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Holography r e f e r s  to a b road  c l a s s  of s to rage  and r e t r e i v a l  p r o c e s s e s  based  on the 

r e c o r d i n g  of i n t e r f e r e n c e  pa t t e rns .  As a model  for  a n e u r a l  m e m o r y  sy s t em,  holography 

p rov ides  both a s s o c i a t i v e  and redundan t  s to rage  along with a m a t h e m a t i c a l l y  expl ic i t  

d e sc r i p t i on  of the s y s t e m ' s  opera t ion .  L as h l ey  (1929) was  among the f i r s t  to p ropose  tha t  

m e m o r y  was coded in t e r m s  of n e u r a l  i n t e r f e r e n c e  p a t t e r n s  and was le t  to th is  conc lus ion  

by his  d i s c o v e r y  of r edundan t  s to rage  in the b ra in .  T w e n t y - s e v e n  y e a r s  l a t e r ,  Beur l e  (1956) 

showed how such  i n t e r f e r e n c e  p a t t e r n s  might  be s t o r e d  so tha t  the o r ig ina l  i n fo rma t ion  could 

be r e t r i e v e d  without  d i s to r t ion .  In 1963, van Heerden  noted the s i m i l a r i t y  between B c u r l e ' s  

hypothes i s  and the m o r e  concise  r e p r e s e n t a t i o n  of the i n t e r f e r e n c e  p r o c e s s  of fe red  by holo-  

g raph ic  theory .  Subsequent ly ,  a n u m b e r  of au t ho r s  have out l ined,  to va ry ing  d e g r e e s ,  the 

analogy between holographic  and n e u r a l  p r o c e s s e s  ( Ju l e sz  and Pennington ,  1965; P r i b r a m ,  

1966, 1969, 1971; Wes t lake ,  1967, 196o, 1970). Of these ,  only Wes t l ake  (196~, 1 9 7 0 ) h a s  

given a de ta i led  a n a l y s i s  of the n e u r a l  m e c h a n i s m s  involved.  His hypo thes i s ,  however ,  l ike  

B e u r l e ' s ,  p laces  s e v e r e  r e s t r i c t i o n s  on the f i r ing  p a t t e r n s  of n e u r o n s  tha t  a r e  at  odds with 

the known p r o p e r t i e s  of n e u r a l  codes .  

This  paper  will  d e m o n s t r a t e  tha t  ho lographic  s t o r age  can  be obta ined  when only the 

m o s t  gene ra l  neu ra l  codes  a r e  a s s u m e d .  A recogn i t ion  s y s t e m  employing  t r a n s m i s s i o n  

holography is  p roposed  and the l imi ted  capaci ty  of this  type of s to rage  for  mul t ip le  r e c o r d -  

l ags  leads  n a t u r a l l y  to a mode l l ing  of s h o r t  t e r m  m e m o r y .  The s y s t e m  p r e d i c t s  a wide 

r ange  of behav io ra l  data in r ecogn i t ion  t a sks  based  on a s ingle  a s s u m p t i o n  conce rn ing  the 

p r o p e r t i e s  of individual  neu rons .  

Be fo re  de ta i l ing  the neura l  ho lographic  p r o c e s s e s ,  a b r i e f  de sc r i p t i on  of opt ical  

holography will  d e m o n s t r a t e  some of the p r o p e r t i e s  of this  method of s to rage .  

Optical  Holography 

Optical  holography,  developed by Gabor  (1945), a l lows  the r e c o r d i n g  of both the 

phase  and ampl i tude  of a wavef ron t  of l ight.  Since photographic  p la tes  a r e  s ens i t i ve  to i n -  

t ens i ty  but not  to phase ,  the plate  is  exposed to two wavef ron t s  s imu l t aneous ly  and the 

r e s u l t i n g  i n t e r f e r e n c e  pa t t e rn  is  r e c o r d e d .  If both wavef ron t s  a r e  m o n o c h r o m a t i c  and c o -  

h e r e n t  in phase ,  a s t ab le  i n t e r ac t i on  occu r s  so tha t  the i n t e r f e r e n c e  pa t t e rn  codes  both 

ampl i tude  and phase  in t e r m s  of in tens i ty  va r i a t i ons .  The r e c o r d e d  i n t e r f e r e n c e  pa t t e rn  i s  

the ho logram;  i l lumina t ing  the ho log ram with  one of the o r ig ina l  w a v e f r o a t s  c a u s e s  the 
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recons t ruc t ion  of the other .  The hologram is thus an a s soc ia t ive  m e m o r y  of the two w a v e -  

f ronts .  

If one of the original  wavefronts  was  the light r e f l e c t ed  f r o m  a t h r e e - d i m e n s i o n a l  

object ,  for  example ,  the r econs t ruc t ion  will  be an exact  r ep l i ca  of the object  such that no 

visual t e s t  can d i f ferent ia te  the two. In other  words ,  all of the phase and ampli tude in fo r -  

mat ion has been r ecove red .  

F igure  i i l l u s t r a t e s  the two s teps  in the holographic  p r o c e s s ,  a and b a r e  w a v e -  

f ronts  that vary  spat ia l ly  in ampli tude and phase,  and A and. D a re  the i r  t r a n s f o r m s  at  the 

photographic plate.  The photographic plate is  sens i t ive  to r eco rd ing  energy,  i . e .  the produci 
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of the r e c o r d i n g  in tens i ty  and the exposure  dura t ion .  

E = t(A + B)(A + B) (i) 

A_, B__ - wavefront field vectors 

E - exposure energy 
t - exposure duration 
* - denotes complex conjugate 

After developing, the transmission coefficient of the plate is a function of the exposure 

energy; if the function is linear, the resulting expression is 

T BE ~t(i A I2 + 2 * * = = IB__[ +AB +A +B) (2) 

T - transmission coefficient 

]3 - slope of transmission vs. exposure 

relation 

If one of the original wavefronts _~ or more precisely, its transform in the hologram plane, 

A__, is incident on the hologram, the transmitted components are 

A. T : Ajt(IAI2+ I Bt 2) +  tAAJ'% I A_[2 B_ 

The first term describes the transmission of the a_ wavefront at an attenuated amplitude; 

the second represents a complex wavefront dependent on both a and b; the third is a com- 

plete reconstruction of the b wavefront attenuated by a real-valued variable that can be con- 

sidered constant if a and b are independent. 

Under appropriate recording geometries, the transmitted components propagate in 

different directions so that the reconstruction of b is available uncontaminated by the other 

wavefrontso 

The hologram is an associative memory in that storage of a and b allows recon- 

struction of b_ upon reference by a and vice versa. It is a redundant or distributed memory 

(under certain transformation between the object field and the recording field) in that any 

part of the hologram can reconstruct the complete wavefront. 

The essential requirement of the wavefronts that code object information is that they 

are monochromatic and phase coherent. These properties allow the wavefronts to interfere 

in a stable spatio-temporal pattern. In demonstrating the possibility of holographic storage 

in the neural realm, the first requirement is therefore to determine the locus of the stable 

interaction. Both Beurle (1956) and Wesflake (1965) have assumed, as in the optical case, 

that wavefronts of neural spike trains are all of a single frequency and fixed in their relative 

phase. This assumption not only places unattainably stringent requirements on the stability 

of neural firing, but also is invalidated by the wide use of frequency in the brain for coding of 

stimulus attributes (e. g,, intensity, el. Perkel and Bullock, 1966). 
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M o r e o v e r ,  such an a s s u m p t i o n  is  u n n e c e s s a r y  in the d i s c r e t e  n e u r a l  s y s t e m  as  

opposed to the cont inuous  opt ical  case ;  the s t r u c t u r a l  c o h e r e n c e  i n h e r e n t  in the fixed i n t e r -  

neu ra l  connec t ions  of the b r a i n  a l r e a d y  p e r m i t  a s t ab le  spa t ia l  i n t e r ac t i on  of wave f ron t s  

r e g a r d l e s s  of the f r equency  and  phase  of individual  spike  t r a i n s .  Since the i n t e r ac t i on  will  

however ,  v e r y  r andomly  in t ime  ( a s s u m i n g  r a n d o m  va r i a t i on  in i n t e r s p i k e  i n t e rva l s ) ,  i t  m u s t  

be shown that  the mean  spike r a t e  i s  the dominan t  p a r a m e t e r  in coding and s to rage .  If th is  

is  the case ,  s p a t i o - t e m p o r a l  s t ab i l i ty  i s  ach ieved  and the ma in t enance  of p r e c i s e  spike 

a r r i v a l  t imes ,  such as  provided  by f requency  and phase  locked spike t r a i n s ,  is  not  r equ i r ed .  

