g  is presumed due to stn~ctural 
changes in the dendritic network \vliicl~ facilitate 
transmission. 
' 8111, as we have seen, initially signal trar~s~~lission 

in the dendritic netn.ork is far fro111 straigl~tfot\vard. 
As AIkon points 0111 it1 a Scientific America~l article 
(1989): "Many of tlre n~olecular land stri~cturall 
transformation take place in --- dendrilic trees, l v l~ ic l~  
receive incoming signals. The trees are amazirig lor 
their complexity as well as for their enormous surface 
area. A single neuron can receive fro111 100,000 to 
200,000 signals from separate input fibers ending 011 

its dendritic tree. Any given sensory pattern probably 
stimulates a relatively small percentage of sites on a 
tree. and so an almost endless number of patlertls can 
be stored n.itliout saturating the system's capacity." 
(42) 

A major breaktl~rougl~ toward understalldi~~g the 
nlomentary patterns of such sites activated by a 
sfirnttlus was achieved by Kuftler (1953). I le 111oved 
a spot of light in fro111 of a paralyzed eye and 
recorded 111e locatio~ls of [Ire spot that produced all 
electrical response in the axon of a retinal ga l~gl io t~  
cell. Tlie directioil of resporue, i~rlribitory (-) or 
excitatory (+), at each location indicated wl~etller the 
input bra~lc l~es  (deadrites) at h a t  locatiol~ were 
l~yperpolarizing or depolarizi~lg. The loca t io~~s  
revealed the topology, the extent and shape of t l ~ e  
responding dendritic arborization of that axon's 
parent neuron. The resl~lti~lg diagrat~ls of I~yper- and 
depolarizatio~~ tllus revealed the receprive j i e l t i ~ , ~  
which activate the dendrites of that axon. l ' l ~ e  
receptive fields of retinal ~ a a g l i o a  cells are fou~id to 
have a circular inl~ibi~ory or eqcitatory center 
surroutlded by a p e n u ~ ~ ~ b r a  of opposite sig~r.  

Utilizi~lg Kuffler's tecl~~liqnes of n ~ a p p i ~ ~ g .  Ilubel 
and Wiesel(1959) discovered l l~ai  for cerebral cortex 
tlieclrcular o r g a ~ ~ i z a t i o ~ ~  of [lie receptive field b e c o ~ ~ ~ e  
elongated displayi~~g definite arid various orierltatiorrs. 
They sllowed h a t  o r i r ~ ~ t e d  lines of liglit stirauli rather 
Illan spot s~itlluli produced the best respollse recorded 
from t l ~ e  axow of these cortical neurolls. ' I l~ey  

3~ecepl ive Field is dsfit~cd as Ule area in setuory space, 
1.e. phbrical space ou~side 111c body, \\.illlin \c.lticl~ at1 a d c q ~ ~ a t c  
slfmulits causes 011 escil~tory respoltsc of tlte ncttron Bottl \ \ l ~ i c l ~  
recordings are bcit~g 111adc. 11 is oncn sunoitt~dsd by a sctlsor). 
region, called the nonclo~rrcol receprtve licld, I ~ I J I  c ~ t t  ~tivdulalc. 111e 
c c ~ ~ t r a l  respotue 0. 

tlierefore cooclirded tllai these cortical neurons were 
"lit~e derecrot.~." l a  keeping with the tenets of 
geometry where l i ~ ~ e s  are made up of points, planes of 
litles arid solids of planes, Ilubel and Wiesel 
suggested t l~at  l i~ l e  detectors were composed by 
corlvergetlce of  iepurs f ro~u  Ireurois at earlier stages 
of visi~al processing (retinal and dlalamic - which 
acted as spot-detectors due to tlie circular center- 
s u r r o u ~ ~ d  orga~lizatiorl of d ~ e  receptive fields.) This 
geol~letric ir~terpretation of neuronal processing led to 
a search for converge~lces of paths horn "feature 
detectors" s u c l ~  as tl~ose responding to lines, 
cul~lli~latiag ill "pontifical" or  "grandfadler" cells hat 
e ~ ~ ~ b o d i e d  the response to object-forms such as faces 
and I~aads .  The search was in some instances 
rewarded in tllat single neurons uligllt respond best to 
a particular object for111 such as a !land or face (Gross 
1973). Ilowever, respolse is never restricted to such 
object-foru~s. Sucll "best" responses can also occur 
i l l  parallel tleru,orks nrade e p  of neuroual ense~llbles 
ill wliicl~ convergerlce i s  but olle mode of 
o rga~ l i za t io~~ .  

For t l~ose u s i ~ ~ g  the geo~lletric approach, spots 
ar~d l i ~ ~ r s  are see11 as e le~ne~l tary  features that become 
co~nb i~ ied  in ever Illore co~riplex fornls as higher 
levels of the neural 111echanisn1 are engaged. In the 
lale 19601s, I~owever, new evidence accrued (see 
DeValois aud DeValois 1988 for review) dlat called 
illlo question h e  view dial figures were composed by 
collvelgellce of sucll features a ~ l d  indicated dial 
l l a r ~ ~ ~ o ~ ~ i c  analysis was a better representadon of what 
occsrred ill tire brain. 

A celltury ago, I le l~ul~ol tz  proposed that sensory 
recepto1.s are akin to a piano. keyboard; that a 
spatially i so r~~orp l~ ic  relati011 is ulaintai~~ed between 
receptor and collex as i i ~  the relati011 between keys 
and stri~lgs o f  a piano, but that each cortical "unit" 
responds (resonates) to a limited bandwidtlr of 
frequeucies as d o  l l ~ e  strings attached to the piano's 
sout~di l~g board. Fro111 h e  operation of the total 
ralige of suc l~  u~li ts ,  mag~lificent sounds (in the case 
of dle piano) and sigllu (by means of the, visual 
s y s t e ~ ~ ~ )  are e r ~ g e ~ ~ d e r e d .  Jarr~es Clark-Maxwell too 
111at1e a statellleot that foreslladowed dle prou~ise hat 
si~cli a l ~ a r ~ ~ l o ~ r i c  approac l~  iiligllt provide 



understandir~g lo the braitlftl~ind re la~iur~lr ip :  . 
It nlould 1101 be devoid of il~ferest. llnd tie 
opporlunity for it, to lrace l l ~ e  atlnlogy bet\\.een 
I11ese nia~l~err~ntical  and nlecl~nnical 111et11ods of 
l ~ a n i ~ o n l c  analysis and the dynntnical processes 
\vllicli go or1 \\Iten a cort~por~rid rap of I1gI1t is 
analyzed lrllo ils sirnple vi\)rations by a prisni. 
when a particrrlar overtone Is selected fro111 a 
cottiples tune by a resorrnlor, 3rd \r.l~en t l ~ c  
enonnorrsly complicated sor~nd-n.a\.e of art 
orclleslra, or even llle discortlnt~t cln~nors of a 
crowd. arc interpreted into'ln~elligible ln~lsic or 
langrrage by the attentive l i s t e~~er ,  nr111cd wit11 t l ~ c  
llarp of Il~ree I l ~ o u s a ~ ~ d  slr ings, l l ~ e  resorlnnce of 
~vliicll, discrirnirlales IIle rnr~l~ifold cotliporlenls of 
the tvaves of l l ~ e  aerial ocean. (J.C. h.lasrt.cll 
1952, "llar~llonic Analysis". Sciert~ijic Pnper..s. 11, 
pp. 797-801). 

Let us turn to the neul evidence t l~at  accn~etl  i l l  

d ~ e  late 1960's wlricll lerrt credence lo this view of rlie 
brain. In tlly laboratory at Stanford Ut~iversity. \ve 
exposed tlie eye to rrrovirrg dots or1 a cotllputer scree11 
and studied the different configurations of  responses 
of the dendrites of cortical tleurolis, I I I I I C ~ I  as ~ n f f l e r '  
had dotie 011 the retina. We fout~d regions tllar 
c o n t a i ~ d  not olrly a sl l~gle oriented line, as had beell 
reported by flubel arid Wiesel, but otiettted bal~ds of 
excitatory (indicated by an illcrease ill firitlg) a ~ l d  
ir~hibilory (indica~ed by a decrease fro111 basetitle ill 
die neuron's firing) areas. Otller workers f o ~ ~ n d  
similar pattena.  In a critical report. Pollen. Ixe ,  a ~ l d  
Taylor (1971) interpreted their fi~ldinps to 111dicatc 

# t l~at  the cortical lletlrotls were b e l ~ a v i ~ ~ g  as Fourier 
analyzers rather tllari as title dececlots. Wl1e11 
l~armoriic analysis is rake11 as d ~ e  approacll, dle 
"multiple lines" are interpreted as "stritrgs" lulled lo 
a l in~ited bandwidtll of frequencies. T11e e ~ l s e t ~ ~ b l e  o f  
strings act as resonators or  acdve filters, as ill 111rlsica1 
insmrtnents. 

lrldced in Ille late 1960's. C : n 1 1 1 ( 1 l ~ l l  nntl IIol)sot~ 
(1968) illitially 011 the basis of psycl~opl~ysicnl n t ~ c l  
sl~bseqrtently on the basis of ne~rropl~ysiologicnl 
experirnenls. developed the thesis l l~al  vision operates 
hartnonically nirlcll as does arldilion, escepl Illat tile 
visual systeln responds lo spatial freq~rencies in r l~e  
Fourier transforin of the vislrnl s l in~r~lus .  

Tliere are four critical reasoris for-preferring at1 

nllnlysis b,!. frequcllcies lo l l in l  of line elenlenlary 
fcnlarcs: (a)  Encll I I C I I I ~ I I  111 llle s.is11a1 cortex rcspollds 
lo seteral fcaltlres of sensory ir~put, ~ n d  illere is no 
etddence Illat the difktent features are uniquely 
rcy~tesenlcd by arly single ttcnroll, as n.ould be required 
i f  I t  ncled as a fenlllte delector. For Inslonce, cl~arlges 
In or len~nl lo~~:  spntinl freq~~cllcy, I~~n~itlmlce,  dlrectlo~l 
and \telocily of l l ~ e  s l i t~~ula t l r~g input all can alter Ule 
o~llpul of llre rlerrrori as gauged by ils axotial discllarge. 
(b) 7'11e fort11 of Illc activity of llle comection ~ v e b  of 
S I I C ~ I  Ilellrolis, as gar~gctl 1)). Ll~eir receptive field 
configurnlio~~. c;ln be accout~ted for by coltsidering 
ll~elri as spnliall! atid ternporally constraitled frequency 
resonators. (c) 'I'l~cse resonators provide a potendally 
richer pnl~oplj. fo'r tile percepliotr of texture a ~ l d  
parallns ~ I I A I I  do feat~rre detectors. (d) Percepllral 
rcscarcl~ 11.75 clcarlj. SIIOIVII !lint litles (and d~erefore 
l i l~e  tletcctors) co~llllosir~g colllorrrs are.  ir~adequale 
clcr~lcr~ls r t  ill1 1c.llic11 lo accorrr~l for the pallera 
rccogr~i l io~~ i l l  \.isio~r. (Scc I'ribratii 1991, Lectures 2 
and 3 for dct:iils.) 

I lnrl l~o~lic a~~n lys i s  has also contributed t o .  
t~e~~toscie t lce  b!. its esplanalion of our co~~scious  
espericncing'of i111nges autl objects. For instance, in 
e\.ery-da! life we becor~~e cor~sciously aware of a Ihree- 
ditrtelisior~nl acouslic image in  slereopl~onic high 
fitlel it!. rcproduclioll of   no sic. We know the sources 
of f l~e  s o t ~ ~ ~ d  lo be tlle spenkcrs, but we also kt~o\r, tl~nt 
h!. adjusting tllc plrnse t~elaliorislrip~ between ncouslic 
\\.a\.es generated by llle speakers. we can tnove the 
sortnd a\vn! fro~li t l ~ e  tn.0 sonrces, lo in-between the 
sl;eakers and ill front of t l ~ e ~ n .  Our ears and acouslic 
nert.orls s!.stenls leconstluct tile sound to be perceived 
in a location \ \e  krlow to be illcapable of producing 
l l~al  sorttld. 

