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ABSTRACT. This article is an exposition of  the view, that the complexity o f  
biologi6al s y s t e y  permits intensibk (as opposed:to extbwi"ej research on any 
level. Specifically; ( i )  new views oriistructural info'rmotion theory used t o  compare 
the efficiency of sensory systems in-measuring the :theorpticaliy ,derived maximum 
amount of.,informaiion tin the ,sensory .enviioriment, .$ji) the concept of the brain 
system involving the, arnygdaloid complex and the hypothalamus as a coupled 
harmonic oscillator system, and (iii) the concept o f  the cerebral.cortex as an e.m. 
it~terferometric (holographic) structure, are outlined. 

I. Introduction 

Review of Philosophical Basis for Study of Complex Systems. If a research 
physiologist attempts to  understand the reason for, and suitability of, a 

A . ,. sensory system in any animal, he immediately comes up against the need ... - , ;,C.! .;.' 
. . ?  

, I : ,  foksome criterion or measuring,yardstick against,&hich the sensory system 
,, , ? ,,; :,, ::<c.2 )$,%;;$ :::?\; : -,:, ;. , . , , . . . I .  . - , I ,  

; cqbb~i$a ' tkhed .  :The bidphysically oriented re;e&her:is more. likely to be 
, ,.% . . . . .- ,.,.YO', .. . , .  , .,.. :Ji~:.:$mdti$ate@ ~ ' ~ $ u ~ h : ~ " & s t i o h ~ ~ % $ t $ ~ ~ ~ t ~ a ~ a  d$sire:f$:eie$dipitour discovery. 

, . , 2 . ; - :  ' 3; ;. , j . , . . ;? , .. ,: ,,. . :, ,. , ,:9 L ' . . . . . :  . .. ;. :!. .:-',';TEe;,advocacy of':a.re&arch~'pldn or platform G'oppos8d tdresearch for 
I .  . .  . I  .. . . . .  

discovery's sake has been 'made hy Granit.' I t  shall be assumed here that ,;;- , ' 

' , understanding, rather than discovery of new facts, is the motive of the 
' ' 'biophysically oriented researcher. 

... , ..;: ., .: 
Glvtin these motives, it follows that some form of abstract theory must 

a .':< ;: 
guide research - in the case here.considered: research in sensory physiolom. 
~ e c e n t l ~ .  1heral12 tabulated the types of .scientific method: inductive, 
deductive, dialectic, mystical, pragmatic and abductive. Intended for the 

/ . .. reader motivated' by "why" type questions, this article advocates the .. ' . 
mystical approach in which some 'ce t i t r~ l 'p~ in~ip le  is taken as the unifying or 

9 

explanatory principle behind many facts and systems. Lest the reader shy 
away from the word "mystical", I shall point out that the current beliefs 

. ., in a natural world which is symmetrical, which can be described in a 



mathematically elegant way and the engineering of which is the most 
parsimonious, are all mystical beliefs. This article on sensory systems is 
intended for the scientist who agrees that such beliefs or beliefs like them 
are a t  the core of his everyday-research' activities. 

A distinction ;has been made' between "intensive" and "extensive" 
research by Wei~skopf .~  Intensive iesearch is oriented toward the formation 
of f u n d h e n t a l  laws, whereas extensive research is oriented toward the 
explanation of phenomena in terms' of those*fundarnental laws. 'According 
to  this view, the amount of intensive research tieing conducted a t  one time 
is always much less than the amount of extensive research. Anderson4 
who opposes the view that only astrophysicists, elementary particle 
physicists, logicians and mathematiclans ,and a few 

laws, may be broken a t  a higher macroscopic level:' 
have a property of "emerging" from the laws of a molecular level and 
surpassing them. From this viewpoint, relativity theory could be a 
"macroscopic theory" and Newtonian physics a "molecular theory". 
As one progresses from molecular events t o .  ,m,acroevents, the amount of 
"broken symmetry" implies increased complexity and, according to  
Anderson, this increased complexity may be described by fundamental 
laws at any level, thus refuting the Weisskopf noti'on of intensive research 
as the calling of only a few. . , . .  . .. , .  . 

In the same,vein, one m a y  claim: that.intensive, research is conducted- 
must be .conducted-in biophysics; :?be~ause:~the tcomplexity is ordered by 
its own fundamental:.laws. By an immersion.,in,.the known data, and with 
the desire to subsume a mass of observances.~nder one .or a, few!.laws, one 
searches for a belief-a. mystical bel~i~f-whicl~-.will~lle~P1ain .the all too many 
fact;. We shall stress here this working method. ;; :.'-,;, - , .:. 

Turning now to the subject of empirical.study, of: .this ,article-sensory 
systems-one may hold, as a working hypothesis,i;to, the simp1,ification that 
nature consists of, in one sense, forms of information and,tha,t the sensory 

,,; "-- 
: , . :,: sY$t''&s of a n i m ~ s ~ ~ m e a ~ ~ r e ~ ~ ~ p k ~ t s ' , ~ ~ f ~ ~ t h ~ s e e ~ ~ f o f ~ s 1 ~ ~ ~ Z ~ ~ ~ ; i ' ~ ~ : ~ ~ ~ ; $ ~ ~ ~ ~ r y  system 

.. , . .  i I . .  f : . ' , .  .\.? *'.'. .* . , ' \,.?&; ;..v, ,cr,.,l , . : : -.;;. ;. ; . -  . .. ., ... .? t 8 ,  . ' . s .  , '',*,<;{@g$', 
,.. 0 . 1,:; ~' !i:';itrans'mitr; or: commun~cates~~~inform~t~~.n~~al'd~~gi~i:pat~hyay~~~~~to~. higher order . .  ,", .,.,,.,: ,.",d..=..,,,.,,,. , . ; . C' . ., , . , - , ;I ,;y,$y ;t;:*: ,,.,; .,'., . , ,,: 