At  p r e sen t ,  t he re  is  a good deal of ev idence  suppor t ing  mean  r a t e  codes  in va r ious  n e u r a l  

s t r u c t u r e s  ( P e r k e l  and Bul lock,  196~). The next  sec t ion  dea ls  with  the n e u r a l  ho lographic  

p r o c e s s e s  tha t  a r e  poss ib le  us ing  such codes .  

Neura l  Holographic  P r o c e s s e s  

L i n e a r  Codes 

Since incoming  spike t r a i n s  a r e  m o s t  l ikely of va ry ing  f r equenc i e s  wi th  some  

componen t  of r a n d o m  f luctuat ion in each,  i t  i s  i m p r o b a b l e  tha t  a s t ab le  t e m p o r a l  i n t e rac t ion  

can be ach ieved  at  the level  of individual  spike a r r i v a l s .  The i n t e r f e r e n c e  pa t t e rn  m u s t  

t h e r e f o r e  be def ined in t e r m s  of some  t ime--averaged  p a r a m e t e r .  Mean r a t e ,  the a v e r a g e  

spike a r r i v a l  r a t e  within some  t ime  in te rva l ,  a p p e a r s  to s e r v e  the r e q u i r e d  purpose .  The 

f i r s t  i m p o r t a n t  a t t r ibu te  of the mean  r a t e  de s c r i p t i on  of neura l  ac t iv i ty  is  tha t  a neuron  is  a 

r e l a t i v e l y  l i n e a r  t r a n s d u c e r  of th i s  p a r a m e t e r  for  i r r e g u l a r  (Poisson)  exc i t a to ry  or  inh ib i to ry  

input (Enger ,  e t  a l . ,  1969; P e r k e l ,  e t  a l . ,  1964). The mean  r a t e  output of a neu ron  thus 

r e sponds  l i nea r ly  to the a lgeb ra i c  sum of the mean  r a t e s  of mul t ip le  inputs  ( a s s u m i n g  the 

inputs a r e  tadependent- -Segundo,  et  a l . ,  196o) over  the r a n g e  de l imi ted  by the s u p p r e s s i o n  of 

the n e u r o n ' s  output and  i t s  m a x i m u m  f i r i ng  r a t e .  If ad j acen t  ce l l s  a r e  i n t e r r e l a t e d  in some 

m a n n e r ,  the p r o c e s s i n g  e l e m e n t s  of the neu ra l  s y s t e m  a r e  m o r e  a c c u r a t e l y  the e n s e m b l e s  

of i n t e rdependen t  ce l l s ;  the l i n e a r  opera t ing  r eg ions  of such e n s e m b l e s  may  be c o n s i d e r a b l y  

g r e a t e r  than tha t  of the cons t i t uen t  neurons ,  depending on the d i s t r i bu t ion  of the individual  

r anges .  (Whether  the p r o c e s s i n g  e l e m e n t s  a r e  individual  ce l l s  o r  g roups  of i n t e r r e l a t e d  

ce l l s ,  they can be r e p r e s e n t e d  conceptua l ly  as  s ingle  n e u r o n s  with no loss  in gene ra l i t y , )  

The p rope r ty  of [ inea r i ty  leads  to g r e a t  s impl i f i ca t ion  in the m a t h e m a t i c a l  de sc r i p t i on  of the 

s y s t e m - a  s impl i f i ca t ion  tha t  i s  a l so  enjoyed in opt ica l  holography by v i r tue  of the l i n e a r i t y  of 

the wave equat ions  d e s c r i b i n g  the propaga t ion  of l ight  th rough  mos t  media .  

The second and m o s t  i m p o r t a n t  a t t r i bu te  of the mean  r a t e  p a r a m e t e r  is  tha t  i t s  use  in 

va r ious  f o r m s  as  a code for  s t imu lus  p r o p e r t i e s  has  been  d e m o n s t r a t e d  in many  n e u r a l  s t r u c -  

t u r e s  ( P e r k e l  and Bullock,  1968). The two f o r m s  of mean  r a t e  coding mos t  p r e v a l e n t  in the 

b ra in  a r e  f requency  modula t ion  or  mean  r a t e  modula t ion  (MRM) and d i r ec t iona l  r a t e  change 
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DRC, most frequently called simply mean rate coding, but it will be labelled differently 

here to emphasize that frequency modulation is also a mean rate code . Although other 

codes have been identified I, the analysis of neural holographic processes will center on 

these two. Both involve a base rate of random firing; MRM implies a periodic oscillation 

of the mean rate about the base level and is a candidate code wherever periodicity is found-- 

e .g. ,  the theta rhythm (4-7 Hz) in the hippocampus, the alpha (8-13 Hz) in the thalamus and 

cortex, and beta (20-30 Hz) in the cortex; DRC is the classical code for stimulus intensity 

and involves a continuing increment of decrement in the mean firing rate about the base level 

as shown by De Valois, et al. (1962) in the lateral geniculate. 

The MRM code can be represented by a cosine function: 

mean rate = r+ M cos(2~rft+ e) (4) 

r - the base rate 
M - amplitude of deviation from base rate 
f - frequency of modulation 
t - time 

0 - phase of the particular spike train 

relative to some reference 

For the MRM code to be meaningful in a neural holographic process, there must be a single 

generator of the carrier frequency (a pacemaker) that modulates all the spike trains involved, 

Thus, f will be the same for all spike trains and 0, the phase of the modulation for each 

train, will be with respect to a common reference. 

The DRC code can be expressed in terms of a binary function, denoted evn, repre- 

senting the direction--increment or decrement--of the change in mean rate. 

eva0 = (_±)0 0 - the direction index, taking integer values 

mean rate = r+ Mevn0 r, M - as before (5) 

Thus the mean rate increases by M if the direction index, 0, is even and decreases by" M 

if it is odd. The direction index is in some respects analogous to phase; unlike phase, how- 

e v e r ,  i t  i s  a d i s c o n t i n u o u s  d i m e n s i o n .  

i 
Mean rate codes are, in general, the most suitable for holographic purposes. If more 

than one type of code supports storage and reconstruction, it might be possible to superim- 

pose the various codes (assuming they are orthogonal) and simultaneously store and retrieve 

independent information wavefronts in the same storage area. Distribution coding, although 
it has been frequently observed (Perkel and Bullock, 1968), is an improbably candidate for 

significant holographic processing. First of all, with many weak, ~ndependent syaaptie in- 

puts (which must be assumed for redundant storage to occur), the distribution of output 
firing bears no relation to input distributions (Segundo, et al., 1968). Second, even under 
the condition of a limited number of relatively strong inputs, storage and retrieval of dis- 

tribution parameters other than the mean is possible only in a number of special cases. 



19 

The na tu r a l  o c c u r r e n c e  of these  two mean  r a t e  codes  m a k e s  the r e q u i r e m e n t s  for  

ho lographic  s to rage  fa r  l e s s  r e s t r i c t i v e  in the n e u r a l  c a s e  than in the opt ical .  The s t r u c -  

t u r a l  c o h e r e n c e  of the fixed i n t e r n e u r a l  connec t ions  and the t i m e - a v e r a g e d  p r o p e r t y  of the 

codes  for  which  neu ro ns  a r e  l i n e a r  t r a n s d u c e r s  p e r m i t  a s t ab le  s p a t i o - t e m p o r a l  i n t e r a c t i o n  

of wave f ron t s  tha t  have  no fixed f r equency  or  phase  r e l a t i o n s .  It  r e m a i n s  to be demons t ra t ed ,  

however ,  tha t  the neu ra l  i n t e r f e r e n c e  p a t t e r n s  can be s t o r e d  i s o m o r p h i c a l l y  by some p r o c e s s  

of neu rona l  change.  Befo re  conf ron t ing  th i s  task ,  the n e u r a l  s t r u c t u r e  r e q u i r e d  for  ho lo -  

graphic  p r o c e s s e s  wil l  be analyzed.  

N e u r a t  R e p r e s e n t a t i o n  of Symbolic  In fo rma t ion  

The two codes  d e s c r i b e d  above c h a r a c t e r i z e  s ingle  spike t r a i n s .  A neu ra l  wave f ron t  

i s  s imply  a spa t ia l  a r r a y  of spike t r a i n s  and  wil l  be c o n s i d e r e d  the mode of r e p r e s e n t a t i o n  

for  symbol ic  i n fo rma t ion  in the b r a i n  ( s t imu lus  pa t t e rn s ,  concepts ,  m o t o r  c o m m a n d s ,  e t c . ) .  