\Vl~nt tIeter~nil~es t l~ is  coastructioi~ of a sound 
i~nnge ac\.a!. frot~c its pl~ysical source7 Bekesey's 
inge~~iorts  esperillle~rts (1960; 1967) tvith artificial 
coclllcns I~old llle ans\\.er. By lining up five vibrators 
on ol~e's  forearl~l. Bekesey \spas able lo produce Ute 
feeling of a single spot tllat co~tld be tnos.ed up or down 
by cl~nrlgit~g the pl~asc of \.ibrntioss between llle 
~ . ib~n to r s .  \VIICII n secot~d a~tilicinl cocl~lea was placed 
on the opposite forcitrrn. 111e f e e l i ~ ~ g  o fa  spoI could be 
rrinde lo jrtlnp frotll orie arln to tile otlrer. M e r  a while 
t f~e  spot beco~nes "projecled" oul into the region 
bet\\-een and in fror~l of llle arnis away from the 
receptor s ~ ~ r f a c e  of tile skin tnrrcll as sound is projected 
fro111 II\ .O s~ereo~)llonic speakers. itowever, using two 
arlns is not a necessary co~ldition Tor perceiving an 



image away from llle recelllor surface. 1Vl1el1 pl~ase 
relations behveen s l i~~~r l la t ions  to t\\.o f i ~ ~ g e r s  ate 
adjusted, a spot can be projected o ~ l l \ v a ~ d  f ro~n  Il~ela. 
One feels the paper on rvllicll one is \vrilit~g n l  llle lip 
of one's pencil, not at llle tip of the fillgers I ~ o l d i ~ ~ g  it. 
Ilannonic i r l~eract io~~s  anlong vibralio~l ore the 
necessary conditions for SIICII perceplions. 

Pllilosopl~ically nlore it~lporfant (tllan Wiener's 
power specln~ni)  is anolller t r~al l~er~~al ica l  crenl io~~ 
of Wiener, the "collerency tnatris," nr~d Illis llns a 
curio~ls Iiislory. I t  \\*as enlitely ignored it1 optics 
unlil it was reitl\~enled, aln~ost  si~tlulla~leo~lsly and 
indepcndenlly, by Dennis Gabor in Ellgland ia 
1955, and by Ilideya Gar110 in Japa11 i l l  1956. 
(Gabor 198 1, p. 490) 

In 1918 Denr~is Gabor made tlte collcept of 
coherence llle basis of a ~ ~ ~ a l l l e n ~ a t i c a l  I l ~ e o v  aimed at 
l~nprovir~g the resolution of an image in electron 
microscopy. Illstead of fonning pllolornelric i~tlages, 
wlliclr record intensities b111 destroy phase itlrornla~ion, 
the pllolograpllic lilt11 o ~ r g l ~ l  lo record the interfcre~lce 
pallems of the l igll~ dimracled by the l i s s ~ ~ e  lo be 
esamined. Only in the early 1960's did tlie advenl of 
lasers provide the strong sorlrce of c o l ~ e r e ~ ~ t  ligl~l by 
\v l~ic l~  I l ~ e  process collld be realized. l ' l~csc  Ilnrtl\vn~e 
realizaliorls lllnde it evident Illat i111ages of the oi~jecls 
Illat had initially difhracted tile l igl~t  could readily bc 
reconslnlcled. 

Gabor named the record of in~erferencc pntlet 11 o 
holograttr. A I~olograpl~ic process is const~ucted of 
Interference patterns resl~lling fr0111 I l ~ e  inlerseclio~~ of 
coherent wave fro111s. As noted, it is the intcrfere~~cc 
nodes Illat are encoded as discrete cocmcie~~l s  nrld 1101 

llle wave per se t l~al  colnpose tltc for~llalis~ll l l l n l  

describes the I~ologratrr. 
Sensory s y s t c ~ ~ ~ s  perfortn a series of operaliorls 

IIlnl co~nbine to ).ield the Fourier Iransforn~nlioll of llle 
input signal i ~ ~ ~ p i ~ ~ g i n g  on llte retina (Cinhr 1968; 
Pribrarl~ 1991, p. 73). Nol only a~rdilory processing 
but \dsual and solna~ic (skin, m~rscle and visseral) 
sensariorls are i~~i l ia l ly  processed in l l ~ e  spectral 
domain. As noted, processing is acco~~lplislled it1 a 
connecllor~ web at llle synapses alnong arborizntio~ls or 
neurons. Sol l~e  ueurolls I~ave IIO asorls and rlisl)ln): no 
nerve i lnp~~lses .  'Vl~eir ~ I I I I C ~ ~ O I I  is p r i~~~i l r i l )*  10 

i~lllucnce l l ~ e  polarizalio~~s. 7'lley are tnod oflen fouuld 
in Ihe l~or i to t~la l  I aye~s  of l~eural lissue such as the 
retina and cortes in \vllicll interference patterns 
beco~tle cot~struclcd, l ' l ~ i s  accounts for our 
~ e ~ ~ ~ e ~ ~ l b e r i l l g  discrete iterlls after brain damage. 
Sc~lsory inpal I ~ I I I S I ,  i11 some fortn, probably as changes 
in llle co~~forr~la l ion of bion~olecules nl  r~~enibrane 
sllrraces, b c c o ~ l ~ e  eracoded illto disttibuted Inenlory 
lraces (see Pribra~a 1971, Cllapler 2; Pribram 1996; 
a ~ ~ d  Jibu, Pribrarn a r ~ d  Yasue 1996). l ' l ~ e  biornolecules 
~vo~l ld  senve as a r~e~rra l  "l~olosca~x" in l l ~ e  same rvay as 
osidited silver grains senle Ule pllotograpl~ic 
I~ologra~tt. A solid body of evideuce has accumulaled 
I i ln l  llle audilory, so~~~a lose~~sory -moto r ,  and visual 
syslen~s of the brain do, in fact, process illp~it from the 
senses in llle spec~ral doraain. (See Pribrarn 1991 and 
t levalois and DeValois 1988 for a review of this 
eviderlce.) 

Ilo\\.ever, I l ~ e  patterrls in the connection web are 
bolr~ltled by the anatolny of the neuro~lal branches. To  
deal \vitll ~llem, it is necessary to partition the 5-  
dirr1e11sio11al(2D spatial, ID  l e~npon l  and 2D spectral) 
space-time frequency I~~perspace  iuto Gabor's logo~is 
(see Flanagan I972 and Pribratn 1991, pp. 28-32). 

l ' l~ i s  is an aspect of l larnlo~~ic analysis to \vhich 
firs1 Wiener and I l~e r~ ,  Illore tl~orougl~ly, D e d s  Gabor 
coalributed, viz. the l i a re - f r eq~~e~~cv  restraint inherent 
in allv collyles s i ~ n a l ,  a n  aspect \v l~ic l~  is germane lo ----- 
brain scier~ce. This is IIle resrraint itl~posed by the 
i11et111aIily: 

A 

r l ~ n l  l i~ lks  a h l n c t i o ~ ~  f to its Fourier trat~sfor~ll f . In 
e r ~ g i ~ l e e l i ~ ~ g  circles, i t  is spoken of as tile linle, band- 
~ v i d t l ~  relation. ----- 

I l ~ r r i t ~ g  111c 1970's t l~esc Gabor e l e ~ n e n t a r ~  
l i~r~cl ior~s  I. for ~vl~ic l l  Eqtlal io~~ ( I )  beco~rres a n  --- 
cqwrlity, (or Gabor \rnvelets, as t l~ey  are now 
C O I I I I I I O I I ~ ~  called), \\-ere esterlded illlo two spalial 
d i~l~cnsions  and 11sed to silllrrlate the ~ristlal processing 
i r r  I11e cortes. As noled earlier, will1 llle advent of 
frequency analysis in slrldies of figural processing 
pioneered by Scllade (1956), Kabrisky (1966), and 
Ca~nl)bell arld Robsor~ (1968), '111e tern1 "spatial 
f r e q ~ ~ e ~ ~ c ) "  k~lo\vn in optics bec,aine co~rl~nonplace in  
l l ~ e  vis~lal sciences. Applyil~g lo speclral processing a 
Icrlll coir~etl by I le i~~r ic l l  IIerlz (188Jl1956) lodescribe 



dynatnical systetns sr~t~ject to cor~strai~its. I callcrl t l ~ c  
process described by Gabor as Irolottonric lo etl~l~llasizc 
tllat spectral processing in tile nervous ~ ~ S I C I I I  is 

, constrained by t l ~ e  boltndary conditiotis in~posed by t l ~ c  
brain's anatomy. 

Three issues are raised by l l ~ e  l i o l o r ~ o ~ ~ ~ i c  Illcory: 
I) 1lal.e receptive fields beer1 sl~own to process itll)~lt in 
the space-tin~e freql~ency hyperspace? 2)  1law.e 
receptive fields been s l~own to process l l ~ c  pl~ase of 
input? 3) Atid finally, as noted, Gabor used lltc WIIIC 

matlternalics as did lleiset~berg and Illerefore called his 
elementary functions "quanta of infotmntion." 
Ilo~vever, boll1 Gabor and I noled Illat Ids fornlalisrtt 
does 1101 en~a i l  processitlg at tlte Plat~ck scale. Nor, 
Iiontever, does tllc fortr~alis~n preclude Illis. 1l111s. \w.c 
need lo inquire wvlint possibilities, if ally, cart be 
delineated lo sl~o\w~ tl~at  q u a ~ i l t ~ ; ~ l  level processes cntt 
occur in tlie brai~i .  

issue No. 1. Regnrding processing it1 1I1e space-lit~te 
freqr~ency I~y-perspace, lily colleagrtes atid I carried oe  
the following experinlent: 

Tlre rat sornatosensory system \\.as cl~osen for 
convenience and because the relation bet\\.een \vllisker 
stimulation and central t~eural pall~\vays Ilas been 
extensively studied (Arrtrstrong-Jan~es 1995: S i ~ n o ~ i s  
1995). Tlie ~w'liisket system has the putative ad\.at~tage 
over tlie visual qs tern  Illat greate! control over l l ~ e  
spatial location of receptors can be esercised. 
However, as noted by S i~ i io~ l s  (1995), '... In its 
fitnction the ~vllisker field may be tnore siri~ilar to a 
continuous receptive sl~eet, like skin or tetinb, Illan its 
punctatearialo~nical slntcture tnigllt ntggesl." (p. 268). 
Also, at the cortex, there is a good deal of evidence 
that the classical receptive field properties are altered 
by extra-field stimulation (Paradisio, M.A.. Kill,, W., 
Nayak; S. (1996); Vidpasagar, T.R. 8L Ilent?, (3.11. 
( 1996). 