. " . a .. . . , , . :  . . : . ?.: ;.:,ceq!tgr$,.in ,,<:, ..; 'the c e n t r a l ' ~ ~ ~ r y ~ u s ~ s ~ s t e ~ ~ : ~ . ~ u ~ t P y ~ h - ~ ~ ~ $ ~ ~ ~ P ~ r ~ t ' t ' f ' i i ~ ~ ~ i 6 n  ?,),,, .,:,,,3:,,r: ,., :$.,,A. . %q,.pT, ;ty,.;! .. .:< -L-: is much 
les,s;.:ijjportant a prdblemi.than the':@ne.of . p(o.~u$<me{@$$$information). s . r . 1 , .  , 

Having adopted a mystical belief in .the form. o'f na&el'dealt' with by a 
sensory system-i.e., its informational aspect-one has a yardstick, or a ruler, 
with which one may gauge the ability of various ,designs of sensory systems 
to  fulfill their purpose in measuring nature's informational structure. 

' L .  ' 

, . 
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! I t In the attempt to  describe nature as an information structure, one has 
I ..presently an intensive research problem.' If the requirements of indushy - and society .were extra-sophisticated in their need for information measuring 1 

,devices, such a research orientation in this case would be merely extensive 
'P  and not intenswe. The ability of a b~ological sensory system t o  measure 

6 ,:{exceeds the ability of present day theory t o  describe .what the system is 
&easi.ying. In order to understand sensory measurement, the author has 

I 
,.found it necessary to develop information theory a little, or, in other 

C 

.words, to  engage in intensive* research activities. We shall examine below 

' -7 . three. :mystical: beliefs which lead to  testable hypotheses guiding research 
- .  in sensory systems: ( I )  the belief that nature-in one s e n s e i s  an information 

structure and an animal's sensory system measures with varying degrees of 
I accuracy that structure; (11) the belief that sensory systems of the "internal 

L environment" of vertebrates, involved in the dynamic rhotivational processes 
I of the brain, are part of a coupled harmonic oscillator system; (111) the 
"r belief that the regstratlon of ~nformation from sensory systems is engineered 

in the most parsimonious way, i.e., elements of the cortex are multiply used 
by various informational inputs. 

. 
. . . 11. Information Structure 

P ,  . . 

, .., . . : , , ,  . .. , An interest in information structure leads one to the quanhrn 

. .a 

analogy definition of what constitutes the ihallebt element having the 
I ability to resolve uncertainty about a possible binary choice (A. L ~ ~ A  

original suggestion mentioned by Stewart,'' Koch,ll Gabor,l2 B r i l l ~ ~ i ~ , ' ~  
, ~h$rkev ich . '~  and ~imonow'').  The early definition is that Af.At = 1/2, 

, . 

. &ere: Af is signal bandwidth and A t  is signal duration, describes the . , )? t ? J .  ' 
-4 : nkces$ary minimum element. Such an elementary signal was called a 

+! ,:. , 5 

-! :*;. 
I .  , .  

. .;>i , logGntl'by ., ,??. . ., : ,, Gabor,12 . ~ o w e ~ e r ,  such a definition permits the signal center 
. - '  fi&q'@eihcy fo a h a  center duration to to viwy.. ' A  later definition also 

requires..a further informational quantum,lr6 t o  = 1 2  A complete 
P informational measure which is;a Hilbert space representation is. obtained 

for aa*,  .where a ,= % A f . A t  + j ' f , . t o  !" 'The ~ i l b e r t  space measure, aa*, 
is a measure of energy distribution inhomogeneity and will indicate the 
number of degrees of freedom in the equations describing the system 
producing a signal as well as summed information measures."~he Hilbert 
space measur? will thus distinguish between the timbre of, say, a trumpet 

4 

and a violin, as well as between a violin and a cello because the equations 
1 

I describing such systems differ in the number of degrees of freedom involved. . . More importantly for physiologists, such a measure (aa*) should correlate 
with events at the basilar membrane.6 This measure is proposed in 
formulating a testable hypothesis about the basilar membrane. 



This way of representing information dbkerves the belief in symmetly 
and has certain practical applications. The following is an example. 

I 
Corresponding to any number of characteristic functions describing a 
system, there are expressions ( A f .  At);  and if:: describing the distribution 

i 
of energy (and thus information) in the system. Let us take four examples: 
(i) in which there is one characteristic function describing the system; 
(ii) in which there are two; (iii)' in which there are three; (iv) in which .! 
there are n. 

Thus, in case ( i)  we might have (Af .A t ) ,  -- Zi(Af.At)i = 1/2 for a 
I - 

. . .  

I, 

, I  (jv) (4. At),  + 

. . .  . 
, , . .. ( , :. , 

' membrane a traveling,wave, occursh yjth . ,audito~y,:~tim~lation~~which peaks at 
, .. . . ,  . 

I 
>$place corresponding t o  the frequency: of that;stimulation. :This peaking 
of the traveling wave is presumed to  mechaliically excite hair receptors. 