F igu re  2 depic t s  a poss ib le  s t r u c t u r e  for  a n e u r a l  holographic  sy s t em,  a and b a r e  

input  wavef ron t s  tha t  m ap  th rough  t r a n s f o r m s  X and  Y, r e spec t i ve ly ,  onto the s to rage  f ie ld  

feedback 
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FIGURE 2: A poss ib le  s t r u c t u r e  fo r  a ho log raph ic  n e u r a l  s y s t e m .  
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n e u r o n s .  7 i s  the diagonal  m a t r i x  of t r a n s m i s s i o n  coe f f i c i en t s  e x p r e s s i n g  the l i n e a r  

r e l a t ion  between the a lgeb ra i c  s u m  of the inputs  to e ac h  neu ron  and the me a n  output  r a t e  of 

each  n e u r o n - - i ,  e . ,  • r e p r e s e n t s  the e f f ic iency  with which  input r a t e  v a r i a t i o n s  a f fec t  ou t -  

put r a t e  v a r i a t i o n s .  W and Z m a p  this  output  e_ onto u and v. The  t r a n s f o r m s  X , Y , W ,  

and Z a r e  such  that  with no i n f o r m a t i o n  r e c o r d e d  in the s t o r a g e  a r e a ,  a and b a r e  able  to 

c r o s s  th rough  each  o ther  and end up s e p a r a t e l y  in u and v, r e s p e c t i v e l y ,  a__, in o ther  

words ,  p r o d u c e s  no output  in v and  b no output  in u. S imu l t aneous ly  expos ing  the s t o r a g e  

field to a and  b a l t e r s  the t r a n s m i s s i o n  coef f i c ien t s  of t hese  n e u r o n s  in propor t ion  to the 
m 

i n t e r f e r e n c e  pa t te rn  of a and b. The spa t ia l  v a r i a t i o n s  of T which code th is  i n t e r f e r e n c e  

pa t te rn  now allow w a v e f r o n t  a to p roduce  output  in v which,  it  will be shown,  i s  a r e c o n -  

s t ruc t i on  of b ' s  output  to u. T h u s ,  the spa t ia l  v a r i a t i o n s  of 7 a r e  the n e u r a l  h o l o g r a m.  

E x p r e s s i n g  these  r e l a t i o n s  m a t h e m a t i c a l l y :  

u = W e  ( 6 )  

v = z c  (7) 

c = r +T(Xa+Yb) (8) 
-- C 

A = Xa (9) 

B = Yb (i0) 

- denotes that the elements of the variable 

are coded spike trains 

a, b - input wavefronts (column vectors) of dis- 

crete pulse trains 

u, v - wavefronts arriving at the two output fields 

( co lumn vec to r s )  

c - wave f ron t  output f r o m  the s t o r a g e  f ield 

n e u r o n s  

W , X ,  Y, Z - t r a n s f o r m  m a t r i c e s  of synapt ic  coupl ing 
coe f f i c i en t s  

A,B__- 

r - 
e 

7 - 

the input  w a v e f r o n t s  a t  the s t o r a g e  field 
(co lumn vectors) 

c o l u mn  v e c t o r  of the base  f i r ing  r a t e s  of 

the s t o r a g e  f ield n e u r o n s  

diagonal  m a t r i x  of t r a n s m i s s i o n  coef f i c ien t s  
of s t o r a g e  f ie ld n e u r o n s  

Ini t ia l ly  7 i s  a s c a l a r  m a t r i x  (a l though this  is not  a n e c e s s a r y  a s s u m p t i o n ,  it  s i m p l i f i e s  

a n a l y s i s ) .  
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similarly, 

T = kI 

u = Wr  +W~(Xa+Yb) = Wr +WklXa+WklYb 
- -  e c - -  - -  

u = Wr +X(WXa+WYb) ; 
- -  e - - 

( I i )  

Z X = 0  

V = ZATXa 

For  a to produce output only in u and b only in v, 

WY = 0 ,  z x  = 0 (13) 

Af ter  r ecord ing ,  the t r a n s m i s s i o n  coeff ic ients  have been a l t e r e d  in some manner .  These  

lkv's  a r e  var iab le  a c r o s s  the s to rage  field. Fo r  r econs t ruc t ion ,  a is  again input, but b is  

ze ro  ( ignoring base  r a t e s ) .  

v = ZTXa = Z(~I+AT)Xa = Z~Ia+ ZATXa = ~ZXa+ ZA~Xa (14) 

- average value of 7 

A7-diagonal matrix of variations of ~- around 

(~5) 

Any t e r m  in 7, t he r e fo re ,  that  i s  cons tant  over  all  s to rage  neurons  does  not  genera te  any 

output in the r econs t ruc t ion  f ield.  Thus,  A~-Xa mus t  contain Yb (i. e . ,  A~A mus t  contain 

B) if an accura te  r econs t ruc t ion  i s  to be produced.  

The re la t ions  between W and Y and Z and X e x p r e s s e d  in equation (13) a r e  

e s sen t i a l  to the p roces s ing  of the neura l  wavefronts  and a r e  analogous to the r e c o r d i n g  

g e o m e t r i e s  in optical  holography that  allow separa t ion  of output images .  It i s  poss ib le ,  

because  of the i r  impor tance  to p rocess ing ,  that these  re la t ions  have developed through e v o -  

lution; conver se ly ,  u and v may s imply  be the subse t  of output f ie lds  of the s to rage  neurons  

whose t r a n s f o r m s  obey these  re la t ions .  

The feedback loops shown in F igure  2 i l lus t ra te  tha t  this s t r uc tu r e  could be two 

c i rcu la t ing  neura l  ne ts  that  i n t e r s e c t  at  a se t  of modifiable neurons .  The assoc ia t ion  b e -  

tween the var ious  "ce l l  a s s e m b l i e s "  (Hebb, 1949) rea l i zab le  in the ne ts  thus occurs  at  the i r  

in t e r sec t ion .  

Finally,  in analyzing the s torage  and recons t ruc t ion ,  only the wavefronts  at  the 

s to rage  field, A and B, need be cons ide red  as  these  a r e  the wavefronts  that d i rec t ly  p r o -  

duce the i n t e r f e r ence  pat tern  to be s to red .  The e x p r e s s i o n s  for A and B a re ,  for MRM 

coding, where  the subsc r ip t  i indica tes  input act ivi ty at  the i th s to rage  neuron:  

v = Zr +X(ZXa+ ZYb_) (12) 
C 
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A = Xa = ~rAi+ Aicos(2~rft+ 0i) ~ (16) 

]3 = Yb = [rBi + Bieos(2~rft+~i) ] (17) 

and for DRC coding, 

A__ = Xa_ = [ rAi+AievnOi~ (18) 

]3-- Yb_ = [rBi+,ievn i] (19) 

Models of Neuronal Change 

At present, the basis of neuronal change is unknown, but there are a number of 

hypotheses of the factors that might lead to such change (Kupfermann and Pinsker, 1969) 

and these fall into two main classes. The first states that the degree of usage of the synap- 

tic terminals or of the postsynaptic cell somehow affects their subsequent efficiency, The 

second proposes that the concurrence of action potentials at the pre- and postsynaptic mem- 

branes and the consequent permeability- of both, allows some form of molecular communica- 

tion that effects a change in transmission efficiency; the probability of concurrence at each 

synapse will depend both on the output rate of the postsynaptic cell and on the input rate at 

the synapse. 

To allow holographic storage, the neuronal change must code the linear interaction 

of the two inputs A and ]3 (i.e.,  A+D. This requirement is met by the postsynaptic use 

and concurrent use hypotheses, both of which reflect the output rate (A+ B) of the postsyn- 

aptic ceil; the synaptic use hypothesis, however, reflects only the input to each particular 

synapse and so cannot support holographic processes. Furthermore, since the inhibitory 

and excitatory components of an input cancel in their effect on the output of the postsynaptic 

cell, isomorphic coding requires that their effects on the transmission efficiency of a cell 

also cancel. This is satisfied by the postsynaptic use hypothesis (simple use) where neu- 

ronal change is a function only of the output rate of the postsynaptic cell. In the case of 

concurrent use, the agent of neuronal change is the substance passing between pre- and 

postsynaptic processes and this interchange is a function not only of postsynaptic firing but 

also of the input rates at each synapse. For the molecular agents of inhibitory and excita- 

tory inputs to counteract each other, they must be mutually antagonistic and must be able to 

diffuse and interact, even if only on a local basis (assuming random spatial distribution of 

inputs), after passing across the postsynaptic membrane. If input to each cell is either all 

inhibitory or all excitatory, this cancellation requirement is, of course, unnecessary and 

the transport can be in either direction across the synaptic cleft (this form of the concur- 

rence hypothesis is typically called specific use). 
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Fina l ly ,  i t  can be shown that  when the function e x p r e s s i n g  neurona l  change (the 

t r a n s m i s s i o n  function) con ta ins  l i n e a r  t e r m s  in A o r  B_, s ign i f ican t  no ise  r e s u l t s  in  the  

r e c o n s t r u c t i o n  field.  Since MRM coding is per iodic ,  any l i n e a r ' t e r m s  will  a v e r a g e  to ze ro  

ove r  one per iod;  DRC coding,  however ,  i s  not  t ime  va ry ing  and l i n e a r  t e r m s  can  only be 

s u p p r e s s e d  in the c o n c u r r e n c e  hypo theses  with c e r t a i n  r e s t r i c t i o n s  and cannot  be s u p p r e s s e d  

a t  a l l  in the s imple  use ca se  ( r equ i r ing ,  t h e r e f o r e ,  the absence  of l i nea r  t e r m s ,  and, in fact,  

a l l  odd-powered  t e r m s ,  in the t r a n s m i s s i o n  function). 