Melllods: Wliiskers \\ere stirt~ulated by lileons of 
a set of rotating textured cylinders, each grooved wvitll 
eqrlally spaced teetll, the tootl~ wvidtl~ a r ~ d  grooves 
subtending equal angles. (The rolating q lirtdcrs \\ere 
meant to m l ~ n i c  the drifling of gralit~gs across llie 
retinal receptors in vision.) I'hree cylinders (2c1t1. In 
diameter and 5 CIII. in lengtl~) \\.ere used \\.ill1 grooves 
and teeth each ~i~easur ing 30 deg.. 15 deg., and 7.5 
deg., respectively (cotrespor~ding to 1 2 ,  21 and 1 8  

tccll~/c!~li~~dcr). 'rltcse testt~rcs \\.ele approsirnatel!. llte 
S ~ I I I C  as the coarser of II~ose used by Can;ell and 
S i l ~ ~ o n s  (1990). 7'11c cylinders were rotated at 8 
diliercnl speeds, w.ar?.ing fro111 22.5 deg/sec to 360 
degtsec. 

Tile T o ~ o l o e v  of the Functional Dendritic 
Recepticfe Field: hlaps were collstmcled of llte nutnber . -- 
of bursls or spikes per 100 secor~ds of stilnulatioe 
genernled n t  e ac l~  spectral locarioti as determined by 
t l ~ c  spatial attd ler~~poral  pnrarlleters of an  input. 
According to otlr asst~alptio~t of the field/spike dual, 
the actiw*ity above or below baseline tvhicl~ resulted 
fro111 n.llisker stiln~~lation represents a surface 
dislribr~lioti of local field potenlials. Spatial 
fteqt~etlcies ate scaled in t e r t~u  of grooves per 
rcw~ol~ttio~~, \\.l~ile te111pora1 freqr~ct~cies are scaled in 
tettns of re\:olulions per second. Tllus, the density of 
st i~r~t~lntion of a \w.liisker (or set of tvhiskers) is a 
f~~nct ion of boll1 the spacir~gs of the cylinder grooves 
and the speed \vitlr  \\.lliclt the q l inder  rotates (Figures 
la b, 2n and b and 3a atid b). Because tllese 
pnratltelers co-detertrtitie the rate at n.liicll a whisker 
(or set of \vl~iskers) is flicked, an equal flick rate ougllt 
to genetale an equal ~ i u t ~ ~ b e r  of spikes or tnulti-unit 
b~rrsls irrespeclive of rr~llellter the flicks are produced 
by the spatial (texture) or the te~riporal (rotation speed) 
s t i tn~~lus .  T l ~ u s ,  if flick rate were critical, a cylinder 
\\,it11 21 groolfes rotating a1 one revolution per second 
s l i o ~ ~ l d  generate at1 equal nuniber of spikes and die, 
saltle sr~riace distribution of local field potentials as a 
cylinder \villi I 2  grooves rolnling a1 two revoluliotls 
per second. Tliis espectalion rvas not fulfilled, perhaps 
because a cl~atige in rotation speed results in a change 
in acceleratiorl of n.11isker deflection, wliicl~ a change 
in tlie spacirlg of grooves does not4. Thus, a three- 
di~tiensional !~inppiag of the surface distribution or 
dendrilic local field potentials is warranted, a 
distribt~tion wl~icll is, in fact, asymmetrical with 
respect to its spatial and tetriporal axes. (See Figures 
I. 2 ,  3)  

Sil~~ulation: In order to discern ~vltetl~er, indeed, our 

'll1e burst r a t e  during dinittlatio~i is not ryichronized lo 
\ \ l~ir l :er  s l i l ~ n ~ l ~ ~ i o ~ l :  for ewniplc. 1111cti actual tshisker stirnulalion is 
occunit~g a t  about 3 stilnl~lalions pr second. Ule bunt rate i s  about 8 
ht~rsrc per second. Our bzseliltes \\.ere con~posila of 100 sec ofprc- 
altd 100 wc o r p o s t - s l i ~ ~ i i ~ l a ~ i e ~ ~  recordi~igs. In a separate study (X ie ,  
hl . .  Prihra111. K.. 1:ilig. 1. 1994) usi l~g Ute satue bzeline Lta, we . 
shotted the spike ( I P ~ I I S  to be slocliaslic (arid, it1 longer runs, 
z t a t i o l r a t ~ ) .  IIOI ds ts r~i~in is~ica l ly  cl~aotic. 



data fil ll ie reqr~irerne~its of signal processir~g Ilicory, a , 

siniulalion of I l ie  p roced t~~e  was esecuted. 1'11~ fi!g 
stage o f  llre s i t ~ i u l n l i o ~ ~  was lo  consln~ct  a ~)~t ta l i \ re nlap 
o f  tlie surface distr ibul ion o f  f luc lua t i~ ig  local field 
potentials i n  patclies o f  cortes. 111 order l o  provide a 
pattern o f  peaks and valleys similar to tliat s l lo\ \ .~ l  by 
0111 data, we c l~ose a reclarigr~lar \\,irido\v i n  tile 
spatioternporal donlai l l  to c o ~ ~ s t r a i ~ ~  a t\\.o c l i~ i~c t~s iona l  
slnusoidal s ig~ln l ,  became w l ~ e n  t l ~ c  estelit of l l ie s ig~ ia l  
is pruned o f  noise, a r e c l a ~ ~ g i ~ l a r  rcgibli is obla i~ ied ill 
l l ~ e  results ofexperirneats recorded f ro r~ l  \ * i s l~a l  co~t ica l  
neurons (Gaskn, J.P., Jacobson, L.D.,  C l i e ~ ~ ,  II .W., 
and Pollen, D.A. 1991). I n  addition, tl ie rec la~ lg i~ la r  
sr.indo\v allorvs for r l~asirnurn resoltltion o f  freq~rencles 
(Zeevi, Y.Y. & Daug~nar~ ,  J.G. 1981; O l )pe~ r l i e i~~ i ,  
A.V., and Scllafer, R. W. 1989). I ' l ~ e  use o f  suc l~  a 
tvindow generates a sitic f u ~ l c t i o ~ l  i n  l l ie  specl~al 
domain. 

I n  our s i ~ n l ~ l n t i o ~ l s ,  each plot slio\vs I l ~ e  s ~ i ~ f a c e  
dist r ibu~ion o f  a speclral d e ~ ~ s i t y  h l ~ ~ c l i o r i  o f  a 
rectangrrlar ~\ . i~ ldo\ \ ,ed t\ \ .o-di~!iet~sior~al siriusoit1:il 
signal. W l~eo ,  i n  otller esperi~nents, o ~ ~ l y  a single 
frequency o f s l i ~ l ~ r ~ l a ~ i o n  is used. a spatial " c o ~ i ~ i e c l i o ~ i "  
rnatris can be constn~cled fro111 recordings rtiade will1 
mll l t iple electrode arrays to represer~t ll le data 
(Barcola, L.A., Ntcolelis, h l . A . L . ,  and Cllnpln. J.K. 
9993; Chapin, J.K., hlarkowilz, R.S., 8: Nicolelis, 
M.A.L. 1996; Nicolelis, h l .A .L . ,  Cars~vell ,  D., 
Oliveira, L.M.O.,  Glii izat~far, A.A., Cliapin, J.K.. 1.111, 
R.C.S., Nelson. R.J., & Kaas, J.11. 1996; Aliissar: E.. 

, Alkon, G., Znckser~l~ouse, bl., & l la ida r l i i ~ ,  S. 199G; 
hGLauglil in, D.F., Sonly, R.V. & Jul ia~io,  S.L. 1996). 
111 our versioe o f s~ rc l l  n 111a1ris. I l ~ e  st11 face dislr i l ) t ~ l i o ~ i  
o f  local f ield potentials ill a l j a t c l~  o f  cortical tissi~e ci111 
be conceived to act as ao "ideal" f i l ter \ v l i i c l ~  processes 
incorning s i g ~ ~ a l s .  This ideal f i l ter \ v l i e ~ ~  ac~ i \~ i i l c t l  
generates a s i r~c  f i~ncr ion  \vliich is  defined as: 

for a l l  val i~es o f  l l le  s l ~ c c t r i ~ ~ i i  l l ia l  acli\,nle ll ie fi l ler 
(Kainea 1990). 

As we used tivo paralnetcrs o f  s t i ~ ~ l i ~ l a t i o ~ ~ ,  ~ l ) i ~ t i ; l l  
and 1e111l)oral f~equency, !lie siric ~IIIICI~OII beco l~~cs I\ \  o 
d i ~ i ~ e ~ ~ s i o r l a l  as fol lo~\,s: 

for a l l  \.slues \ v i l l i i t i  l l ie range o f  values specified for 
(2 )  above, a ~ i d  ~vl lere w, and w, correspond to the 
~ c l ~ r e s e ~ i t a l i o r ~  o f  spatial and le~nporal  frequency i n  the 
co~nputational space. 

I n  s i ~ i ~ u l a t i n g  our data, tl le sinc filnction must, 
tllerefore, be defined for a rallge o f  stimulus 
I)aralriclers \ v i l I ~ i l ~  a c o ~ ~ i l ~ ~ ~ t a l i o ~ ~ n l  space i n  \ \~ l i lc l i  an 
I ~ i c o ~ l i i ~ i g  s i g~ ia l  is j~rocessed. Eacli  signal generates a 
siric fi111clio11 \ \ - i l l l in  tllal,space, l l ie  peak o f  w l ~ i c l i  w i l l  
bc located at sollle given Ic~r lporal  and spatial value. 
'i'llcrefore, tlie actual sirlc f ~ l r l c l i o ~ l  generated by  each 
t \ v o - d i ~ r ~ c ~ ~ s i o a a l  s igr~al  w i l l  be displaced f rom the 
or ig in o f  the co~r~pulat ional  space by tlie difference 
bcrrbeerr rlle spectral frequer~cies rv l i l c l~  define Ule 
c o ~ ~ i p t ~ t a t i o ~ ~ a l  space atid l l le  actual freqoencies 
ge~ieraled by tlie i~ icorr l ing signal. The sinc function 
proclttced by 111e l r ico~l i i r ig  signal w i l l  t l ~ u s  be defined 
by: 

\\.llerc /I is a scalitlg constot~l, w, and w, are spatial 
I C I I I ~ O ~ O ~  r req~~e l~c ies  of tlie c o ~ l ~ ~ ~ u l a l i o n a l  space, 

ntltl (a,, and w,, are l l ie  spatial and te~nporal 
fretlueticies o f  l l ie  s ig~ia l .  

Sysle~natically c l i a r i g i ~ ~ g  the parallielers of 
s l i ~ ~ l u l a l i o ~ i .  ~ l~ere fore ,  senles l o  systelnalically "move" 
11ie sirlc h r r ~ c l i o ~ ~  ge~lerated by  tlie inconling signal 
\ \ , i t l i in the c o ~ l ~ p u t a t i o ~ l a l  space i n  \vllicll [l ie signal i s  
processed. 