I' 
From our point of view, a Fourier transform is (performed on the incoming 

I 
signal. In cases (ii), (iii), and (iv) the center:frequencies, f , ,  of each 
(Af .At) i  may differ. Then different places: on the basilar membrane 
are excited; yet when Z,(Af.At)i  = 1 / 2 ,  i.e.; its. minimum value, the 

I 
information content would be similar, as the .minimum value is equivalent 
to  one bit of i n f ~ r m a t i o n ! ~  Even when not a t  its minimum value, as will be 

% '  

demonstrated below, the different dispersions of excitation would still be 
related to similar amounts of information. * 

The eigenvalues of the exquation ,describing. the system .in which the 
energy of ' the signal was first stored or,,,dispersed are. correlated more ' 1 '  
accurately with the true situation at the basil$ .membrane. Suppose, for 
example., that (a fAi )1  + f ; . 4 ,  , . I  0 2  = .,!J2 + i l / 2  

,. * ,..+,: ,,<, 

i e' &(&. ~l); + .j(fo';fo,)i , = 'i '.'!?; jl ) j hhe,nitLT;el* -=<: 172, 'an;i a,  a?* = 
! 

. . . , ~  , . ( ! . : ,  . . , ,;.: ./ ,:*: ,,-. ,,.% y&>) ,,$, , ,, . l l . !  ':.: , . . . 
. . 

- .  I , . ;  1'92;and 2 ,  a;oi* = 1 :  '1't 6 0 ~ l d  b e  that f o  , 1~;=iJ4;,ik~i;:;then~to = 125 p.~, 
. . . s ~,,!;;:>6,yt , ., ,v*2~~f??+, 

4, = 1000 cycles and At = 500 b.; ic $,),.,;;;$.;8? $,H$;t@en:f,, = 63 ps, 
' 

.. ' 

4,. = 2000 cycles. and At2 . .= . 252 ,p.s:.i+,:~~w;~.::com~,ire. this., case with . 
.> , YC', , -; !<? .,, , : ;~ :. . , . 

(@.At) ,  + j ( f o . t 0 ) ,  = 3/4 + j3/4 and ( A f . ~ t j ; ' ' +  j ( fb : t ; ) ,  =, : l . / 4  + j1/4 
[i.e., Z i ( 4 . A t ) ;  + j ( fo . t , ,J i  = 1  + jl as before]. .The situation is different, 'i 
yet t h e  number of logons is the ~ame:,~But..in the~second~i'nsta'rice Ci aiai* = 

. . .  

5 / 4 ,  whereas this measure was 1 in the first.instance:-.Similar.demonstrations / 

exfst . for differences between symmetric functidni ofidiffering'?degrees of i 
freedom. 

. , 
' I. I 
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, 
We see that the auditory system appears capable of measuring a 

q u ~ t u m  of information defined as Af. At = 1/2  and6' fo .  to= 1/2. Now 
y e ,  &k of $5 *less efficient,. systems. Fqr example, suppose there are 

1 sensory systems which cannot,measure t p  that fine ,grain of analysis; i.e., 

I su$$Lse Af. At > 1 / 2  and ' f o .  to > 1 / 2  for some sensory system. What 
* - 6  

constitutes an informational quantum for such systems? In answering 
I 

these questions, we nlay observe that the modulating envelope for the 
I Af. At = 1 /2  signal is a Gaussian shape and is the first of a series of confluent 

1 
hypergeometric solutions t o  the Hamiltonian for a harmonic o~c i l l a to r .~  

i The general solution for quantum information forms is: Af.At = fo.to = 
,1/2(2n+l) .  Less efficient systems may measure solutions involving a 

\ 
I higher order polynomial which would imply a fuzzy picture of nature. 

- ' q  Some elementary signal forms are shown in figures 1-4 with the first 
modulating envelope shown ~ v i n g  Af. At = f o .  to= 1/2. 

1. . ,  . . As an example of a sensory system which mebures only a fuzzy picture 
i 

'oP:nature;.we may take theJ  electric sense orgari,"of: the fish Gnathonemus 
! petersii. The transmitter organ of .  this fish generates short pulses of about 

7 . ,200c;psec . duration of frequency range 1-10, kHz and, a t  a rate varying 
between -0 and 5 pps.'" voltage of about 6 volts p-p occurs between 
those points of the skin -of the fish through which: electric ,current flows. . . The field around the fish due to  this electric current is similar t o  a dipole.lg 

, . -A:. .The.: threshold field strength is roughly proportional t o  the distribution of 
? 

< .:, , 
I .  . ...: ,&b<&yrornasts, . . ,the .supposed. receiving organs bf tKe ,fish. At the field's 

:.. , 
;: .. ::<: , > .  max.iriium, .. , ,, -.., the,:electric field.v.9ltage intensity is '0.7 m~ p-p/cm; the value 

.; i , . .  o..:. 
., : I  .of,~.tfi~~:thresh,&ld ., .:. ", .,%,:: field voltag; intensity'.:when.: the fish is exposed t o  a 

- .. ..I . . hbmogeneousfitild parallel t.p.'its axis is about 0.2 flV p-p/cm. When no 
o bstakl; is- in th;' enuironment.:6f the f ish,  its transmi t tei  produces a piimary 

# electric field strength of about 100 mV p-p/cm.lg Clearly, an elementary - signal with modulation involving a Gaussian wave shape 1 i.e., Do (x) in 

- .  figure 1j is not used in this case, as elementary signals above 3 kHz are 166 
psec in duration or less [ for Do ( x )  and Af.  At = f o .  to = 1 / 2 j  and far below 
the 200 psec observed by the fish in this frequency range. One must deduce, 

I 

t ' therefore, that the quantum of information for Gnathonemus petersii is 
; either a signal with modulation involving polynomials higher than Do ( x )  -a 

Gaussian shape-or that the pulses emitted represent more than one quantum . of the theoretically minimum kind. As no pulses of appreciably shorter 
duration were observed, one must conclude that elementary signals greater 
than those in-!olving a Do ( x )  modulation are used by this fish. 

a '  Other inyestigations might involve the sense of touch. Oscillatory , . 
stimuli can be applied to  the skin." Therefore, definition of a tactile 
stimulus in terms of bandwidth and duration is also possible. An investi- 
gation could then proceed to empirically establish the minimum quantum 
for the sense of touch. 