To s u m m a r i z e  the p r o p e r t i e s  of the va r ious  hypo theses :  ho lographic  s to rage  of MRM 

coded input i s  suppor ted  by s imp le  and c o n c u r r e n t  use  and by speci f ic  use  when input to each  

ce l l  is  e i t h e r  a l l  exc i t a to ry  or  inhib i tory ;  ho lographic  s to rage  of DRC coded input is  p o s s i -  

ble for  spec ia l  c a s e s  of s imple  and speci f ic  use;  the change  in neu rona l  t r a n s m i s s i o n  e f f i -  

c iency  (7) involves  the cel l  as  a unit  in s imp le  use ,  local  a r e a s  of the cel l  in c o n c u r r e n t  use  

(in both c a s e s ,  the change  a f fec ts  a l l  input to the ce l l  equal ly) ,  and individual  synapses  in  

specif ic  use.  

The neu ra l  ho lographic  p r o c e s s  wil l  be ana lyzed  for  the ca se  of c o n c u r r e n t  use  where  

each  c o n c u r r e n c e  con t r i bu t e s  equal ly  to the change in t r a n s m i s s i o n  ef f ic iency.  Al though any 

n u m b e r  of o the r  mode ls  could have been chosen  for  a n a l y s i s ,  th is  p a r t i c u l a r  model  has  a 

n u m b e r  of advan tages :  i t  o f fe r s  m o r e  s t r u c t u r e  and  fewer  r e s t r i c t i o n s  than the  s imple  use  

model;  i t  appl ies  equal ly  to p r o c e s s i n g  uni ts  of s ingle  ce l l s  or  e n s e m b l e s  of ce l l s ;  the 

equal i ty  of the e f fec t  of each  c o n c u r r e n c e  i s  in tu i t ive ly  a t t r a c t i v e ;  the r e s u l t s  g e n e r a l i z e  

r ead i ly  to the speci f ic  use  model;  and behav io ra l  da ta  d i s c u s s e d  in the l a t t e r  half  of th i s  

paper  show tha t  the  t r a n s m i s s i o n  funct ion m u s t  be an  exponent ia l  (Cavanagh,  1972) and such  

a function is  a fundamenta l  c h a r a c t e r i s t i c  of the model  to be cons ide red .  

The se l ec t ed  model  pos tu la t e s  tha t  c o n c u r r e n t  use  l eads  to change,  but  change in 

what  d i r ec t i on  ? Most  e x p e r i m e n t a l  ev idence ,  e spec i a l l y  in the p e r i p h e r a l  ne rvous  s y s t e m ,  

sugges t  tha t  use  weakens ,  r a t h e r  than s t r eng t hens ,  the t r a n s m i s s i o n  ef f ic iency  of a ce l l  when 

input  i s  exc i t a to ry  (Sha rp le s s ,  1964). Such a change  i s  compa t ib le  wi th  the phenomena  of 

habi tuat ion,  ext inct ion,  and spontaneous  r e c o v e r y ,  among o the r s .  Gr i f f i ths  (1966) has  

d e m o n s t r a t e d  how this  weakening  ac t s  a s  nega t ive  feedback  to s t ab i l i ze  neu ron  output; if, 

conve r se ly ,  use  led the s t r eng then ing ,  the concomi tan t  pos i t ive  feedback would produce  i n -  

s t ab i l i ty  o r  runaway  in the c e l l ' s  output.  

No e x p e r i m e n t a l  work has  been done on the e f fec ts  of i nh ib i t o ry  input.  However ,  to 

obta in  the s ame  s tab i l i ty ,  c o n c u r r e n c e  of the posts)~aaptic ac t ion  potent ia l  wi th  the a r r i v a l  

of inh ib i to ry  impu l se s  m u s t  lead to s t r e n g t h e n i n g  of the e f f ec t i venes s  of inh ib i to ry  input.  If 

weakening  (i .  e . ,  r e l e a s e  f rom inhibit ion) w e r e  to r e su l t ,  the c e l l ' s  output would aga in  i n -  

c r e a s e  au tonomously .  
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The concu r r ence  of action potent ia ls  a t  a synapse  must  af fect  not only the synapse  

involved but a lso  ne ighbor ing  synapses  which may be of s i m i l a r  o r  d i f fe rent  na ture .  This can 

be accompl i shed  if the molecu la r  agent r e l e a s e d  by an inhibi tory concur rence  s t r eng thens ,  

and that r e l e a s e d  by an exc i ta to ry  concu r r ence  weakens ,  the r e c e p t o r  sens i t iv i ty  of e i the r  

type of synapse .  These  two act ions a r e  then also mutually antagonis t ic ,  as  previous ly  r e -  

quired.  Since the model  is a d d r e s s i n g  shor t  t e r m  m e m o r y  p r o c e s s e s  with a t ime sca le  in 

the o rde r  of seconds ,  such changes  in r e c e p t o r  sens i t iv i ty  (assuming  exc i t a to ry  input) might  

be seen  on a g ros s  level  as fatigue or accommodat ion ,  a cons i s ten t ly  observable  ce l lu la r  

phenomenon. 

Var ious  assumpt ions  have been made concern ing  the m e c h a n i s m s  of neuronal  change 

and the ana lys i s  of holographic s to rage  and r e t r i e v a l  will  now be undertaken based  on these  

a s sumpt ions .  It must  be emphas ized  that the feas ibi l i ty  of holographic p r o c e s s e s  does not 

depend on these  a s sumpt ions  and that  equivalent  der iva t ions  r e su l t  f rom a var ie ty  of o ther  

neuronal  models .  

F igure  3 shows a single neuron (chosen a r b i t r a r i l y  so that  no subsc r ip t s  will  be used) 

where  A r e p r e s e n t s  the a lgebra ic  sum of input f rom the a wavefront  and B the sum f r o m  

the b wavefront .  

A B 
m m 

"t 

÷ 

FIGURE 3: A s ingle  neuron in the s to rage  field. A and B a re  the sums  of all  
the input e f fec ts  f rom a and b r e spec t ive ly .  
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Consider ing the MRM code, when the total synaptic ef fec t  is posi t ive,  then the output 

of the cel l  is in phase with the input. With mult isynaptic  input, the input and output p r o c e s -  

ses  can be cons idered  independent t with l inea r ly  re la ted  means.  The expected number  of 

concur ren t  p r e -  and postsynaptie action potentials (hits) per  unit t ime is  then d i rec t ly  p r o -  

portional to the product of the mean input and output ra tes .  

E(hit) = E {(r e + 7(A+ B)). (A+ B)} . (20) 

E - expected value 

Assuming that the duration of exposure ,  t, is  a random var iable  unrela ted to the per iod of 

the modulating wavefront ,  the expected number  of hits can be es t imated  by averag ing  ove r  

one period, 

E(hit) = 

• ( rA+ r B + A  c o s ( 2 ~ t +  0) + B c o s ( 2 ~ t +  ~)) d(2~ft) 

E(hit) = T(rA+ rB)2+ r c ( rA+  r B) + 7(A2+ B2+ 2AB cos ~) (21) 

where  ~/= 0 -~ .  
"~ - phase di f ference between the two 

inputs 

If each hit contr ibutes  an equal amount to the weakening of the t r ansmiss ion  efficiency, 

then the ra te  of change of 7 wil l  be l inear ly  re la ted  to E(hit). Assuming  an equi l ibr ium 

process  that maintains T at a steady level  when there  is no input other  than the base r a t e s ,  

the express ion  is 

d~-dt = - aE(hit) + a (7 ( r  A + r B) 2 + r c ( r  A + rB)~ 

= -~'r(A2+ B2+ 2AB cos ~ (22) 

In tegra t ing over  t, the total t ime for which the s torage  neuron is  exposed to A and B_ 

~te- at(A2 + B2 + 2AB cos 
= (23) 

a,  ~t - constants .  