'I'he second singe o f   lie s i ~ a ~ ~ l a l i o n  adds arlotller ---- 
nsis l o  [lie c o ~ ~ i p l ~ t n t i o ~ ~ a l  slAce by Inking a l i ~ i i i t ed  
s:i~lll,le o f  l l ie  sine f u ~ ~ c t i o n  11sing a G a l ~ s s i a ~ ~  
f u n c ~ i o ~ ~ .  Co~ir*ergence of visual input fibers onto the 
lateral ge~~ icu la te  ~ i t~c leus  lias made i t  possible to 
coliceive o f  each g e ~ ~ i c l ~ l a l e  cell as a c t i ~ ~ g  as a 
"pecoliole" sa r~ ip l i r~g  a part o f  l l ~ e  retinal mosaic 
(Pribralil, K.11. 1991, p. 71; t lasl~emiyoon, R. & 
C l i a p i ~ ~ .  J .  1996). I n  tlie sortlalosensor)' modality, a 
s i~ l i i lnr  con\.crgelice o111o tlie p r i~ ic ip le  n u c l e ~ ~ s  o f  tlie 
l r i g c ~ l ~ i n n l  nerTe i n  l l ie brain stell1 r~iakes I t  possible to 
consider the cells 111 the asce~ldirig t r ige~ni t ia l  patllway 
as s i ~ i i l ~ l i r i g  the ti~ystncinl IIIOSA~C. I 'he Gaussian 
rcprcscl1ls s ~ ~ c l l  a snrllple, a peepliole, and I ~ a s  tlie 
atl\::l~ilage l l ia l  its Fourier t r a~ i s fo r~ l i  is alx, a Gaussian 
arid I l i l ~ s  C:III be rcadily applied l o  tlie q x c ~ r a l  domain. 
\V l ie~ i  I l l is s a ~ ~ ~ p i c  represents l l ie o~ l l pu l  o f  a s i ~ ~ g l e  
riellroll il is l i t ~ l i l c d  by the spalint este~it o f  the local 
l ic l ( l  pole~i l in ls  l l ~ ~ c l ~ r a l i r l g  alllollg Illat neuros's 
dc~idri les. Wllel l  a surface d i s t r i bu t i o~~  i s  niodeled 



from multi-unit bursts, the spatial constraint is 
assumed lo portray a greater reach. Sn~npling, \vl~icll 
manifests as a point process, Is pcrforr~~cd by the 

, generative activity of the asorl Ilillock, \\.l~icll. due to 
the upper and lo\\.er tenllmral l i ~ ~ ~ i t s  of spike 
generation, fi~r~ctions as a bandpass filter. 'I'l~is filter 
is n~c~ltiplied \\.it11 t l ~ e  sinc func t io~~  to ).icl(l a tlispln!- of 
the surface distribl~tioa. 

Figures Ic and d. 2c and d and 3c anti d dcpicl 
distribution a t ~ d  corilotlr #naps derivetl  fro^^^ l l~cse 
simulations. Note the close fit to t11c cspcr i~nc~l~al l j*  
derived surface distribtrtions and conlolls sl~on.n ill the 
difference manifolds of Figures l e  and f, 2e a ~ ~ d  T, a t ~ d  
3e and f. Statistical analyses are preser~tcd ill I'nble I .  
A total of 48 surface didribations were esperi111e1lla11y 
generated. Of tl~ose 1111ee were essentially flat. Of l l ~ e ,  
re~naining 45, we sit~lulated sis; all but t\\:o of the 
remaining 39 have a shape t l~at  can be seen lo be 
successfi~lly si~nr~lalible wit11 the lect~nique described. 

The surface dislributio~~s derived  fro^^^ our data are 
constrained by t\vo ortl~ogonal di~nensions: olle 
di~r~ension reflects the spatial freqaency o f t l~e  sti1111111ls 
and tlre other its temporal frequency. Tl~ns ,  our Gabor 
functions are tl~ree-di~nensio~ral ratlier t l~an five- 
dimensional since only one spalial d i ~ i i e ~ ~ s i o ~ ~  was used 
lo sti~nulate the wl~iskers. In a subsequent esperi~nent: 
we used a two dimensional spatial input, t l~at  is, we 
used grooved discs presented at vario~rs orientalions. 
We are c u n e ~ ~ t l y  esploring possible visual and 

.algebraic represe~ltat io~~s of the resulti~lg five ( 2  
spatial, 1 le~nporal. and 2 spectral) d i ~ ~ ~ e ~ l s i o ~ ~ a l  
I~jperspaces. Because spatial and le t~~poral  variables 
constrain the specltal response, a Gabor-like (Gabor 
1916) rather t l~an a siniple Fourier (spectral) 
representation describes our resulls. 7'11e Gabor-like 
representations (2D spatial, ID le~~lpora l  and 2D 
spectral), n.l~icll are in a class of five di~rlerlsio~lal 
informational I~yperspaces portrayed by Jacobi delta 

ficld polentials o l ) ta i~~ed ~ I O I I I  recordings made fro111 
the sotnntosetlsor), corlex appear lo be si~tlilar to'those 
d c ~ ~ ~ o ~ ~ s t r a t c d  ~ I I  I l~e  prirl~ary ~.isunl cortex (Daug~nan 
1990: Pollerl fl .l'aylor 1971; Pr ibra~r~ & Carllon 1986; 
Pollcn & G a s h  1996). 'Tl~is suggests Illat sucll a 
processi~~g t ~ ~ e d i u ~ ~ ~  is ubicl~li lo~~s in cortical ~~etworks.  

Dur i t~g tlic 1970's i t  b cca~r~e  apparent Illat Gabor's 
no ta t io~~  applied to the cerebral cortical aspect of 
serlsory processing. 1 Ile IIIOSI elegant work was done 
\\.it11 regards to the visual systetll. A recent revie~r by 
Tai Singe Lee (1996) ill the IEE casts these advances 
ill  terllls of 21) Gabor wavelets and indicates llle 
i ~ ~ ~ p o r t a ~ ~ c e  of conslrailli~~g f r a~r~es  (such as orientalion 
selecti\.ity) a ~ ~ d  specifies the phase space samplir~g 
sc11c111es ncedcd for illrage reconstruction. For lhe 
~nonkey. the pl~\siological evidence indicates that the 
sa~llplir~g dc~lsity of the visual cortical receptive fields 
for o r i e~~ ta t ioa  and frequency provides a tiglll frame 
reprcser~tntio~~ t l ~ r o r ~ g l ~  oversarnpling. Lee develops 
his evidence as foIlo\\,s: 

011 the tl~eorelical side, (Illel i~nportant insigllt . . 
. ad\ ar~ced by h.larcelja 1980) and Daugrnan 
( 1  9SO: 1983): [is] tllat sinlple cells in the visual 
cortes ci111 be t~lodeled by Gabor functions (can be 
r~scd as a s t a r t i ~ ~ g  point for de\*eloping a Llleory of 
eflicicnt reconstruction of an image. The 2D 
Gabor f t ~ n c t i o ~ ~ s  proposed by Daugtnan are local 
spatial t ) a~~dp ;~ss  fillers Illat achieve the llleoredcal 
l i r ~ ~ i t  for conjoint resolution of idormation in the 
2D spatial n ~ ~ d  2D Fourier do~nains. 

functions, or by ~ ~ i e r n ~ i t e  polyno~nisls sllcli as W i g ~ ~ e r  Gahor 1 1  9.161 s l~o\ \~ed Illat Illere esists a "quanlmn 
distributions (re\:ie\ved by Pribra111,1991) 11at.e io pri~iciplc" for i~~fo r~na t ion :  the conjoint lirne- 
colnlnon a distr ib~~ted processing topology. Cl~apln lieq~~cr~c!. t l o ~ i l ; ~ i ~ ~  for 11) sigrials must necessarily 
and Nicolclis (Cl~apin, J.K. and Nicolelis. hl.A.1.. be q r ~ a ~ ~ t i z e d  so Illat no sig~lal or filter can occupy 
1995) tested Illis distributed cllaracterislic u s i ~ ~ g  a less tI1a11 a ccrtai~l ~ n i n i ~ n a l  area in il. This 
principal cotr~po~lerlt n~~alj .sis  of ~ n o l t i - U I I ~ I  recording. 

t ~ l i ~ ~ i ~ l ~ n l  are;]: I\ I ~ i c l ~  reflects tl~e,inevitable trade- 
They round that adding Illore l ~ ~ ~ i t s  e ~ l l l a ~ ~ c e d  om bclueen ti111e resolution and frequency 
separability of factors bill did not add any ne\r factors. resolution. llas a lo\ver bor~r~d io their product, 
Their evidence supported the co~~cepliorl 111a1 the a~~a logous  lo I leisenberg's urlcerlainty principlein 
functioning of the so~natosensory systetn (e\.en in the 

pl~ysics. Ilc disco\.ered Illat Gaussian-modulated 
Illalamus) beco~~les  distributed. Tlrus. ill Il~cir c o t ~ ~ p l e s  e spo~~en l i a l s  pro\.ide the best trade-off. 
esperimenls. as in orlrs, the surface dislrib~~lions of 



The original Gabor elenienlary funclior~s, in l l ~ e  
fonn proposed by Gabor (1916), are gcncrated 
\\.it11 a fixed Gaussian \vliile the freq~~ency of the 
niodulating Israve varies. I ' l~ese  are equi\ .ale~~t to 
a falnily of "canonical" colierenl starcs generated 
by the Weyl-Ileisetlberg groilp. . . . A sig~ial cat1 
be encoded by its projection onto these e l c ~ ~ ~ e ~ ~ l a r y  
fi~nctions. Tliis deco~i~position is eqi~i\.alenr lo tllc 
Gaussian-wi~ldo\\,ed Fourier t r a ~ i s f o r ~ ~ ~ .  

Da~~gn ian  [ I  980; 1985) generalized llie Gi~bor 
functiori to the follo\viag 2D for111 to ~liodel tlie 
receptive fields of tlie oricatnlion-selecti\*e s i ~ ~ i p l c  
Eel~s. Tlie 2D Gabor f i ~ n c t i o ~ ~  is a product of an 
eiliplicai Gaussian arid a c o ~ l ~ p l e x  plane \\ave. 
The carefill madping of llie receptive fields of llle 
simple cells by Jones and Pal111er ( 1987) 
confirmed tlie validity of lllis nlodel. 
Matlien~atically, llle 2D Gabor fl~nction ac l~ic \cs  
the resoli~tio~i l i ~ ~ l i t  in the co~i jo i~i t  space only i l l  

its cori~plex for111. Since a coo~plex-valued 21) 
Gabor funclion corilai~ls in qi~adrature projcctiori 
an even-symlnetric cosine colnpollellt and an odd- 
symmetric sine component, Pollen alld Ro~irter's 
11981) finding tliat s i ~ l ~ p l e  cells esisr ill 
quadrali~re-phase pairs tlierefore slio\\*ed tllat h e  
design of tlie cells 111igl1t indeed be optialal. 'I'llc 
fact that tlie visual cortical cell llas evolved lo all 
optinial design Ibr inforl~~ation encodi~lg Ilils 
caused a considerable arliount of escite~~ient 1101 
only in the neuroscience C O I ~ I I I I I I I ~ ~ I ) :  but i l l  tlie 
computer science c o ~ l ~ ~ n u n i t y  as \veil. Giibor 
filters, rediscovered and ger~eralized to ZD, arc 
now being used estensively in various colllpillcr 
vision applicauons [Bovik, Clark & (ieisler 1990; 
Lee, Mulnford & Yuille 1992). 

Recent neuropl~ysiological evidence (DeValois 8: 
DeValois 1988) suggests llial llie spatial slrirclure 
of the recepti\~e fields of simple cells I l a \ : i~~g  
dilTerent sizes is vir111ally i~lveriatil. I ) ~ I I ~ I I ~ ; I I I  
11993) a~irl  otllcrs [Bo\:ik, Clark B Gcislcr 1990; 
Porat & Zeevi 1988) Iia1.e proposed I I I ~ I I  at1 
ense~nble of si~liplc cells is bcsl  l lo dele ti as n 
family of 2D Gabor !va\.ele!s s a ~ l ~ p l i ~ ~ g  tlie 
frequency do~ i l a i~ i  in a log-polar Iliallncr. Tllis 
class is equi\rale~~t 10 a falllily of af?irle coliercr~t 
stales generated by the afiine grolrp. 1.11~ 
decomposition of an i ~ i i a g e f i n ~ o  these slates is 
called llle ~ l * a \ ~ e I e ~  transforrii of llle i t i~ ;~gc . . . . A 

particular Gabor ele~ner~lary l i~~ ic t ion  can be used 
as 111e ~i io~l ler  \tta\.elet to generate a whole falllily 
of Gabor \va\;elets. 