ELEMENTARY SKjNALS 
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Fig. 2. Elementary signals with amplitude modulations D2(x) and D3(x), otherwix as 
in Fig. 1. 
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Fig. 4. Elementary signals with amplitude modulation Ds(x),  otherwise as in Fig. 1. . . 
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Finally, the analysis presented here has applications to the investigation 
of information storage in the brain: In the case of the theoretically minimum 
quantum, i.e., Af. At = f o .  to= 1/2, an. electromagnetic field represents as much 
information as there are states of the field. Of course, biochemical events 
will influence the electromagnetic field, but the exchanges of brain and 
environment in terms of sensory messages and motor effectances are 
electromagnetic processes, i.e., the physiology or function is electromagnetic 
even if the structure is biochemical. The storage of information in electro- 
magnetic terms becomes of central importance when the brain is considered. 
Units of Measurement: I shall consider now the fundamental nature of the 
units used to  describe signal dimensions.- F;rom our point of view, four 
signal dimensions are required to uniquely define an electromagnetic signal 
in informational terms.I6 These four.signal dimensions are: signal natural or 
midperiod ( to  ), signal .duration ( A t ) ,  signal average or midfrequency ( f o  ), 
and signal bandwidth ( A n .  Their units are..respecti~ely7 : secondslcvcle 

~ . .  
'I. >'",- . l i. , .- ,,, , : - . : - ' - 

seconds, . cy,cles/sec or"Her.tz. andi.g!@>; ~,;tb:&""" ~' '  ;.: ;ii@.defSi''&8@ver both 
r~a!~i,., .. . :, ,i~.&~:d*k+:~a .i:. CS;.,.;,~ if l ,,...; ,L~~$~$&[;j .,..,, :.ik$k$ 

''$4:' :jp::; : the;;f$@q"s.F~y & ~ ~ ~ ~ . , . ,  ,... ,, (<ycles$eF!l- , . . ?$$v, . . : @d: \ ,{; , , . , y ,,,, i , ~ i F : ~ ~ ~ s , e e / . d Y ~ ~ l e ) ~ ~ ~ $ ~ ~ a ~ h 9 ; a ~ ~ ~ ~ e  s ~ , / ~ ~ ~ ~ ~ $ ~ ~ - . ~ : ~  P.~~Q~,Y~~!.- ,A.!-'e reciprocal .,;. ...;, IS. %+ ).ti.b8'!>,i,~.%2.::+.1~.id.? - measuresb'bfla r ~ ~ ~ o ~ ~ s u c c e s s i o ~  a&<Pdlve a sequence space 11~: the terms 
of functional analysis. The quantities 'At'  and 'Af'  which are defined over 
the "sec" and "cycle" domains, do not measure rate or succession and 
involve an integration space. 

Bandwidth ( ~ y c l e )  has no real representation in the time (&c/cycle) 
domain-except by. the bounding relations of an ;uncestainty, product--and 
hence .no real representation in the "ieco'nd" .domain. I t  is possible for a 
function to.  be defined in the "cycle ,~ ' . :doma~in:~aloh~nd :signal bandwidth 
is of )this nature. Association with circular' functions,.which do,have both a 
frequency and time domain referent and representation, has ;obscured the 
singular nature of singnal bandwidth. The use of Fourier methods introduces 
a circular function redefinition and conceals the .fact that prior t o  trans- 
formation no temporal referent existed. Of course,. Fourier methods always 
presuppose infinite time1'-and it is just this presupposition which should 
be questioned. L c .  , 

An example may be of use: a bandwidth of, say, 20 cycles is not a 
rate, i.e., the units used should not, b,e Hertz;. as the.:upper and lower 
bounds of the .bandwidth may refer t0~1@0~20O:Hertz,, .or any other numbers 
with a difference of 20. It is; .therefore, ,necessary:to know the; .a"erage or 
midfrequency ; (f, ) of the 'signal beFore :the upper. gnd ,l,ower ,boirids of 
the bandwidth (rneas.~<~gfi.$ip:,,,Hertz) &&..b.e, sp&ifi'iia? ~ c c ~ h i h & ' ? o  this 

. , I .  
,\>,,a,tt;. , ,,.",. , , , : : : .y . ,  ..-, ,-,, i!, < .c ,. ..t;,,$Aq!*i;.:%rge {P.,, I,;<! ,. >:;, );it. ;;: 

. : I-, ~ 0 n c ~ ~ t ~ o ~ ~ ; ~ ~ b ~ ~ , d w i d ' t ~ ~ ~ ~ ~ : : ~ ~ 1 ~  I, , ... .. ,. ,. L;,". . ,- . , ixidq:i?gkll~: ,e@G12G::& : t&gp.pek?lgrgnal I r .". . . ...:;h, fre- 
, quenf y ,  passed, minus th'e lbw&r signalfifiiEqu$nr$;$gFidj:*:It 

, . 
to  emphasize t+is observation lest the result of.. such a subtraction be 
erroneously conceived t o  be measured in Hertz. This would then be 
contrary to  what is generally meant by bandwidth - as the term is not 
used to  convey the idea of rate or speed. Thus, although :bandwidth 



ons to  the investigation is not 'a rate measure, the signals passed through a bandwidth d o  havc. 
theoretically minimum B a rate - they are defined both in terms of cycles and seconds. I t  is, there 
field represents as much 

0 fore, more than easy t o  fall into what I claim is ah error of defining the 
rse, biochemical events bandwidth by the upper and lower frequencies passed. 
gchanges of brain and Given that there are four (non-independent) dimensions to an! 
motor effectances are 

. - , ,*. ..,;,..,: :.; ,,electromagnetic signal, with two uncer,tainty relations relating these dim. '. 

tion is electromagnetic , , I , i  .. ::-: e::: ,h1+ .;.& # ~ : ~ $ : ~ ; ~ $ ~ ~ j 6 n r ~ : ~ ~ . t h e  . ,{ implic$tiio<: i s  thaf U& ;ele=tro$agnetic field must be des. 
information in electr+ ,,$: ,.,, J,, ;'I$$;". ..,.q.ir ql&S,. , . * ir:?i$%i.'t: . .  ,. 