1 
While an a r r iv ing  spike may init iate an action potential (or suppress  an imminent  one in 

the case  of inhibitory input) at or  near  the rece iv ing  postsynaptic site,  this spa t io - tempora l  
input-output dependence only occurs  with significant  f requency for the few synapses near  the 
axon hil lock. With the number  of input p r o c e s s e s  in the o r d e r  of thousands (10,000 synapses 
is  typical  in the cortex) ,  the major i ty  of spa t io - t empora l ly  s imultaneous p r e -  and pos tsyn-  
aptic action potential a r r i v a l s  will  occur  as the postsynaptic action potential sweeps through 
the dendri t ic  t ree .  Thus, for de termining the ra te  at which these even a re  achieved,  the 
input and output p rocesses  a r e  ef fec t ively  independent. 
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If the total synaptic effect is  inhibitory,  the output c will  decrease  when input (A+B) i n -  

c reases .  Therefore 

E(hit) = E { ( r c -  v(A+ B.))" (A+ B)} (24) 

and the average,  as  in equation (21), over one period is  

E(hit) = -7(rA+ rB)2 + rc ( r  A + r B) - "r(A 2 + B2+ 2AB cos 3') (25) 

However, each hit now contr ibutes  to the inc rease  of 7. Again, with an equi l ib r ium process ,  

dtd7 _ + O~E(hit) + ~(7(rA+ r B) - r c ( r  A + rB) ~ = -~T(A2+ B 2 + 2AB cos 3') ," 

again, 7 = ke -a i (A2+B2+2ABe°s3` )  

As expected, both exci tatory and inhibi tory input (and therefore any combination of 

the two) lead to the same storage charac ter i s t ic .  ~ r ep re sen t s  the storage parameter ,  the 

s trength with which incoming information a l t e r s  the cell .  k is s imply the base level  of 0- 

with no information s tored and t r ep re sen t s  the exposure t ime of the input. The e lements  

of [7], the diagonal mat r ix  of t r ansmis s ion  coefficients that codes the neura l  hologram, are  

given by 
2 2 

-c~t(A. + B. + 2A.B.cos 3`.) 
I I I I 1 

ii 

For  the DRC code, there a re  l imi ta t ions  on the in te rneura l  connections and base 

f ir ing ra tes  that will allow useful storage. The res t r i c t ions  a re  that the total synaptic effect 

must  be inhibi tory and that the base ra tes  a re  re la ted  as follows: 

r e = 2(rA+rB) . (26) 

In e lec t r ica l  engineer ing t e rms ,  equation (26) places the quiescent  point midway in the ope r -  

ating range of the neuron,  tt  is  the optimum operat ing point in that it  allows the maximum 

signal input without distort ion;  never the less ,  it  is  a definite r es t r i c t ion  on the general i ty  of 

the model. The expected rate of hits in this case is  

E(hit) = -~-(r A + r B) 2+ rc ( r  A + rB ) + ( r  c _ 2~r( rA + rB)~ "(Aevn0 + Bevn~) 

- 7(Aevn0 + Berne) 2 

Because of the res t r ic t ion  of equation (26), this reduces  to 

E(hit) = -T( rA+ r B) 2 + rc (rA+ rB ) _ T(Aevn0 + Bevu~) 2 (27) 
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Thus the combined  ef fec t  of the two r e s t r i c t i o n s  is  to e l imina te  the f i r s t  o r d e r  t e r m s  of 

evn0 and evn~. It  can  be shown tha t  these  t e r m s  make  any useful  r e c o n s t r u c t i o n  of i n f o r m a -  

t ion imposs ib l e .  

The  r a t e  of change of ~ i s  now 

d--'T'Tdt = v~E(hit) + ~ (T(r A + r B) 2 _ r c ( rA+ rB)~ = _ ~-r(Aevn0 + Bevn~) 2 ," 

s ince  (evnO) 2, (evn¢) 2 =  1 

and even0 • evn¢ = evn(0-  ~), 

d7 - - a'r(A2+ B2+ 2ABevn'?) (23) 
dt 

whe re  "t' = 0 - ~ ;  

thus ~- = ) te-~t(A2+ B2+ 2ABevnT) (29) 

and 

2 2 
-a't(Ai+ B i + 2AiBievn~i ) 

~.. = X e  
Ii 

Both codes  have led to the conc lus ion  of an exponent ia l  s to rage  c h a r a c t e r i s t i c .  Tha t  

i s ,  the  t r a n s m i s s i o n  coef f ic ien ts  of the neu r ons  which encode the i n t e r f e r e n c e  pa t t e rn  of the 

two wavef ron t s  v a r y  exponent ia l ly  wi th  the input  s igna l s .  I t  has  been shown opt ica l ly  

( F r i e s e m  and Zelenka,  1967) tha t  r e c o n s t r u c t i o n  is poss ib le  wi th  non l inea r  r e c o r d i n g  c h a r -  

a c t e r i s t i c s .  The main  ef fec t  of the non l i nea r i t y  is  to produce  the h ighe r  o r d e r  images  a n a l -  

ogous to the h igher  o r d e r  d i f f rac t ions  f rom an opt ica l  g ra t ing .  These  unwanted i m a g e s  can  

typica l ly  be s e p a r a t e d  f rom the d e s i r e d  r e c o n s t r u c t i o n .  

At  p resen t ,  no ana ly s i s  of the poss ib i l i ty  of decay  of s t o r e d  i n fo rma t ion  wil l  be made,  

a s  i t  does  not  play an i m p o r t a n t  ro le  in the behav io ra l  t a sks  to which the model  wil l  be 

appl ied.  The m e c h a n i s m  of s to rage  i m p l i e s  that  t h e r e  may  be an  exponent ia l  decay al though 

th is  is  not  s t r i c t l y  t rue .  The in fo rmat ion  might  r e m a i n  unchanged ove r  t ime  unt i l  some e x -  

t e r n a l  con t ro l  s ignal  e f fec t ive ly  c a u s e s  i t  to be e r a s e d .  In a s i m i l a r  m a n n e r ,  a con t ro l  s i g -  

nal  might  a l so  govern  the r e c o r d i n g  of in fo rmat ion ,  i n c r e a s i n g  the value  of a (equat ions  (23) 

and  (29)) to s t o r e  i n t e r f e r e n c e  p a t t e r n s  and d e c r e a s i n g  o~ to ignore  them.  

R e c o n s t r u c t i o n  

Having developed e x p r e s s i o n s  for  % the f o r m  of the r e c o n s t r u c t e d  wavef ron t  can  now 

be d e t e r m i n e d .  In i t ia l ly ,  the ampl i tude  moduli ,  A and B, wil l  be a s s u m e d  cons t an t  for  

each  neuron  to s impl i fy  the de r ived  e x p r e s s i o n s ;  the effect  of r e l ax ing  th i s  a s s u m p t i o n  i s  

ana lyzed  at  the end of th is  sec t ion .  
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To obtain r econs t ruc t ion  af te r  the in te r fe rence  pat tern  of A and B has been s tored,  

A alone or  B alone is input to the s to rage  field. 

M R M  Code. Consider ing recons t ruc t ion  with the input of the A wavefront ,  output at  

an a r b i t r a r y  neuron is 

2 2 
_e = re  + h e -  t~t(A + B + 2AB cos T) • (rA+ rB+ A cos(2~Trft + 0)) . (30) 

As  demons t ra ted  by Tokarsk i  (196d) in the opt ical  case ,  the t r ansmis s ion  coeff icient  can be 

expanded in a F o u r i e r  cosine s e r i e s  to de te rmine  the image producing t e rm,  

C : r c+ ( rA+rB+ACos(27 r f t+0 )~ .  ~ . . ~ T  cos(m (31) 
0 m / 

T , m = 0 , 1 , 2 , . . .  - Fou r i e r  coeff icients .  m 

Only the t e r m  for m = I wil l  contain a r ep l i ca  of the B wavefront ,  all  t e r m s  for m > 1 

produce higher  o rde r  images .  The m = 0 t e rm  is  a constant .  The f i r s t  two F o u r i e r  coef -  

f ic ients  a r e  

27T 

1 I -~t(A2+ B2+ 2ABcos 
T O =  ~ e 

0 

1 1 27r e -  err(A2+ B2+ 2AB cos T) 
T t =  7r 

0 

dT = e-°~t(A2+ B2) 
• 10(2~AB) (32) 

10 - zero order modified Bessel function, 

• cos TdT = -2e-e~t(A2+ B2). i i(2~tAB) 

11 - first order mofified Bessel function; 

thus 

(3O 

C_ = r c + (rA+ rB) X ( ~ 0  TmCOS(mT)~ + A cos(27rft+ 0) he-a~:(A2+ B2) 10(2~AB ) 

- A  cos(27rft+ 0) @ ~ e - ~ t ( A 2  B2).  1 l(2a~tAB)~ cos  T+ higher  o rde r  t e r m s  (34) 