(Ilo\\e\,er,) Illany questions, origirlally posed by 
I)ai~g~llan (19851, aboilt Iiow the degrees-of- 
frectlo~~l ~vllicll creatc the "codi~ig budget" in tlie 
\.is~l;ll coltes ;Ire alloci~letl and coristrair~ed, suc l~  
;IS t l ~ c  Irntle-olT bet\\.ec~l orie~italior~ s a ~ ~ i p l i n g  a ~ ~ d  
spalial s a ~ ~ ~ p l i ~ ~ g ,  have r e ~ i ~ a i ~ l c d  u~ianswered. We 
llere address and propose arlstvers to those 

. q i ~ e s l i o ~ ~ .  

In this paper, \Ire first derive a class of 2D Gabor 
\vavelcts, \villi llleir pararllelers properly 
co~ i s t r a i~~cd  by neuropl~ysiological data on sirilple 
cells a ~ i d  by llie \vavelet tlieory. We extend 
I)a~lbecliies' co~npleteness criteria on ID wa\~elets 
to 2D and apply sucli criteria to study tlie 
pl~)~siologically releva111 family of 2D Gabor 
\\.avelels. By nuaierically cori ipuli~~g the franle 
bol~llds for this fatilily of \vavelets in different 
phase space sa~npl ing scllelnes, we elucidate the 
corlditions uoder \vhicl~ tlley for111 a tjgl~l frame. 
We find Illat [lie phase space sarnplir~g density 
protided by tlie si111ple cells in the primary visual 
corlcx is s ~ ~ m c i e n t  to form all allnost tight halne 
t l i i ~ t  a1lon.s slable reconstruction of tlie image by 
li~lear st~pcrpositio~l of the Gabor \vavelels witlr 
~ l ~ e i r  01\11 projectio~l coefiicients, and provides 
represe~~~at ion of liigli resolution iinages using 
coiirse rleuro~ial responses. Fillally, we 
de~l~or~st rn le  these tl~eoretical insiglirs \\11I1 results 
f ~ o ~ i i  image reconslr~~ctio~l esperi~~lcrl ls .  

Lee, 1996, pp. 1-2 

R u n ~ l i ~ i g  his si~nulations, Lee came up wi t l~  a 
surl)risi~ig co~~c l~r s ion :  

Pl~ysiological dills suggest tllat tile cortical 
si1111pli11g de~isily is far greater t l l a ~ ~  tlie 
p a ~ s i ~ ~ i o ~ l i o u s  sarnl~ling dc~isity required for 
c o ~ ~ ~ l ) l c t e  rcprcse~llat io~~. 111 fact, it is dense 
cnougl~ lo for111 a light fra111e \vitliin a tllree lo five 
octaves freque~lc): band dl each eccentricity, 
providiag an o\,er-co~nplcle and redundant 
represerllntio~i of the rcti~ial i~riage within Illat 
f ~ e q ~ ~ e r ~ c y  band. We I~ave derllo~lstrated there are 
a1 le;lsl 11vo ad \ , a~~ lages  to sucli a redurldant 



rcpresenlalion: first, an itnage can he rel)rescrltcd 
arid easilv reco~~stn~cted as a linear s l ~ ~ , c r ~ ) o s i l i ~ t ~  
o f  rile receptive field sfnlclr~res of l l ~ e  sinll)le cclls 
weighed by their firing rates: secotltl, l ~ i g l i  
precision inror~natior~ car1 be cornpl~led and slorcd 
by a population of low-precision neurons. (p. 12) 

The resr~lls . . . sl~olv t l~ar two or lllm orier~lalions 
are srlfiicienl for coniplele represerllalion of the 
image. Why, Illen, does the brnin COIISIIIICI R l i g l~ t  
frame?. . . Could the redundancy provided by a 
t i g l ~ l  frame reduce the "resolution burden" of  the 
cortical cells7 Suppose a neuron's f i r i t~g  rate is 
limited i n  resolution, probably to three bits or lolrr 
bits. (p. 1 I) 

I n  fact, Ietnporal coding carried i n  tlie spike train 
o f  a single neuron is Illore one11 % a bit or less 
(Ricl~rnond & Opticon 1987). Finnlly. fro111 Lee: 

. . . the v i s ~ ~ a l  corfes is pr in~ari ly co r~cer~~c t l  \\illl 
extracting arid c o ~ ~ ~ p r ~ t i r ~ g  perceptual i n r o r ~ ~ ~ a ~ i o n  
suc l~ as segmenting a scene (Latn~ne 1995; Lec. 
b tu~nford & Sclliller 1995; Lee, L~IIIIII~ & 
bluitlrord (Unpublisl~ed)J, rather Illan rc- 
presentir~g s i ~ l ~ p l y  the relinal irnage. Tlie 
[receptive fields in] si~riple cells, t~~odelcd by 
Gabor ~vavelels,  will^ l l ~ e  redrradanq pro\.idcd by 
a light frame, facilitate these con~l)~~taI ions by 
providing an ideal r l ~ e d i u t ~ ~  for r ep rese~~ t i ~~g  
snrLmze testure and snrface boundary \ \ i l l 1  l ~ i g l l  
resolulion. (1). 12) 

We observed Illat even  will^ suc l~ a coarse 
samplitig density o f  l l ~ e  phase space, the oliginal 
i ~ ~ i a g e  can be teasonably reconstn~cted The 
degradation o f  the irnage represenlalion is gracefill 
u i t l ~  the decrease In  tile resolution of the 
representational elemctils. 

Issue No. 2. Regarding llle processi~~g of t l ~ e  pl~ase of 
l l ~ e  inprll by the sensory cortex, DeValois and 
DeValois (1 988) have reviewed their on11 eslensive 
work and Illat of  otllers on the encodir~g of g a ~ i a l  
phase regard i~~g  spatial localizalion (ibid. Chapter 8. 
p. 239). As they indicate, boll1 absol111e a ~ ~ d  relalive 
lemporal phase are url i~riportar~l i n  s i ~ ~ g l e  c l ~ a ~ ~ ~ ~ e l  

ni~dil ion. I lo\\ e\,er. as s11ou-n by Bckesey, the spatial 
slcrco cfl'ccls of 1r1.o or Illore c l ~ a ~ ~ n e l s  and l l le 
projccliori of  I l l e  sound image away from the sound 
solrrce are acco~liplisl~ed by atljr~st~nents of  t l ~ e  relative 
spatial phase alliorlg tllcse sources. I n  addition, I 
\\older i f  our appreciation of the difference i n  a 
perforr~~ance by a t~lasler pianist and an extremely 
proficie~ll sludenl Illay no1 11i11ge on just sucli a phase 
c ~ ~ c o t l i r ~ g  proccss. The sil~~aJion is s in~i lar for vision. 
Relalivc pl~nse bct\\,ec~~ a pa~t ic~r lar  freque~lcy and i ~ s  
dotrble n t ~ d  triple'plnys a significant role i n  pattern 
processing srrcl~ .as vernier sl~arpening o f  
discri~ninaliot~ of lestures and binocular depth 
perccpl io~~. For llie 111os1 part, reladve phase among 
Ion, (1-3 cycles for degree) frequencies is responsible. 

111 additior~ lo spalial phase, there is a temporal 
pliasc alllong ler~~poral  frequencies t l~a t  determine 
tlirecliotlnl processes i n  vision. W l~en  bidirectional 
i11p111s are 0111 ofpl~:isc n i l11  caclr o l l~er  (relative phase) 
I)!. a clllnrlcr r\-clc ill boll1 space and tinie they can 
create u~~idirccliorial oulpuls (see e.g. Watson & 
Al i l~ lr~nda 1983 3. As noled, re1ath.e spatial phase is 
due to spaliill disp:~raties anlong low spatial inputs to 
rreque~icy cor~ical cells. Spatial quadrilure (quarter 
q c l e  tlispara~ics) nillorig neigliborir~gcortical,~ells was 
dc~~~o r~s l r a l cd  by I'oller~ and Ro~lner (198 I). Temporal 
q~~at lr i larc llns also bee11 described, beginning i n  cells 
of 111c Inlernl geriictllnle r i~~cleus arid persisting at the 
cor~icnl Ic\ cl A_c;lill i t  is tllc low frequencies that code 
tllc pl~asc 1:1gs alld Icnds. 1111portant was the f indi t~g 
tllat re\.ersal of tile preferred direction occurred above 
.I I l z  as IIIC ~~ll; ise tliNcrcnce reaclied a hal f  cycle. 
I)rn~~latic rc\ crsnls ucrc a\.oitled becar~se Ule averaged 
I;lggcd rcspollsc \\;IS t1111cl1 weaker t l~aa  the averaged 
r~on-lagged response. (Saltl& I lulnpluey 1992) These 
rela~i\.e pl~:~se emecls at low lclnporal frequencies are 
propcrtics of  1I1e sallie cells (X or "siniple" cells, 
Pribram. Lnsso~~dc R: Ptitto 198 1) Illat ellcode relative 
spatial pl~nse 

hlore ~~eeds  lo be done to d e l e r ~ ~ ~ i ~ ~ e  the condilions 
under \\. lr icl~ pllnse ellcoding beco~nes usefbl. Phase 
e ~ ~ c o d i ~ ~ g  is nocv bci~lg e s a ~ l ~ i ~ ~ e d  i n  the sotllaloserlsory 
corles u s i ~ ~ g  si~ll lr l ln~~eous recording from t~vo  or ti~ore 
electrodes. Of  special interest are llle conditions under 
\v l~ic l l  l l ~ e  c o l ~ ~ p ~ ~ ~ a t i o n s  i n  phase space remain linear 
and 1111der \vllat conditiolls noa-linearilies prevail 
(Kyrinzi R: Sir~lor~s 1993). 

7'11e ~ ie~~ropl~ys io log icd conln~unily llas conie lo 
ler~l is \\.it11 the distributed oatlrre of  what can be 
co~~ceplualized as l l ~ e  'deep slructure" o f  cortical 



processing (Pribra~n 1997). l ' l ~ e  accepted \.ie\v is tllat 
distribution er~lails the necessity of bir~dir~g logetl~er 
the disparate siles ofprocessiog. Binding needs to be 
accomplisl~ed by Ie~nporal syncl~ronizalion of spati;~lly 
distinct oscillating neural processes. Bul as seen from 
Li~e quotation above, sparse sa~np l i r~g  of the neural 
phase space is all that is required. Taken togetl~er \\'it11 
tlie finding t l~a t  each receptive field in tlie sensory 
cortex is selective of a variety of sensory di~l~ensions,  
binding as suc l~  becomes unnecessary. Rather, a 
spatial pattern iuvolving an  ensen~ble of neorol1s call 
select a currently appropriate co~nbination fr0111 the 
more or less I~apl~azardly conceived ~a r i e ly  of available 
dimensions. 

The empllasis has been tlial under the cor~ditiotis 
wliich produce binding, no phase lead or lag is present 
If, I~owever, ensenible codi~ig is l l ~ e  rule, phase can 
become i~nportnnt. 111 fact;Sal~l arid tlunlphrey ( 1990; 
1992) I~ave fotl~id cells Illat produce phase le:ltl and 
pl~ase lag in the cortical processing ir~iliated by t l l e ~ l ~ .  
In the soalatosensory systent Silnol~s and his g t o ~ ~ p  
(1993), analyzed'tlie t i ~ ~ ~ i l ~ g  of the ~ l ~ a l a ~ ~ ~ o c o r t i c i ~ l  
process to s l~ow I~o\v it er~llances "preferred" featl~res 
and danipens "~OII-preferred" ones -- Illat is, i t  
sliarpens sensory discri~ninalion. The process tllus call 
act as,a franie t l~al  "caplures" relevant f ea t~~res  of 
combination of f ~ ~ t u r e s .  These results give pror~~ise  to 
Gabor's prediction that \ve 111iglit f i ~ ~ d  the solrltio~~ to 
sensory (image) processi~~g ia the f o r ~ ~ ~ a l i s ~ ~ ~ ,  and 
perhaps even in l l ~ e  neural i ~ ~ ~ p l e ~ ~ ~ e n t a t i o n  of ~ I I ~ I I ~ I I I I I  

infonnalio~i processi~~g. 