, . . ..: .@&,,; . . 9 .- : .,: ; .,,$:,.,:. 
:,, ;., ! .  . . .A,s. ; :~ , 2;.-;$;,?~~~cribed:sirn~arly. . Y;.,. ! ,., 

* ... 
.. 

.. . 
:he brain is considei&d. ' .-: , '. .' .. *; . ,.* s ., ... .." 

1 l 
lamental nature of the.  ,,, .. . ::' .:. . 111.,.:~oupled ~ a r m v n i c  Oscillators . : . . , , 

. : '  ' ,  . , 
. . 

' . < ;  
, , . .  , ,  ~r point of view, f&f -. . ' ' .) '  > , ,  . . ' .  . . . , , ., , ! : .  :. 

, ., . , .  . .  . ..,.( ~ . 
electromagnetic signal : ' . 

$,+.. !. T o  a certain extent,? one may-[.conceive the vertebrate nervous system 
t , ., , , . &:!.,,;;' 

; are: signal natural o,r ,. . . :?as a thi;a entity keeping equilibrium against disturbances from the first an6 
)r midfrequency (f, ), * .  . second entities of the external and internal environments. The inputs from 
vely7 : seconds/cycle ,i the external environment are accepted at  a structure called the hypothala- 
are defined over both . ; . , m u s  - an "internal environment sensory system".21 The problem, then, .. . 
ins and are reciprocal ': is to  understand how these two separate inputs from the external and 
ce space in the terms internal environments are reconciled within the third entity of the brain 
hich are defined over alone. The hypothalamus does not receive direct information from thc, 
te or succession and P .. 

. . .external environment. However, it projects to  and receives from the 
: .,basolateral division of a structure called ,the -amygdaloid complex, which 

the time (sec/cycle) . . 
' dbe l rece ive  input a little more directly from sensory systems. The baso- 

!rtainty product-and lateral division of the amygdaloid compiex is a .  multisensory system.** 
. I t  is possible for a Thus, an input from the internal environment - such as blood sugar 
~ n d  signal bandwidth : level falling - may result in an informational input from the externai 
ciich d o  have both a envlrcnment - such as the sight of food - being treated in a different wa: 

an has obscured the than if that particular informational input from the internal environment 
r methods introduces ,.,did not exist - i. e., the  animal were not hungry.' Allowing for discrepancies ,. :"(.': ;"3;$ , ,  . ;ygp"$*'?" ' . . . . .' .'; . . , +. z . . .  . 
that prior to  trans- i;;;: ,dijLpp. ,i,.iji+k Gqt~$nv.~timing:!'of., inputs: .:fr5& the  ex t~ifi: *.;,-,*'+ ' ."" 'i ,'.' 

t : '  , , \r 
'1.2 and" inhemalo. environments - just 

.,,, . . CJ!:. : I,+< , ~ : t f ; ;  , , ier always ~ j ~ ~ 3 $ ; ~ ~ ~ + ~  , , ,  , bgw *. i- afterGeat~g,l~~~blood~sugaP~~does::not~~~mi~e~~ate1yyY:~~~e~.to ;.:b~-**'~'~ ' " . : $: :;: acceptable levels - .-- 
,sition which should , , , . . +  . ...~\.~il:~*, . . .' - .P. :P'-:+, : ,:" 

I 
.. the amygdalold c ~ ~ ~ l & ~ h j r ~ o t h a l a r r i i c  systkm '&ay be viewed as twc 

, r ,  < "  ., 
-.". ..,., ..I. . .:,;c~hpled h%monic oscillators.":' The. hypothalamic activities are periodic ." 

Y, 20 cycles is not a . . . ? . v , ~ .  .-,,..,I ',(!. 6, (. 1 ' :  

, . ,  :;.co+eS'i;cih&ing. t b  thk..ri&i:u~n'd.~fall of. q~i i i f i t ies  i<the internal environment 
. . . ,, :; ,;: >,*;.; .-., ,: . . "> , ,. ; . '! 

he upper and lower , , , , , ! , ; -.: con$ucii@:i'to the survival the organism. The basolateral division of the 
, .  .., . , r any othi-r numbers . . i. 