In equation {34) : rc  will  produce the base  f i r ing r a t e s  a t  the output field; rA+ r B and cos mT 

a r e  independent and so w{ll genera te  a randomly  d i s t r ibu ted  noise field that  is  subsumed in 

the base  r a t e s  a t  v;  the th i rd  t e r m  is constant  for a l l  the neurons of the s torage  f ield so that  

there  is  no output in v as  a r e s u l t  of this  t e rm  (equations (14) and (15)); the fourth t e rm  is  

the recons t ruc t ion  te rm;  the higher  o rde r  t e r m s  propagate  to v, but, analogous to the op t i -  

cal  case ,  can be separa ted  f rom the des i r ed  recons t ruc t ion  by the t r a n s f o r m  Z. The r e c o n -  
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struction te rm is then 

c = -Xae -at(A2+ B2) 
r 

11(2 tAB) (2 cos(2 t+ 0)- cos 

but "y= 0 - ~  

c = -kAe-a~t(A2+ B2) t (2~tAB) (eos(27rft + ~) + cos(2~ft+ 20- ~)) . 
r 1 

(35) 

Since amplitude moduti were assumed constant, only the phase of the B wavefront need be 

recovered for reconstruction. This is  the case in equation (35), the f i r s t  cosine te rm being 

the phase of B_. The leading te rms represent  the amplitude of the ]3 reconstruction; the 

second cosine term is the complement of B and is s imi lar  to the conjugate image in optical 

holography. 

Thus a l inear reconstruction of the B wavefront has been obtained (the l inear i ty  is 

par t ia l ly  a resul t  of the assumption of constant amplitude moduli) allowing the conclusion 

that neural holography can be achieved using this very general  mean rate  modulation code. 

The complementary and higher order  reconstructions are  equivalent to the multiple images 

produced in optical holography. It is  reasonable to assume that these can be separated from 

the des i red  reconstruction given the appropriate anatomy of the neural s tructure.  

DRC Code. The analysis  of reconstruction with the DRC code leads to a ra ther  

significant resul t .  Considering again input of the A wavefront alone, equations (6) and (29) 

give 

c = r c -  ( rA+ r B + Aeven0) ke -  c~t(A 2+ B 2+ 2ABevn~ 

Expanding the variable part  of the exponential, 

ke-~t(A2+ B 2) ( (2o~tABevnT) 2 
r e - (rA+ rB+ hevn0) l i  c_ = - - 2 c~tABevn~/+ 2' 

but (e~Y) 2 n =  1 

and (evaT) 2n+l = evn~,  n - any integer 

} 

c_ = r c -  (rA+ rB+ Aevn0) ke -  at(A2+ B2) • %1 + (2~AB)22,-----~-- + (2aCAB)44------~- + " "  

-(2a'tAB)evn7- ( 2 ~ B ) 3  evn~- (2atAB)5 
3~ 51 evnT- . . .  t 

c = r c -  (rA+ rB+ Aevn0) ke" tit(A2+ B2). (cosh(2a, tA B) - sinh(2atAB) evnT) (36) 
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2 2 
_ + + n - c~t(A + B ) 2~t c = r c - ( r  A r B Aev 0)~.e cosh( AB) 

+ ( rA+ r B) he - v~t(A 2+ B 2 ) sinh( 2atA B) evn7  

2 2 
+ ~ A e - a t ( A  + B  ) s inh (2~AB)evn0evn7  (37) 

r i s  aga in  the base  r a t e ;  the second t e r m  conta ins  the d i r e c t  t r a n s m i s s i o n  coeff ic ient  which 
c 

is  cons tan t  for  a l l  neu rons  and t h e r e f o r e  a l lows propaga t ion  to u but not  to v_j in the t h i rd  

t e r m  rA+ r B and  evn~/ a r e  independent  v a r i a b l e s  and thus produce  r a n d o m l y  d i s t r i bu t ed  

no ise  in v ;  the fourth  t e r m  is  the r e c o n s t r u c t i o n  t e r m .  

a t .  2+ 2. 
c = ~Ae-  (A B ) sinh(2a'tAB)evnOevn7 ; 

r 

but evn0 • evaT = ewa(0 - 7) 

and 7 = 0 - 

kAe_at (A2 + 2 
c = B )sinh(2a~tAB) .evn~ (38) 

r 

The d i r ec t i on  d imens ion  of the B B - wavef ron t  is  r e c o v e r e d  (eraS) and s ince  ampl i tude  moduli  

we re  a s s u m e d  cons tan t ,  B has  been l i n e a r l y  r e c o n s t r u c t e d .  The i m p o r t a n t  r e s u l t  i s  tha t  

only one wavef ron t  componen t  is  gene ra t ed ;  the c o m p l e m e n t  of B is  not  p roduced  no r  a r e  

h igher  o r d e r  images ,  even though the r e c o r d i n g  is  n o n l i n e a r  ( th i s  r e s u l t  wil l  hold for  any 

fo rm of nonl inear i ty ) .  Th i s  s impl i c i ty  ia  the output space ,  which cannot  be obta ined  in the 

opt ical  or  neu ra l  MRM c a s e s ,  p e r m i t s  a g r e a t  deal  of gene ra l i t y  in the n e u r a l  a n a t o m i e s  

app rop r i a t e  for holographic  p r o c e s s e s .  

The  Effect  of Var i ab l e  Ampl i tude  Moduli, The p rev ious  sec t ions  have dea l t  wi th  

s to rage  and r e c o n s t r u c t i o n  with the a s sumpt ion  of a cons t an t  ampl i tude  of input to each  

neuron .  The in fo rmat ion  s to red  and r e c o v e r e d  was that  of phase  or  d i rec t ion .  Allowing the 

ampl i tude  moduli ,  A and B, to v a r y  ove r  the s to rage  neu rons  i n c r e a s e s  the amount  of i n -  

fo rma t ion  tha t  can be r e p r e s e n t e d ,  while s t i l l  p e r m i t t i n g  the faithful r e c o v e r y  of phase  o r  

d i rec t ion .  I t  is  not  poss ib le ,  however ,  to r e c o v e r  the ampl i tude  t e r m s  without  a c e r t a i n  

amount  of no ise  and  d i s to r t ion .  Since the condi t ion of s t r i c t l y  cons t an t  moduti  i s  unl ikely  in 

the b ra in ,  i t  is  i m p o r t a n t  to d e t e r m i n e  the fo rm of the r e s u l t i n g  d i s to r t ion .  

Examina t ion  of equat ions  (34) and (37) shows tha t  t h e r e  a r e  t h r e e  s o u r c e s  of d i s -  

tor t ion .  F i r s t ,  the t e r m s  [~te -a t (A2+B2)  10(2v~tAB) },J f r o m  equat ion (34), and 

~Xe -a t (A2+ B2)cosh(2o~tAB)}, f rom equat ion (37), a r e  the d i r e c t  t r a n s m i s s i o n  coef f ic ien ts .  
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As the constant terms in 7, they allow propagation to u but not to v. With variable moduli, 

these expressions are no longer constants. Their spatial variation is independent of 0 and 

and so produces a uniform noise output to v that increases in proportion to the variance 

of A and B. The effect of the noise depends on the ratio of the "area" in v to which the B 

wavefront propagates, to the total "area" reached by the noise. This ratio is determined by 

the output transform Z which could theoretically shrink the reconstruction "area" to mini- 

mize the effect of the noise. 

The second source of distortion arises from the encoding of the amplitude in the 

product of an exponential and a Bessel (equation (34)) or a hyperbolic sine (equation (37)) 

function. To determine if the amplitude of B is recoverable, the products are expanded; 

from (34) 

and from (37) 

-atA 2 F f l  -OttA2\3 
~tA • e F + (39) 

The expansions do contain first order terms in B. The first nonlinear term is cubic; how- 

ever, the coefficient of this term can be made to equal zero with appropriate values of ~, t 

and A. 

The third source of distortion can be seen in equations (39) and (40). The terms to 

the left of the braces should be constant for a faithful reconstruction; the value of A, how- 

ever, is variable. The variance of A around its mean value thus superimposes a random 

field of noise on top of the reconstructed B__ wavefront. Again there is a tradeoff between the 

increased information capacity with variable moduli and the resulting increase in noise. 

These sources of noise and distortion are similar to those faced in optical holography 

where a careful choice of recording geometries and techniques usually suffices to minimize 

their effects. It is evident that if the brain were to use holographic storage, it too would 

have to make careful choices of neural transforms and signal codes; these choices could be 

made by natural selection in evolution. 

In addition, the brain might have another mechanism to aid in noise suppression. If 

the neural holographic structure were two intersection networks as suggested previously, 

the self-seeking reverberations of such networks could act as feedback to suppress non- 

linearities and random variability. 