Tole QU~IIPIIIII  L e v e l  

Issue No. 3. The picl~rre beco~nes e\.ell Illore 
complicated when we consider l l ~ e  spiues Illat esterid 
perpendicularly frotn the dendritic fiber, l~airlike 
structures (cilia) orlto tvllich axon branches, the 
teledendrons, terminate. Each spine cot~sists of a 
bulbous synaptic head and a narrow sl:~lk \ \ , l ~ i c l ~  
connects the head to l l ~ e  de~ltlritic fiber, l.lll~s, 
sy~~ap t i c  dcpolntjzations alld l ~ y ~ ~ e ~ ~ ) o l i ~ r i z i ~ ~ i o ~ ~ s  
become relnti\.ely isolated f ro~n  I l ~ c  t le~ldri~ic fiber 
because of the liigl~ rcsiscance lo the spread of 
polarizalion posed by the Ilarrowness of I l~e  s l~i r~e  st;llk 
11 appears, Illerefore, 'lliat there is all i so la t io~~ of tile 
activity at a give11 site fro111 Ihe o ~ ~ g o i r ~ g  ncti\.it). ill 111e 
rest of the cell . . . . Part of l l ~ e  strategy of the 
functional orga~~ization of a tlellrori is to res~rict 

s )*~~ap t i c  siles and aclion potential sites to different 
parts of l l ~ e  nellrou and l i~ lk  t l ~ e ~ n  togell~er with passive 
electror~ic spread." (Slrepllerd 1988, p. 137.) 
Furtl~ern~ore,  "il lras been sl~o\vn that synaptic 
p l a r i z a t i o ~ ~  in a spine head can spread passively with 
only 111odes1 decre~ner~t intoa neigl~bor i~~g spine head." 
(Shel)l~erd el al. 1983, p. 2192.) Tlius, spine head 
polarizations passively spread to interact with each 
ot l~er  via extra- as \\,ell as via l l ~ e  in~racellular cable 
properties of dendrites. The i~~teradions  arnong spine 
originated de~rdritic yote~~t ia ls  (tlrat need to become 
efrective at l l ~ e  cell's axon) t l~us  depend on a process 
\v l~ic l~  is 'discontinuous and resembles in thus respect 
111e sal~alory co~iduclior~ t l~at  takes place from node to 
node in 111j.elinated oerve." (Slrepl~erd et al. 1985, p. 
2 193.) The i~ilracellular spread of dendritic 
polarizations cat1 be accounted for by r~~icrotubular 
stl.llcturcs Illat act as wave guides and provide 
atltlitio~~al s~lrface r ~ p o r ~  \v l~ic l~  l l ~ e  polarizatior~s can 
act ( I  l ; ~ ~ ~ ~ e r o n  1987; Penrose 1994.) The extra 
t l c~~ro~ la l  spread Ilia). be aided by a similar process 
t;~l:i~lg place ill the glia \vliicll sl~oiv a tre~nendous 
inc~ease  ill the 111elabolis111 of RNA w\*l~en excited by 
l l~e  llctlroils \ \ , l~ i c l~  lllcy eavelope (Ilydeo 1965). But 
these ~~ lec l lnn i s~~ l s ,  by tl~eraselves, do not account for 
[he i ~ ~ i t i i ~ l  relative isolalion of tlie spine head 
pol:~rizatior~s, tior the related sallatory aspects of the 
process. 