: ,. , , . ~~$gda lofd ' complex  is also in phase with this hypothalamic cyclic activity, 
mow the Jverage or ,,,thus - to ,take a specific example - placing "value" on the sight of fooe 

. < .I lower bounds of ,~;'rf!en the animal is hungry (and thus motivating the animal) and reducing 
According to this . . ';this "value" when the animal is not. Indeed, one might say that the hypo- , ; ~e upper ;cignal fre- thalamus is concerned with the primary needs of the organism, and the 

~ d .  I t  is necessary amygdaloid complex with the secondary or derived needs or incentives. 
h a subtraction be After the amygdaloid complex is removed from an animal, the 
!]is would then be . . , an~mal displays behavior which, among other aspects, indicates that in- . . 
as the term is not 

'Q.  , 
:, centives q e  "frozen" - food always tastes:,good no matter how much is 

b :'.: 
ilthough bandwidth , ! .  s , , :  .. 'eaten." On the other hand, 'without an amygdaloid complex, the hypo- , 

, . 
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thalamus cannot slgnal the needs of the internal envuonment. Thus, if 
the food is not visually present, an animal with no amygdala will tend 
not t o  engage in searching activity. It is a case of "out of sight, ou t  of 
mind". Thus, if food is visually present, overeating occurs; and if food is 
available but not present to the senses, undereating oc,curs. This paradoxical 
behavior vis-a-vis the,animal's physiolbgical neeFs cah be understood by the 
disjoin of the two coupled harnionic oscill$tof.i a f ~ r e m e n t i o n e d . ~ ~  

IV. Holography Analogy . , ,  

. <# 

Brain research over the years has useb"some of the advances in 
models. A t  the turn of the century, wh&$"elephones were a novelty, 
the central nervous system was coisideredt't: function like a telephone 
switchboard. Now the brain appears to  ,be:, in~ch t '~oke : ' e ld~"an t ly  engi- 

?34$ , ,&I,.!: 7,. .a ..$:<T:,&;,:F2;;;;!;,jg:, 
,.! neered than any Glephone system; :presently: us'Bd. j;$ece,ntl$,,.: lt has been 
.u : 
I . . . .  

c$? ?A;$ <c.m<. ;$., . A $ ,,.>, q , ..,I. -'..A. .t., A*,. ..' ,,.,..: -, A , .  ,:L;td-: e s t a ~ l i t ~ ~ ~ ~ ~ t h a t ~ ~ ~ h ~ ~ e u r d ~ T e l h s ~ ~ ~ $ ~ ~ ~ ~ ~ r a l ~ c o r t e x k i . d e  multiply 
USed+?5,:.....$~.? .: P, I~l$?-Z';,':;, : ; k ~ ~ r r > ; ~ a ~ . ? ~ , $ ~ E ? i . ~ ~ r i $ & 1 . y ~ & t & : ? ~ 5 & ~ i  @'$bi~~&f#$>&,~~ 

,,,:<T~: . ;. . . j ~dc~~~$ lc l~ ,a .~ .e+ : r i . i the  Creg~stiaf:i'on ~ ~ m ~ $ $ e v & . ~ ~ ~ ~ ) i ~ a t h e r & t h a n  being ,.,.,< $L .$,( 4 nh,-L,.,,-L ??, ,:(.J- d.-.*3%-vf- .- .)-*.~.ty.+ , , , e i" L*$&':' : ;;fzi'@,$ .,\, .. 
.,,,... / 

:g,F . i:,y 
:. set aside. for just .onk.':~arty line:T.he currenti-wldeseread lnterest in bolo- - - 

graphy or the registration of all the information contained by light waves 
on some kind of photographic storage material" has inspired some writers, 
including the author, to adopt the mystical belief that the cortex of the 
brain functions in a way similar to a (temporal) Gologram.'"."!' 

The following argument may explain the',,autho,r's.,adoption of this .. . 
belief. Consider the most elegant, the most pqs'imonious .engineering for 
a structure able to reffister informational events; then considerthe-positional 
regstration that occurs when a solid ,structure ,such as a pebble , -  disturbs . . 
in one place the surface of a yielding analog .quantity,,; suc.h,~ast,a pool of 
water.. The local disturbance .will ;-, cafter. some,: ti'me '!apse ,;;.b,eiconveyed 
by daveaver to  all parts of that analog The,.&$ogy is that, positioning 
of the disturbance in a pool can be provided by anatomical specificity of 
connections to  a cortical structure (i. e., cortical "wiring"). The cortex, 
as an analog "pool" of electromagnetic energy, has a determined input the 
place of which conveys specific inf~rmation."~" ,:,There are sufficient lateral 
interconnections in the brain as well as the; possibility of electronic 
spread for the initial disturbance to spread to  ot)iei:beas. 

A major problem in the analogy arises because {tbe$e:;,,.is : no<% viewer :..z.: , .  .;. 
of the electromagnetic-*.pool who can.i$dge . g . .z3~: ,? . .  t l ~ a t ~ o h e ~ d i $ ~ ~ ' 6 , a n ~ c ~ ' o c c u r r e d  +*,.. , .,... 

' . i t  tirne I,-' yrbm a pii$&3;1.,:&ip,j< :y$&::'ft$ - .. ,.aF&t;her,! dis.tiii&$&2r-i a t  the 
,..>v;,i!.,. ., >... . ,,, , at;;. 

same 
ji3bge,~+kd ,,,, . , :,,. :,*, .& ,<&: ,' ..,..,t'$,:-- :'*& ~~~:?.'~:%-+:l>~.~;,~ rhi:a%.p >. t ~ . ' ~ : ~ ~ ~ ~  ?~&i$~~F, 

.. . *.at., ., ..i t q e  .' . + t~~t~7:'a'ii:'inpu~fa~~s~ome;~~~stageeI;f~F~m . ,%:;. the 
. . _ ,  ,.. ,.'-,-sbint bf d66&Aation b$cau>e of late~al:apread; ' ,~b~~~Sabl<+these eveiis to be 

registered separately but without the need for a viewing homunculus, the 
belief can be entertained that the indigenous rh;yth:ms of the cortex pro- 
vide a temporal gauge. I shall call this the problem.of stimulus identifica- 