32 

Storage of m o r e  than one i n t e r f e r e n c e  pa t t e rn  

It  is  poss ib le  for  the n e u r a l  ho log ram to r e c o r d  m o r e  than one i n t e r f e r e n c e  pa t t e rn  

while s t i l l  a l lowing s e p a r a t e  r e t r i e v a l  of wave f ron t s  f rom individual  pa t t e rn s ,  The equ i -  

va len t  opt ical  c a se  (mul t ip le  s to rage  on two-d imens iona l  ho lograms)  ha s  been ana lyzed  by 

Col l i e r  and Penning ton  ( i967);  t h e i r  s tudy showed that  r e c o n s t r u c t i o n  with no c r o s s t a l k  i s  

poss ib le  when the wavef ron t s  be ing  s t o r e d  a r e  uniquely coded- - i ,  e , ,  t h e i r  c r o s s - c o r r e l a t i o n s  

with o the r  wave f ron t s  to be s t o r e d  a r e  m i n i m a l  or  ze ro .  Th i s  r e s u l t  g e n e r a l i z e s  r e a d i l y  to 

the neu ra l  c a se  as  the wavef ron t s  A and B v a r y  uniquely over  the s to rage  f ield and can  be 

a s s u m e d  to have  l i t t le  c o r r e l a t i o n  to subsequen t  s e t s  of wave f ron t s  be ing  s to red .  Co l l i e r  

and Pennington  r e p o r t e d  that  the c r o s s t a l k  in th is  c a se  is  t r a n s f o r m e d  into un i fo rmly  d i s t r i b -  

uted no ise  tha t  does  not  i m p a i r  r e c o n s t r u c t i o n .  

Storage of mul t ip le  pa t t e rn s  in the n e u r a l  c a s e  i s  ach ieved  by the sequent ia l  exposu re  

of the s to rage  f ield to p a i r s  of input wavef ron t s .  Fo r  the MRM code then,  

N 
' 2 2 

7 = k e x p  ( - ~ _ ~ t . ( A . + B . + 2 A . B . c o s ~ )  , 
\ j=l  j J J J J  

N - n u m b e r  of p a t t e r n s  s to red .  

A s s u m i n g  tha t  the wavef ron t s  have the s a m e  a v e r a g e  ampl i tude  moduli  and that  exposu re  

times are equal, 

N 

:~ = k exp c~Nt(A2+ B 2) - 2~tAB , cos  
j=l  

Expanding as  the p roduc t  of N F o u r i e r  cos ine  s e r i e s  (equat ions  (32) and (33)), 

N 

7 = k e  -~Nt(A2+ B2) .  - ~  {10(2~tAB) - 2 t l (2C~AB)cos7  j + . .  .}  
j=l  

7 = k e - ~'Nt(A 2+ B 2 )  (10 (2a~AB)) N 

B2). (10(2 AB))N-1. - 

+ in te rmodu la t ion  and h igher  o r d e r  t e r m s  

N 

COS ~/~ 
j=l  

(4~) 

The f i r s t  t e r m  is  the d i r e c t  t r a n s m i s s i o n  coeff ic ient ;  the second is the r e c o n s t r u c t i o n  t r a n s -  
.th 

m i s s i o n  coe f f i c i en t - - each  cos  % conta ins  the in fo rmat ion  for  r e c o n s t r u c t i o n  of the j w a v e -  
J 

f ront .  In te rmodula t ion  or  c r o s s t a l k  is  produced,  on input of the i th wavef ron t ,  by the cos ine  

t e r m s  for  j ~ 1 and by the t e r m s  conta in ing  p roduc t s  of two or  m o r e  cos ines .  
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Simi lar ly  for the DRC code, 

N 

v = Xexp cgNt(A2+ -2a tAB , evn 
j=± 

Expanding as a product of N Taylor  s e r i e s  ( f rom equation (36)), 

T = ~. e-C~Nt(A2+ B2) • 

T = k e  -aNt(A2+ B2) 

N 
~-~ {cosh(2~AB) - sinh(2atAB)" e v n ~  } 
j=1 

cosh(2~tAB)) N 

N 

j=l 

+ intermodulation terms (42) 

The terms are equivalent to those for the MRM code. 

Notice in equations (41) and (42) that the reconstruction transmission coefficients 

have the same value for each of the N patterns. That is, the order of storage does not 

affect the amplitudes of the reconstructed wavefronts. This lack of a serial position effect 

would not have resulted if some form of storage decay had been assumed. Notice also that 

the amplitude of reconstruction decreases exponentially with the number of patterns stored. 

This implies that the transmission type neural hologram is a limited capacity store. Phase 

holography (Upatnieks and Leonard, 1970) does not attenuate amplitude as increasing num- 

bers of patterns arc stored and so might be a candidate model for a large capacity store 

such as long term memory. 

Conclusions 

A mathematical analysis has shown that holographic storage can be achieved in the 

neural domain for information coded in terms of mean rates; as this is a time-averaged 

parameter, it is possible for individual spike trains in a wavefront to vary randomly in 

instantaneous frequency and phase--a striking contrast to the strict frequency and phase 

requirements of optical holography. The properties of the neural holographic system were 

investigated for two classes of codes assuming, for convenience, a linear effect of concur- 

rent pre-and postsynaptic impulses. Mean rate modulation (MRM) appeared more reason- 

able in t e r m s  of operat ing r equ i r emen t s ,  although the d i rec t ional  ra te  change code (DRC) 

did pe rmi t  more  f lexibi l i ty  in neura l  t r ans fo rms .  Final ly,  the neural  hologram was shown 

to be capable of multiple s torage of associa t ions  such that information f rom each individual 

associa t ion can be r e t r i e v e d  separa te ly .  
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T h e r e  could be many s t r u c t u r e s  in the b r a i n  tha t  a r e  able  to suppor t  these  ho lograph ic  

p r o c e s s e s .  The conf igura t ion  of input  conve rg ing  f r o m  two a r e a s  is ,  of cou r se ,  w idesp read .  

I t  is  only r e q u i r e d  tha t  the n e u r o n s  a t  the i n t e r s e c t i o n  be fa t iguable  for  s h o r t  t e r m  s to r age  

to occur .  In addi t ion,  the two codes  ana lyzed  a r e  found in many  a r e a s  of the b ra in .  On the 

o the r  hand,  however ,  i t  is  a v e r y  diff icul t  t ask  to d e t e r m i n e  whe the r  the a p p r o p r i a t e  t r a n s -  

f o r m s  a r e  ava i lab le ,  Thus ,  while  holograph}, i s  a f eas ib le  s to rage  p r o c e s s  in the b ra in ,  the 

c r i t i c a l  physiological  t e s t  i s  beyond r e a c h  a t  p r e s e n t .  

On the behav io ra l  level ,  however ,  a r a n g e  of powerful  t e s t s  of the ho lographic  

hypothes i s  is  poss ib le  and these  a r e  d e s c r i b e d  in de ta i l  in a r e c e n t  paper  (Cavanagh,  1972). 

In br ie f ,  the paper  pos tu la t e s  a s h o r t  t e r m  m e m o r y  s y s t e m  that  s t o r e s  the i n t e r f e r e n c e  pa t -  

t e r n s  be tween the wavef ron t  of s e n s o r y  in fo rma t ion  r e c e i v e d  f r o m  a s t imu lus  and the w a v e -  

f ron t  tha t  codes the i n t e rna l  in fo rmat ion  or  "mean ing"  of the s a m e  s t imu lus .  Th i s  a r r a n g e -  

men t  a l lows rap id  a c c e s s  r ecogn i t ion  of s e n s o r y  even ts  and imaging  of i n t e rna l  symbols  (see  

F igu re  4} t 

The paper  i nves t i ga t e s  r eac t i on  t ime  (RT) p red i c t i ons  of the s y s t e m  for  a r ecogn i t ion  

t a sk  developed by S t e r n b e r g  (1966) in which a l i s t  of i t e m s  i s  m e m o r i z e d  and the r e a c t i o n  

t ime  to c l a s s i fy  a t e s t  i t e m  as  to l i s t  m e m b e r s h i p  i s  m e a s u r e d .  Since a t e s t  s t imulus  whose 

a p p r o p r i a t e  i n t e r f e r e n c e  pa t t e r n  has  been  s t o r e d  ( m emor i zed )  g e n e r a t e s  a r e c o n s t r u c t i o n  of 

i ts  i n t e rna l  r e p r e s e n t a t i o n  while  a t e s t  s t imulus  with no s to red  pa t t e rn  does not ,  the ho lo-  

g raph ic  s y s t e m  can c l a s s i fy  s t imul i  as  posi t ive  (s tored)  or  negat ive  (not s tored)  by m o n i t o r -  

lag output to the r e c o n s t r u c t i o n  a r e a  ( F i gu r e  5). 