To nccollllt for lllesc properties \ve tun1 lo the 
t l c ~ ~ d r i ~ i c  ~ l ~ e ~ ~ l b r a r ~ e  and its ir11111edia1e surround. 
I)e~~drit ic I I I ~ I I I ~ ~ ~ I I I C S  are co~llposed of Iu.0 opposilely 
o r i e~~ ted  pl~ospl~olipitl ~ l~olecl~les .  The i ~ ~ l e r i o r  of the 
111e111bri11le is I l )~dro~~l~obic  as i t  for111etl by "lipids 
\ \ : l~ ic l~  for111 a fluid ~ilatrix ivitllin wvl~icl~ protein 
~~~o lcc l l l e s  are embedded -- the lipids can niove 
laterally at roles of 2111u/sec; protein n~olecules move 
abo~lt 40 li111es Illore slo\\'ly (50 nlnlsec or 3 
I I I U I I ~ ~ I I I ~ ~ ) ' '  (Sl~eplrerd 1988, p. 44).  Sor~ie of the 
Intrinsic ~ n c ~ ~ ~ b r a n e  proteins provlde cl~annels for Ion 
illo\~ellleel across I l~e  ~ n e a i b r a ~ ~ e .  

I l ~ e  outer Ia),er of l l ~ e  n~e~nbrane  "fairly bristles 
\ \ . i l l1  carbol~)~drate t~~olecllles nctaclred lo the ~ ~ l e ~ r ~ b r a n e  
proleill ~ ~ ~ o l c c u l c s :  g lgcopro~ei~~s .  The ca~bol~ydrale 
nlny c o ~ l s l i t ~ ~ t e  95 pcrcelll of tllese ~ ~ ~ o l e c u l e s  (wliicl~ 
for111 a1 lor~g-brancl~ing structure ( t l~at  rese~nblesl a 
lol~g tcsl 111be brush, or a cenripede wiggling its way 
, tllrougl~ 111e estracellular space. It altracts water, 

i r l t l~ar l i~~g a spo~lg). Illlpor lo llre extracellular space" 
(Shcpl~erd 1988, pp. 45-46). 

0 1 1  the basis of l l~ese coasiderations, Jiby Ilagen,, ' 



Yasue and I propose Illat a pc r in~c~~~bra r io~rs  proccss 
occurs witl~in dendritic conlpartnietits d~rritrg ~ v l ~ i c l ~  
boson condensation produces a d!~nattrically ordcrcd 
state in nater. T l ~ i s  proposal originarcs it1 llrc ~\ .ork  of  
Umezacva and his collaborators Ricciardi. l'akalrnsl~i 
and Stuart. ' w e  Iiave gone on!o q x a ~ l a l e  tl~at as each 
pattenr of signals esciting tlre dcndri~ic arborizalion 
produces a macroscopic, ionically prodltced cl~ntige of 
the charge distribution in the det~dritic netnork, I t  
triggers a spontarieous synlllletry brcakitig of a 
radiation field ( a boson condensatiotr) alteri~rg llre 
wafer molecular field in the in~mediately ad-iacent 
perimetribrano~rs region. A riiacroscopic do11in111 of 
tlred~mmically ordered stnictere of n.nlcr Is crenled 111 

nhic11 the electric dipole density is aligned in one atid 
the sarne directior~. It is tlris domain of d ~ n a ~ ~ r i c a l l y  
ordered water Illat Is postulaled lo provide t l~e  pl~!,sical 
substrate of tlie interactions aniotig polarizatiot~s 
occurring in dendritic spines. 

Ordered Dvnareics in Peri~~~etribrariorls Reqiif 
Dendritic Membranes. Orrr principal coliccrn is lo 
account for tlie esislet~ce of dis~rib~rlcd palterlis of 
activity in dendritic arborimtions by proposit~g a role 
for the extracellular fluid outside dendrilcs. 1-lrese 
distribt~ted patterns serve as an ideal sr~bsttale for 
experieticed perceptr~nl awareness a t ~ d  s~~bseq i t e~~f  
storage ofthat el~eriet ice.  Especially. we focr~s on tlie 
dynatnically ordered slruclere of water in llre 
perimetnbranor~s region i~n~nediately adjacctrt to tlie 
dendritic nietirbrat~e. Detailed analysis of the 
dyna~nically ordered stnlctare, rncaning lrere a ccrlaitr 
systematic pattern of dynamics of water in tlie 
peritnembnnous region, requires a f u n d a ~ ~ ~ e ~ ~ t a l  
tlieoretical framework, because tlierrnal fluclunrio~t and 
dissipation of water tnolecules in tlre peri~rre~~rbrar\ous 
region are 10' as srnall as Illat of bulk water. I t  is a 
quasi-two-ditnetlsional region fhr fro111 tlrerrt~nl 
equilibrianr, and tlre conventional llreoreticat 
frametvork of stalistical physics can no l o ~ ~ g e r  be 
applied. We Iiave to rely on a rriore firt~da~~ierilal 
theoretical franie\vork of pl~ysics to i~~vesligale the 
dynamically ordered structr~re of p e r i ~ r ~ c r ~ ~ b r a r ~ o r ~ s  
water. 

Furtl~er~nore. the pliysical s~~bstrates taking part ~ I I  

tire ordered dynaniics \vould not be restricted to Irlatter 
cornposed of atori~s and molecules. I t  is tirost plarrsible 
tlial tlie radialion field (i.e. the field of pl~otons: tlie 
electroniagnetic field) plays an i~tiportat~t role in 

rcalizi~ig tlre dl-rra~~rically ordered stnlcture in tlie 
pe r i~ t i e t~~bra r io~~s  r e g i o ~ ~ .  ?'Irerefore, we \\ill lake into 
accoutit tiol otlly the estracellular fluid but also the 
r:ldinlion field as pll!,sic,al substrates for Uie ordered 
d!.nn~nics. As the estraccllular fluid is essentially 
water cot~taitiit~g several kinds of ions, it is natural to 
regard the peritnc~r~brnnoas region as a quasi-tn.0- 
tli~ire~rtio~ral art;ry of \vater tiiolccules with "impuril!." 
(i.e. iot~s) oc.crlngitig the outer surface of dendritic 
t r ic~~~brancs .  ?'lie, thc dj~liln~ically ordered structure of 
\I-nler nray be easily illustrated as a systematic pattern 
of d).~~ntrrics of water tnolecules. Indeed, several 
n ~ ~ t l ~ o r s  developed pllysical fl~eories of water 
r~~a t i i f c s t i~~g  ordcrcd dynatriics. lior\.ever, Uie radiation 
field lias been regarded lo play only secondaq roles. 
But, as \\.ill be sl~o\vn below, it birids npater molecules 
d!~nnrr~icallj~ \villi each otl~er as a gauge field, and 
col~eretit e ~ ~ l i s s i o r ~  of pl~otoris (i.e. energy quanta of 
radialion field) follo\\:s tlre ordered dynamics of \\later 
~ ~ ~ o l c c u l e s .  

In our prese~it iri\.estigation of tile dynanucally 
ordcred struclr~re ill tile peri~ner~~branous region, we 
sl101\* tlrat tlre radiation field plays not only secondary 
roles blrl a principal role as an ideal substrate 
accor~nti~ig for tlie distributed salratory~aspects of 
dcndritic processing. 111 olller words, the radiation 
field ~ ~ ~ a n i f e s t s  tn'o distir~ct modes; a nonnal wave 
~riode \ \  it11 real \ \ m e  tiut~iber and an evanescent wave 
tilode \vit11 I~~iagitiary \sla\.e nutnber. I'lie former is 
esse~rlially tlre \vell-knov~n part of the radiation field 
b i ~ ~ d i r ~ g  water ~rioleculcs dyaanrically with each other, 
~~rakitrg up Ore dyria~~iically ordered structure of water. 
l'lle Ialrer is the da~irping part of the radiation field 
corrcspo~iditrg to a leak field ~vliiclr can be usually 
neglected it1 tlic case of bulk !later but certainly not in 
tlre prescrlt case of a thin layer of water in Ule 
perii~~e~irbnnous~region. 

Suwrconduc~ive Properties. In  Ule body of tlle 
prese~rlation (Jibu el. al 1936) fro111 svlrich tliis is an 
excerpt. rve Iwve sl~o~vrr tlrat tlre I~iglr-tetnpralure 
bosoti condetisales of evanescent pliotor~s in Il~e 
pcriti~e~r~brations region i~~~rtiediately adjacent lo Ll~e 
dendritic me~iihrancs cart be understood as a 
tlescri~~tion of distributed saltatory processing in 
derrdritic a tbor iza l io~~s  tiraaifesting tionlocality. The 
d j . t ~ a ~ ~ ~ i c a l l y  ordcrcd stnrcture of water in ,the 
peri~ire~iibra~ious regio~r realized by the spontaneous 
s).tlilnetry breaking ~iicclra~risar ensures tlre existence 
of sucl~  boson cor~densotes. As tlrose boson 



condensates of evanescelll pllolo~ls are direclly rclnlcd 
to the quantulll dyn;lslics of the n d i n t i o ~ ~  field, cettai t~ 
superconducling p l ~ e n o ~ r ~ e n a  co~lld take place Illere. 
Indeed, the longitudinal 111ode'of the rndiatior~ field 
plays the role of tllc order pnralnelcr cltaracterizii~g tllc 
macroscopic dynar~~ics  of s u p e r c o ~ ~ d u c t i ~ ~ g  111edi9, 
because il is locked to the phase of any Inaller field 
with electric cllarge tluougl~ the gauge transfor~~lation. 

Recall t l~at  the dendritic ~ l~e r~ lb rane  is co~~lposed of 
Iwooppositely oriented plrospl~olipid n~olecules. l'llus, 
not only does the outer layer provide for I~ydropllilic 
e.\?racellular processing, but I l~e  i111ler layer also makes 
possible anordered water tnediurn \\.itllin l l ~ e  dendrites 
(and their spines). 

C o ~ u e q u e ~ ~ ~ l y ,  \ve can espect ~llat ,  \vil11i11 111e 11atc11 
(or compartrnerlt) of a dendrite ( inc lud i~~g  its spines) 
t l~af falls witllin the collerence length of the ordered 
water, a col~ple of outer and inner p e r i ~ ~ l e ~ ~ ~ b r a ~ ~ o ~ ~ s  
regions separated by a Illill layer of cell ~ l l c ~ ~ ~ b r a ~ ~ e  
fonn an J o s e p l ~ s o ~ ~  junc~ion, l l~at  is, a snnd\\.icl~- 
structured junction of t\vo superconducti~~g regions 
weakly coupled wit11 each otller l l~ roug l~  the I I I ~ I I I ~ ~ ~ I I ~  

of means of quanlunl I111111eliog rnecl~anis~a.  The 
Josepllson ju~ lc t ion  is a \ \ , e l l - in~~es t iga led  
superconducting device \vllicl~ is revealed to t~l;~it l tai l~ 
specificsuperco~~ducting p l l e ~ ~ o ~ ~ ~ e s a  called Josepi~sor~ 
erects. The esistence of Josepllson effects ill g c ~ ~ e r a l  

I , biological cells Itad been suggesled tl~eore~ically a ~ l d  

I several positive esperi~llenlal e \ ' i de~~ce  \\.ere reportcd. 
There, l~ot\.e\:er, e~al)llasis is put nlairlly on l l ~ c  
extraordinary sensitivity of the superco~lduct i~~g 
current across the Josepllsoil junclioil (i.e, Joscpl~sorl 
current) lo 111e il~lposed ~ ~ l a g ~ ~ e l i c  field. Suc l~  ;I 
tnagnetic Josepllso~l efTect call be ail i~nl)o~.lar~t  c l ~ ~ i :  as 
not only an indirect evidertce of the e s i s t e ~ ~ c e  of lllc 
high-tenlperature boson c o ~ ~ d e ~ ~ s a t e  b111 also a possible 
mecllanisrn esplaining the l~igll se~lsi~ivity of 111e brain 
lo the weak m a g ~ ~ e l i c  field. Besides l l ~ e  ~ ~ l a i ~ l e l i c  
Josepl~son effect we I~ave anolller one Iypical for I I I C  
Josepllone jur~clio~l;  I l ~ n l  is, an electric Joscpl~sor~ 
effect. The taller plays an i ~ ~ ~ p o r t n n t  role ill rc;~lizir~g 
the nonlinear nel\vork of superconducti~~g ctlrrellt 
among the brain cells as can be seer1 as follo\\,s: 

Let us focr~s on a don lair^ of the dc~ltlrilic 
membrane srllaller lllat~ the c o l ~ e r e ~ ~ c e  l e r lg~ l~  I, i l l  

whicll IIle sa~~d\\~icl~-sIrucrr~red Josephso~~ ~ I I I I C I ~ O I I  is 
realized in terms of the boson cor~detlsnles of 
evanescenl pllotons ill the pe r i~ae~nbra~ lo~rs  regions 
oulside and illside the ~nctnbrane. The electric 
polenlial difference U = U(0 bel\\een l l ~ e  outer ;111tl 

i1111cr surf;lccs of llle ~ ~ ~ e ~ ~ ~ b r a r l e  car1 be tllougbt of as 
lllc voltage across the Josepllirle junction. 'Tl~en, llre 
s ~ a ~ ~ d a r d  I ~ I I ~ I I I I J I I I  field Il~eoretical treatlllent of llle 
clectric Josepllsorl effect yields l l~al  111e Josepl~son 
carrcot i ~ ~ d u c e d  by tile vollage U(i) is given by 

\\,l~ere J ,  Orand q are certain cons ta~~ l s  (Yasue 1978). 
I'lre circuil equation for the Josepllson junction is 
Illerefore given by 

\\;llere C s ~ a n d s  for tlre capacitance paralrleter of the 
n le~nbra~le .  I~~troducing a new variable 

1I.e call re\vri~e the above equation as follo~vs: 

This is n t~o~ l l i~ lea r  differential equation of the same 
for111 as the classical equation of  l lotion for t l ~ e .  
pl~ysicill pc~ldulu~n,  and Ins  an oscilla~ory solution IY 
= Il'(10 represcaled i~r~plicitly by the elliptic function. 
Correspondi~~gl)~,  llle n l e ~ ~ ~ b r a n e  electric polential 
dilrcre~lcc L;{q ~~l i~n i fe s t s  a self-escited oscillation U(t) 
- h d l ' ( r )  - --- cl~araclerislic lo l l ~ e  Josepl~soa junction. 

P df 

l ' l ~ i s  is c:~llcd the Josepllson oscillarion. 
As there are es l re~~le ly  Illaay Josepl~son junct io~~s  

~ I I  the tolalit). of pe r i~~ le~ l~branous  regions anlong the 
brain cells. \ \ e  'can Illink of a lluge nonlinear network 
of superconducting currents across the Josepllso~~ 
jut~c~iorls alllollg the brain cells. We can expect tllat a 
coasidcrable rlu~llber of synclrroaized Josephson 
oscillalio~~s!\~o~~ld resl~ll in realizi~lg the nlacroscopic 
elcclric p o l e ~ ~ l i a l  oscillations ~lleasured by 
~ l~ ic roc lec l rde  recordir~gs of sensory activated 
de~~dr i l i c  fields. Tile fact lllar the Josepllsou oscillalion 
is estrnordinarily sensilive lo llre maguetic field 
i111poscd 011 the Josepllson jurlclion rniglit explain the 
e s p e r i ~ l ~ c ~ ~ ~ a l  fillding tIba[ tile I I I I I I I ~ I I  brain call be 