. . . . tion - with which, incidentally, the telephone switchboard belief was not 
plagued. 
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; : - , -Let us develop this viewpoint. Structures in the auditory pathway 
1 

'are: arranged "tonotopicaily", i. e., for a particular frequency of the 
n stimulus there is a particular place in a structure: at which neurons f i e  

: maximally to stimuli a t  that frequency.3i-j4 On the other hand, nerve fibers 
are! able to  l:"follow" a frequency stimulus in phase by firing a t  rates 

. . , . , .,.com.mensuratteei with a direct neural represen,tation of the stimulus in the 
' . . .  . ,. . . (  

L . I  

. ., . , 
. time ;domain: .'This ability hris been:callGd 't5:neural tdl16ying", but does not 
s e e m  to  occur at frequencies above 4.5 kHz. Using the pool analogy, the 

N 

tonotopic arrangement of the auditory pathway indicates that separate and 
. distinct pebbles are thrown into the pool corresponding to  the separate and 

": ',,,distinct center frequencies of stimuli' (f,).' Thus, a Fourier transform 
lrebr'esentation is obtained but only (i) of the frequencies (cycleslsec); 

. '  (-ii) on the cortical surface; and (iii) by neglecting temporal patterning. 
-. . , . , ,! ,The phase of the sensory signals can be coded in two possible ways. 

,.It-:is,known that ( i )  neural volleying can represent the phase of signals below 
; .4;5 k ~ z ; ~ ~  (i i )  for signals a t  all frequencies a "coincidence detection" neural 
";cbupling- might sigrial phase. Such a neural. coupling has been demon- 

: !'~ti;gfeddi~~..  he latter. o c c ~ r s  wheri the separate: inputs df two neurons - the 
I 'lf$ihg'of; which are out of phase and 'which ieai to: 'a third neuron - are 

' c). !!irranged. anatom:ically such that a discharge' fr0.m the third neuron. is only 
. , triggered when the two  separate inputs are separated ,by a ' t ime interval 

;(giving phase or absolute time differences independent of frequency). 
This delay can be arranged either by delay lines involving synaptic gaps 

3 .  
$ 

which take time for an electrical charge to  cross, or by slowness of passive 
electrotonic spread o f  the potentials in the third neuron elicited by the input 
from ,the first two neurons from different time sites, which ultimately 
trigger a discharge. 

,?. ,.$.'i-.,,l,,,, !:&:I Q;.. ,..4,..:+:s . A.. possible wa in which,,stimulus ~dentification occurs would be if an 
, , . , , , , 8 .  , , . . . .. .iit,.-. . - . , . " : ' I :  ' > ,;; (.',& 

... .. ., . . ,. _,. 

d*.in. ,, ... . . . , . . .  
, ' . , .  

,?herent cprti+'l:-~hY th,*, we~ry3:;t,b~;b~~trrigg~~e$~:!by an 'input on its way t o  the 
cortex such that any succeeding stimulus would be affected by an excitability- 

i inexcitability cycle. Such a rhythm has been demonstrated in the cat cortex 
to ,,be of 100 msec, d~rat ion.~ ' :" '  .;,. 

A pacesetting occurs in the moderately 
! , ,. ; . '. QiikSthetized cbrtex when gross evoked are recorded - presumably 

a d&riing by passive volume conduction because no spike discharges from 

i single cells are recordable in this state of anesthesia. Just how these passive 
potentials are related to  the active electrogenesis of single cell spike 
potentials remains a mystery. 

\ , , If. stimuli are applied to the cortex of a moderately anesthetized cat 
. . ' .  . , cortex: in pairs, one directly following the other, whether they be auditory, 

> , .  
.. . , 

.: ~@~al, :~somesthetic (i.e., concerned with the sen& &f touch) or even direct 
i , elec'trical stimulation, and cortical evoked macropotentials are recorded, 

1 the amplitude of these evoked responsed differ. For example, with stimuli 
. I '  

4 .  
sepaiation below about 100 msec, the second response amplitude is a frac- 

I , tion of the first; with stimuli separation approaching 100 msec, the second 
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.. 

response approaches the same height as,,ttk.:fir&., or there h a y  even be an . . .  
overshoot or heightening of the response:amplitude to the second stimulus 
around 100 msec stimuli separation. ~ h e s e  effect); arc however, very much 
dependent upon the level of anesthesia. The percentage of the second res- 
ponse amplitude with respect to  the first. is known as the recovery cycle. 
In the moderately anesthetized animal, t h e  rhticulq fonnation of the brain - ..-;.; - ,  a . I - . !  

, which is a kind of activating or &nplify*qg,syit$p fori,the.bra/n, 8. . ,,. , ,, . among other 
. things%,- is not activs. T h e .  thgamG niide$t$rough which sensory input 

5 . .. 
must pass on route to the cordx ,  is.actiye:;i~hbs,'it could be that here we ,; 4 .  :, 

have the trigger of the cortical pacemaker ,sf&ted in the thalamus by the 
. .. , 

sensory input on its way to the cortex. The result is a cortical rhythm 
which - because of the 100 msec periodicity of relative inexcitability - 
enables a temporal indentification of inco&hg signals. Thus, the sensory 
input can be identified (after Fourier transformation). .as---occurring at a .  

r : b  . .p~~~?$ w,qy$.,r +&~,.?*~&; 
certain cortical position (with h,qght ofif'Fh;t@$i&h; Iifi,:.tfikti.'S - say, s). 

&.;;. &.,2 ~t? .~&~~&y. j f : .  -j-t:, ! 