1 
A, the s e n s o r y  r e p r e s e n t a t i o n ,  is a s s u m e d  to be the end r e s u l t  of s e n s o r y  p roce s s ing ,  

wha t eve r  the fea tu re  ex t r ac t i ons  o r  t r a n s f o r m a t i o n  tha t  tha t  may  include.  For  example ,  in 
the v i sua l  s y s t e m ,  A migh t  be the output of a r e a  19 of the v i sua l  co r t ex .  The t r a n s f o r m s  
r e q u i r e d  by the holographic  s y s t e m  a r e  s imply  those  tha t  al low s e p a r a t i o n  of r e c o n s t r u c t e d  
images ;  no o ther  p r o p e r t i e s  a r e  n e c e s s a r y  to suppor t  s to rage  and r e g r i e v a l .  Addi t ional  
p r o p e r t i e s  a r e  r equ i r ed ,  however ,  to ach ieve  the pa t t e rn  recogn i t ion  abi l i ty  d e m o n s t r a t e d  
by the b ra in .  Kabr i sky ,  e t  al.  (±971) and G insbe rg  (197i) have ana lyzed  the va r i ous  poss ib le  
neura l  t r a n s f o r m s  that  a r e  in a c c o r d  with human pa t t e rn  r ecogn i t ion  and  pe rcep tua l  i l lus ions .  
I t  i s  not  n e c e s s a r y  tha t  t he se  be the t r a n s f o r m s  that  map  A onto the s t o r age  field neu rons ,  
they could equal ly  wel l  p r ecede  the product ion  of the A wavef ron t .  F ina l ly ,  the ana ly s i s  of 
the holographic  r ecogn i t ion  s y s t e m  a s s u m e s  that  X, Y, W, and Z a r e  l i n e a r  t r a n s f o r m s  
wi th  r e s p e c t  to the ave r age  ampl i tude  of a wavef ron t .  Th i s  impl i e s  tha t  the column sums  of 
each  t r a n s f o r m  mus t  be cons tan t  and  a l lows the input  ( a  and b_) and output  (u and v) w a v e -  
f ron t s  to be r e p r e s e n t e d  by the va lues  of A, B, and c a t  a s ingle  a r b i t r a r y  neu ron  in the 
s to rage  fieid.  Th i s  a s s u m p t i o n  s impl i f i e s  ana ly s i s  but  i s  not  e s s e n t i a l  in any way for  ho lo-  
g raph ic  s to rage .  
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S T O R A G E  

E x t e r n a l  

l a b e l •  a 

I n t e r n a l  

l a b e l •  b 

v 

H o l o g r a m  

to 

cognit ive 

processes 

to 

LTM 

R E C O N S T R U C T I O N  

a v 

u 
B 

to 

cognit ive 

processes 

FIGI~R E 4: 

N O  RECONSTRUCTION -- a NOT STORED 

a" 

-- LTM 

An holographic short term memory system. External information 
is represented by wavefront propagation from input (a.) through 
the storage field (A_) to the output field (u_), internal information, 
by propagation from b through B to v. 
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Sternberg's (1966) original results have been replicated many times, over a wide 

variety of conditions. Typical data for this item recognition task are shown in Figure 6. 

5 0 0  

4 O O  

I 

3 0 0  

NEGATIVE 
RESPONSES 

ss~Ct SS 
~ POSITIVE 

S ~ S S ~ , ~  ~' RESPO NSES 

1 2 3 4 

N 

FIGURE 6: Typical  r e a c t i o n  t ime  r e s u l t s  for  the i t em  recogn i t ion  task.  
N is  the n u m b e r  of i t e m s  m e m o r i z e d .  

The i m p o r t a n t  f ea tu r e s  of the data  a r e  the l i n e a r  i n c r e a s e  in r e a c t i o n  t ime  wi th  i n c r e a s i n g  

length of the m e m o r i z e d  l is t ,  the equal i ty  of the s lopes  (which a r e  usua l ly  on the o r d e r  of 

30 to 40 ms  pe r  i tem) for  posi t ive  and nega t ive  r e s p o n s e s - - i ,  e . ,  r e s p o n s e  addi t iv i ty ,  and a 

h igher  i n t e r cep t  for  nega t ive  i n s t ances  than posi t ive .  In the holographic  model  of the task ,  

the locus  of r eac t ion  t ime  va r i a t i on  is  taken to be the dependence  of wavef ron t  de tec t ion  t ime  

(tdo, tdr ,  s ee  F igu re  5) on wavef ron t  ampl i tude .  The ampl i tude  of the s to rage  f ield which  

was found f rom neuro log ica l  de r iva t i ons  to be exponent ia l ly  r e l a t e d  to N, the n u m b e r  of 

i t e m s  s to red  in m e m o r y .  A m a t h e m a t i c a l  de r iva t ion  based  on the e x p e r i m e n t a l l y  o b s e r v e d  

r e s p o n s e  addi t iv i ty  a l so  suppor t s  the exponent ia l  r e l a t ion ,  jus t i fy ing the c o n c u r r e n c e  model  

of n e u r a l  change used  in th i s  paper .  In addi t ion,  the addi t ive  ef fec t  of noise  on r e a c t i o n  
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t ime  (S te rnberg ,  1967) leads  to the conc lus ion  of a l oga r i t hmic  I de tec t ion  function; th i s  

conc lus ion  is  c o n f i r m e d  by the r e l a t i on  between s imp le  RT and s t imu lus  in tens i ty  (99 .9  p e r -  

cent  of the va r i ance  of four  s imple  RT s tud ie s - -Ca t t e l l ,  1866; P i~ ron ,  1920; B a r t l e t t  and 

Macleod,  1954; Minueci  and Connors ,  1964--is  accounted  for  by the l oga r i t hmic  de tec t ion  

function in combina t ion  wi th  a log ene rgy  t r a n s f o r m  at  the r e c e p t o r - - H a r t l i n e  and G r a h a m ,  

1932). The conca tena t ion  of the loga r i thmic  de tec t ion  t ime  vs .  ampl i tude  r e l a t i on  and the  

exponent ia l  ampl i tude  vs .  N r e l a t i on  p red ic t s  tha t  r e ac t i on  t ime  i s  a l i n e a r  funct ion of the 

n u m b e r  of i t ems  m e m o r i z e d  and tha t  the slope of the function is  the s ame  for  pos i t ive  and 

nega t ive  r e s p o n s e s  with pos i t ives  be ing  un i fo rmly  f a s t e r  than nega t ives .  F u r t h e r m o r e ,  the 

a s sumpt ion  tha t  the b r a i n  op t imizes  i t s  p r o c e s s i n g  capac i ty  p e r m i t s  the slope of the RT 

function to be e x p r e s s e d  in t e r m s  of the m e m o r y  span for  the type of m a t e r i a l  be ing  tes ted .  

Data f rom the m e m o r y  span and m e m o r y  s e a r c h  l i t e r a t u r e  suppor ted  the p red ic ted  r e c i p r o -  

cal  r e l a t i on  between span and  p r o c e s s i n g  r a t e  (Cavanagh,  in p r e s s ) .  

Thus ,  on the behav io ra l  level ,  the ho lographic  hypo thes i s  is suppor ted  wi thout  

except ion on a v a r i e t y  of m e a s u r e s .  Inves t iga t ion  of the n e u r a l  ho lographic  p r o c e s s  is un -  

derway  at  p r e s e n t  on t h r e e  addi t ional  l eve l s :  the poss ib i l i ty  of long t e r m  m e m o r y  based  on 

phase  holography or  a two-s tage  "b leached"  t r a n s m i s s i o n  holography;  s ingle  cel l  r e c o r d i n g s  

of the fat igue or  habi tua t ion  of neu r ons  to c o n f i r m  the behav io ra l ly  de r ived  exponent ia l  r e l a -  

tion~ and, f inal ly,  the p r o p e r t i e s  of complex  in fo rma t ion  p r o c e s s i n g  s y s t e m s  based  on s t r u c -  

t u r e s  of i n t e r c o n n e c t e d  ho lographic  m e m o r i e s .  
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I 
The logarithmic detection is very significant from another viewpoint. The neural holo- 

graphic system that has been described is linear in terms of mean rates; a fundamental 
characteristic of random (Poisson) spike trains is, however, that the variance of the spike 
rate is linearly related to the mean. Thus, while the amplitude description of a wavefront is 
invariant over different absolute levels of firing (e. g., at different base rates, which change 
as "r changes during storage, or different directions of change--increase or decrease), the 
variance in which the amplitude information is submerged is variable. The logarithmic 
function is the one function that transforms the dependence of the variance on the mean to an 
invariance. The detectability of wavefronts is thus independent of absolute firing levels only' 
in the case of logarithmic detection. 
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