influenced by snlall \.arialions o f  the Earllr's ~ n n g ~ ~ e t i c  
field. 

b le~norv .  Before closing our spec~r la l io~~s OII b o s o ~ ~  
I - 

condensate o f  evallescent p l ~ o l o n s  i n  the 
perimembranous region irnn~edialely adjacent to l l ie . 

dendritic men~branes, i t  is \ ~ ~ o r t l ~ \ \ . l ~ i l e  to dcl i~ lcate 
possible transformation o f  llre distributed sallnlor?. 
dendritic process in lo  storage. The crucial poi111 is l l ~ e  
existence o f " i ~ ~ ~ p a r i l y " ,  t l ~n t  is. ions i n  the d ! ~ ~ ~ n r ~ ~ i c a l l ~ ~  
ordered structure o f  writer i n  l l ~ e  p e r i ~ ~ ~ c ~ ~ ~ l ) r a ~ ~ o ~ ~ s  
region. Anlong several kinds o f  ions I jp icn l  for l l lc 
estracellular and intracellular f luid are Na'. K'. Ca". 
CI', elc. The efTect o f  the presence o f s r l c l~  ions ill the 
dynanlically ordered stnlcture o f  Ivaler is clear: Tllcte 
are tllree opes o f  iorls. l l ~ a t  is, h4-ions. C-ions and B- 
ions. This classification is n~ade  tlpoll the ercc l  o f  l l ~ e  
ion  on the d j ' t ~ a ~ ~ ~ i c a l l ! ~  order s ln~clurc o f  w:llcr. 
I!on.e\:er, the emect o f  an ion  on water ~ ~ l o l c c ~ r l e s  is 
essentially due to tlie c lec l ro~nag~~el ic  ~I I ICI~C~~OII  o f  
Cou lo~nb type, a t ~ d  so its s t r e ~ ~ g t l ~  dcpencls I l i g l ~ l y  OII 

the distance betlveen each ~vater  ~ l~o lecu le  and the ion 
i n  question. 

The above classificaliot~. Il~erefo(e, call bd 
regarded also as a clnssilicatiot~ upon the size o f  the 
ion: Ions ~ v l ~ o s e  radios is s ~ ~ ~ a l l e r  Il lan l l ~ a l  o f  the natcr 
molecule are M-ions, and tlley do not t l is t l~rb the 
dynamically order structure o f  \valcr. Nab and Cal' 
ions are bl-ions. Those wl~ose radius is ap l ) ros i~~~a le l y  
the same as that o f  tile water ~r~o lecu le  are C-ions. arid 
they play the role o f  v.aler ~ n o l e c ~ ~ l e s  i n  realizing l l lc  
dynamically ordered structure o f  water. 111 o l l ~e r  
words: C-ions can be rnised  will^ \valer r~~o lec r~ les  i n  
the dynamically ordered slate. K' ~OII is n C-ion. 
Those ~ v l ~ o s e  radius is larger I~I~II Illat o f  I l ic \t.aler 
rnolecule are B-ions. and they disturb the d \ * ~ ~ n ~ ~ ~ i c a l l ! ~  
ordered stn~cture ofwater considerably. I f  there are B- 
ions i n  tlre peria~ernbranous region. I l lel l  l l ~ c  sj'slelll o f  
tlie radiation field and \\.ater ~ ~ ~ o l e c ~ ~ l e s  \\ill s ~ ~ f i r  fro111 
dynan~ical  disorder and so l l ~ e  d!~na~r~icnl l !~ otdered 
stn~cture o f  water ~nar~i fests d e f ~ t s .  CI' ion  is a D - io r~ .  

Recalling the fact t l ~a t  K'  ions and Na' i o ~ ~ s  s l~ow 
I l i g l~e r  popu la t io~~s inside and outside the brai l l  cell. 
respectively, tile no r~na l  ionic et11.iro11111en1 o f  l l ~ e  
cytoplasm and estracellr~lar f lu id n ~ i g l ~ t  IIO~ d is l t~ rb  the 
dynamically ordered slnlclllre o f  water ill the 
peri~ne~nbranorls regiorl i r ~ ~ r n e d i a t e l ~  adjacenl to the 
cell membrane. Ho\ve\,cr. CI '  ions dis i~~tegrnted fro111 
the anestl~etic ~ l ~ o l c c ~ ~ l e s  call tx IIIO~I~I;~ l o  111nkc III?II~ 
defects ill the d j ~ ~ ~ a ~ ~ ~ i c a l l y  ordctcd strtlcllllc of \\,atcr. 

a r ~ d  conscq~~er~tl!. l l ~ e  patie111 loses consciousrless 
t l l ~ r i l ~ g  g c ~ ~ c r a l  a~~cs l l ~es in .  

\Ve co~~s ide r  ll le I IO~ I I I ~~  etl\:ironment i n  ~ v h i c l ~  we 
11al.e 0111 b l - i o r ~ s  and C-ions ill the per i~~~embranous 
legion. There. l l ie d ! * r ~ a ~ ~ ~ i c a l l y  ordered structure o f  
\\.aler is ~ ~ ~ a i r i t a i ~ ~ e d  by rlle spontaneous s)?nmetry 
brcakirig n ~ c c l ~ a r ~ i s ~ n .  B o t l ~  the "apparent" 
d ! .~~a~~~ ica l l . v  ordered s l r ~ ~ c l u r e  o f  water and the 
"e\.anescet~l" OIIC of the boson co~rdensate o f  
e\.allescel~t p l~olons play a role i n  the distributed 
sal~atory processi~~g o c c ~ ~ r r i ~ ~ g  i n  dendridc arbors. 
I lo\ve\.er, i t  s c c ~ l ~ s  e\.ident tliat the brain can stabilize 
l l lc  process o\.er iterations t l ~ a l  associate currenl inpul  
sigtlals n . i t l ~  I l lc rcsitl~rals r e ~ l ~ n i ~ ~ i n g  form prior inputs. 
For c o ~ l l l ) l e l i ~ ~ g  0111 qlranltllu f ield tl~eoretical approaclr 
\ \ e  I1a1.e l o  dcscribc the possible mecl~anism o f  
s l ; l t ~ i l i z i ~ ~ g  l l ~ c  t l ! ~ ~ ~ a ~ ~ ~ i c a l l y  ordc'r slructure o f  water 
a11tl l l ~ e  b o s o ~ ~  co~~dcnsate ofet.anescent p l~otons i n  die 
p c r i ~ ~ ~ c n i b r n a o ~ ~ s  rekiot~ i r ~ i ~ ~ ~ e d i a t e l y  adjacent l o  the 
~ l l c r ~ l b r a ~ ~ e .  

It has kc11  s l l o \ ~ n  Il~eoreticnll). Il lat the boson 
co t i dc~~sa~c  of c\.;iliescer~t pliotons can be coated 
sclecti\-el!. [I!. specilic t~~olecules and' ions (Del 
Git~dicc. I)o_cli;~. h l i l a ~ ~ i  & Vit iel lo 1985; De l  Giudice, 
I logl ia. h , l i l a ~ ~ i .  SIII~III RC Vit iel lo 1989; De l  Giudice, 
L)oglia. h l i l a ~ ~ i  R Vil iel lo 1986). SIICII a ~ l~o lecu la r  
c o a l i ~ ~ g  111;lkes t l ~ c  d! ~ l n ~ ~ i i c a l l y  ordered structure r n r ~ c l ~  
Illore slablc. and as a result l l ~ e  pl~ysical  substrate for 
Illelnor?. call bc created. Namely, the more l l ~ e  
dy~~a~nical l ! .  ordcrcd slructure o f  n.ater and the boson 
co~~dcnsale o i c \  nllesccnt p l ~ o t o ~ ~ s  is  molecular coated, 
the Illore i t  is ~ ~ i a d e  stable. The transformation 
III~CII~II~SIII of  p ~ o c e s s i ~ ~ g  an i l lput  o f  signals into 
Incr l lon call hc 11111s nitled by the tnolecular coating o f  
l l ~ e  d ! .~~a~~~icn l l ! ,  ordcrcd slruclure o f  water and tlie 
bas011 c o ~ ~ d c ~ ~ s a l c  or c!.ancscenl pl~olons. Actually It 
has bee11 reported Ilia1 tire d ist~ibuted pal ten^ o f  s u c l ~  a 
111olcc111ar c o a ~ i ~ ~ g  has bee11 observed in the cerebellum 
o f  rats (Elakazann. h.likn\\.a, t las l~ ikawa & I l o  1995). 

E \ . i t l e~~cc  ~ l i a t .  i~idecd. patcl~es o f  dendrilic 
111c111brnl1e h e c o ~ ~ i c  the site o f  Inenlory storage comes 
~IOIII tile \toll; o f  I ) n ~ ~ i c l  A l k o r ~  aad his associales 
( A l k o ~ l .  1) L Rr R:is~~~ussen. 11. 1988). Alkon has 
s l~o\ \ .n tllnt local i r ~ l e r n c l i o ~ ~ s  alrlong neighboring 
spines are respo~~siblc for the learnir~g induced changes 
Illat gi\  e risc to classical conditional responses. The 
i ~ ~ l c r a c l i o ~ ~  b c l t t c c ~ ~  adjacenl spine Ileads, as noted by 
S l~c(~ i ie r t l  ( 1988). 111ust procecd l o  a co~~siderable 
cs tc~ i t  e s l r n c c l l ~ ~ l n r l ~ .  bccn~lse o f  the l ~ i g l ~  iulernal 
elcclric r cs i s l ;~~~cc  o f  tllc Ilnrro\v spine necks. 



According to Alkon, tlie interactio~l is c o ~ n ~ n ~ ~ ~ l i c a t c d  
intracellularly to the cell body \vl~icll, in t ~ l r r l ,  

generates factors that return to the site of the 
interaction and "llard wire" it. 

Tlle intracellular processes are triggered by a 
reduction in K' ion flow (tvl~icl~ results only i\41et1 the 
conditional and uncoeditiol~al s t i ~ n ~ ~ l i  are pili~ed). 
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accompany tlre association of telnlmrally related 
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(Alkon 1989). 

Tl~eprotein target of the PKC enzyme is the GAP- 
blnding protein Illat apj)ears to be involved ill 
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spine Ileads) t l~rougl~out cortical dendritic trees. 
The induction by tllese enqines of cllarlges ill t l ~ c  

cellular quantity . of 20 kilodalton proleills is 
accompanied by increases in tlie syntl~esis of a aalllber 
of species of IIIRNA. One of tile species acl~lnll!, 
corresponds to tile 20 kilodalton protein. 

Both t l ~ e  extracellular and the d r o r ~ ~ i c  n ~ l r l  

antidrornic intracell~~lar processcs need a pl~).sici~l 
substrate, a rnedinn~, !\,itllin \ \ . l~ ic l~  to ncco~ l~p l i s l~  tllc 
molecular transfor~l~ations t l~at  lead to reductiotl of 1:. 
ion flow tllat acco~~~pi ln ie s  condit ioni~~g. T l ~ c  
extracellular spongy tlrrpor produced by gl)coprotei;~s 
provides the necessary structure for l ~ o l d i ~ ~ g  
peri inen~brano~~s order water to \vl~icll io11.5 call acll~erc. 

Internally, the dynn~l~ically ordered tvater ci111 
provide the substrate for drorliic slid arrtidroluic 
supercond~~cri\~ity ill tllc derldritic colllpilrtlllcllt 
activated by the le~nporal association of a co~~d i l io l~n l  
with an unconditiollal illput signal. 

Djnamically ordered \\later call also aid Illclnor). 
retrieval. One a physical substrate is f o r l ~ ~ e d  in tile 
perimen~branous regions as a lllacroscopic d o ~ ~ ~ i ~ i n  of 
the dyna~nically ordered stnlcture of \\.ater, \ \ c  C;II I  

make use of I l ~ e  elllergcllce of Cjoldstor~e b o s o ~ ~ s  ;IS ;I 

pllysical process involved in conscious lnelnory 
retrieval, as origir~ally proposed by Riciardi and 
\in~eza\\.a (Unleza\\a 1933) and Stuart, Takallaslli and 
U~ncza\va (1978; 1979). Nan~ely, \vhen the systenl of 
the radia t io~~ field and the water r~~olecular field su[fers 
fro111 cven a \\.eak perturbalion due to a change of the 
charge distribution in the dendritic n ~ e ~ ~ l b r a n e s  
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ordered stnte corresponding to l l ~ e  pllysical substrate 
for the dcla).ed input-output processing t l ~ a t  makes 
alvarelless possible. The pliysical process of conscious 
oletnory retrieval is postulated to be mediated by Llle 
Golsto~ie b o s o ~ ~ s  (i.e. long-range conelation waves) 
ivitll  a l l ~ ~ o s t  no energy require~nent. The Goldstone 
bosons play a role in the replication o the original 
e x t e r ~ ~ a l  st i~aulus.  In this way, the existence of 
nlerllory in lerltls of t l ~ e  donlaill structure of the 
dynan~icallg ordered slates of (Ire system of tlre 
radiation field and t l ~ e  water molecular field can give 
rise, a s h  t l ~ e  i ~ ~ i t i a l  processing of the sti~nulus, to the 
dclay ill processil~g tlrat is coordinate \villr co~~scious  
experience. 
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Figrlres 1, 2, 3. Examples of local field surface 
distributions ( l a ,  2a, 3a) and their associated contour 
rlinos ( Ib ,  2b, 3b) derived by cl~bic iolerpolation 
(spline) procedure fro111 recorded ivl~isker stin~ulation. 
l ' l ~ e  corllolrr lilnp \\.as abstracted from llle surface 
distribulio~i by p lo t t i~~g  corltoilrs in terlns of equal 
~ ~ u l ~ ~ b c r s  of bursts per recording intenpal (100 secs.). 
Each figure sl~o\vs baseline activity (no wl~isker 
st i~~iulation) at a given electrode location a s  a plane 
lociited in lcrlils of 11111nkr of bursrs per 100 secs. The - 
s axis represenls temporal frequency (T.F.) in 
rcvolutio~~s per seconds (HPS). Tlre y axis represents 
spnlinl frequency (S.F.) ill lerliis of f l ~ e  nuniber of 
flicks per revolution (FlicldR). Figures Ic, 2c and 3c 
are esii~ilples of sill~ulaled s ~ l t  face distributions of local 
field pote~ilinls and their associated cootour Iliaps (Id,  
2d, 3d) lo be col~lpared \ v i l l ~  tlie et~~pirically derived 
rlialis presetlled ill Figures l a  & b, 2a & b, and 3a & b. 
Figures le and f, 2e and f, a ~ ~ d  3e arid f s l~ow tlie 
dirrerellce bel\\.een the surface distributio~is mapped 
fro111 the data arid tliose 111apped froni tlie simulation$. 
Note Illat I l~e  coordi~~ates  of llle difrerence iriaps range 
fro111 O up\vard \vl~ile tllose of 111e surface distributions 
t~u~l)l)ed f fo~n  dnla and s i ~ ~ i u l a t i o ~ ~ s  range fro111 a rnucli 
lligl~er le\.el up\vi~td. 



Table 1 .  Descriptive statistics f io t~ i  elrlpi~ ically der ivetl (actual) alld sir~~rllated surface 
distributions and accornpar~yit~g difTere11ce distr/br~tiol~s for Figrlres 1 .  2 R! 3 .  Note, in the figures, 
that the greatest diKerences be~\veerl exper irlle~ltally derived and si~lnllated surrace distributions 
occur due to sligli~ difreretlces i t1   lie ~)lacenlerlt o f  the peaks be l \ \~ee~ i  the two. 
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