Also, the sensory' input can be identified ;~~y~~~ye~:ygqq;s);e~~$as occurring: 
at a certain cortical position a$$4r. pre.vi3us,~t~n$u~jt~i~;~~i's~~~p'~sition (with 

I ~ " , . , . . "  ,- . .- . . I  ". 2: .?: .::." 
: heightof potentlffl S - T, Tifidii2tei  i h $  c$;t;&al *ih&&tability) or 

as occuring a t  another cortical position after a previous input a t  that 
position (with height of potential s-t). The temporal coherence of cortical 
excitability-inexcitability triggered by sensory input to the cortex thus 
provides a form of memory for identification purposes and ,for possible 
stimulus integration. ,.,: . .. c ,  ':; : 

This cortical rhythm of 100 msec pro~id&sv!a tey,pq;al, coherence and 
interferes with the incoming signal. As the ih$thni involves analog waves 
and produces zero to  100% excitability within,,the 100 ms&,,iiformational 
coding ability of such a rhythm is not restrictedtd any li&itatlons based pn 
distal  reasoning. . : * ~  ; i , , ! - ~ , .  n:i !.,.3.,!,,,.. .. , 

. There appqars . tq  b e  a 'great deglicof $vid<$i~,, that .thiq neural mecha- .. ., 
nisrn;~e~is ts . ,~ '  The duration, of ,100,~msec< appe&;!to, t$,a.cntical period in 

. < : ' ' ; i  
mammalian cortical ' physiology. : In  e l , e c t r ~ ~ ~ ~ ~ p h a i o g r a p h y  j (EEG) or 
the .recording of massed potentials from the ,scdp,: the.  alpha rhythm - 
which occurs when the subject's brain is relatively inactive - is 10 Hz, thus 
involving a period of 100 msec. Investigators. studying the ability of the 
thalamic nuclei to "pace" the cortex in acute an:imal experiments have also 
noted to  influence of this period. Cortical ne+uugnsare ':paced" t o  fire a t  
100 msec intervals when thalarnic new6ns are el~$ii?$di#iti$h~itkd. Analog 

8. . !..-. . . .c- & \  

postsynaptic potentials in thalamic nebons  alsp.:.ap$eai;td(iiit ,. . , .. .:i.f.L .... % .. id< foi',?OO .. , . , msec. 
F * . . , .  ' ,,.. 

Other investigators3%ave recorde~~~intrace~u1ail&~ (wibI?in.!tee, cell) from 
neurons in the diffuse,thalarnic nuclki duringe1ectdcal dizulatibn of other 
regions of the diffuse thalamic system. Stimulation of one portion of the 
diffuse thalamic system produces heightened responses,in other portions of 
the system. I t  has also .been demonstrated that there are clusters of spikes 
(single cell firings) which occur a t  the end of. each 100 msec inhibitory 
post-synaptic (analog) po ten tial."g . , 
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These characteristic periods of the mammalian cortex thus may 
8 

provide physiological evidence of an underlying structural connectivity. 
r) ~ r e a s ~ o f  the brain other than the cortex may have their own particular 

rhythm. For example, the cat hippocampus has been demonstrated t o  have 
a characteristic slow (4  to 7 Hz) "theta" rhythm. 

. a <  

, Possibly involved in this functional dependence of the cortex on 
thalam'ic triggering are those electrical phenomena known as recruiting 

. i!,:>v!-!: . , ::. -: ,:.:...: responsq and. augmenting re sponps .  Recruiting waves are surface negative 
. ' " .a .. dj:. :::@!: 1- 

. - . . '.:' @?thercortical &face with l q n g  lateicy (ca. 15-30:;msec) and with a smaller 
- ....... . . P~!~:V~,;;$,,,*;:~,: , 1. . . i : . : .  < , I :  1 , t . . : ! s . f . ,  . - , ,''::, s ~ ~ f i c e . ~ ~ ~ i t i v ~ ~ ~ ~ h a s e  occasi,onklly pregeding and r$ten,f@llewing. Complex 

, . , -T&{qyc<j ":, . ,, . . .  . .  . ! i ;  

, . .  
, ~ j o l ~ ~ ~ a ~ i c ~ f o i m ~ & e  cdhm';in." They iire most basily elicited by stimulation . ' i .  : ,  , 

of .the medial one-third of the thalamus and occupy the upper dendritic 
layer; of the cortex. They are m'kimally recorded in cqrticalregions other 

. . thfth,  the primary sensory projection areas with a distribution and morpho- 
lagy Gimilar to that of spontaneous slow wave "recruiting spindles" seen in 
barbiturate . ' .  , , narcosis and sleep. 

6bg-rnenting waves have a latency of approximately 10-20 msec, and 
fo1lb.y :;he repetitively elicited primary sensory responses to stimulation of 

10 .. 
: thalamic . , .  radiations at the samebptimum frequency forrecruiting responses. 
An gugmenting, wave is an in&easingly large negative wave with a peak 
5-15 msec later than the peak of the specific response negative wave. 

Both recruiting and augmenting waves increase the amplitude of 
cortical responses to repetitive (5-10/sec) shocks t o  the thalamus. I t  has been 

I demonstrated that even where the spontaneous rhythm of the cortex is low, 

I 
weak shocks to  the optic nerve are effective only when they fall in certain 
phase relationships with an inherent cortical rhythm which is not accom- 
panied by a potential fluctuation in the record. An interval of about 0.2 

r ,sec .or multiples of this can be found a t  which successive shocks will be 
. ' eqkally, effective. A slight change of phase relationships a t  the same ;j . . 'I;',, ,? .' ,.i- " ... , .'" ?*jt&,'\3& 1.. k. . ' ',.. ,b. ."" ;:, , ; , ,  , l,$frequency ;y,,i?:i;.:,., . $will:. .. , . alter . t h e  amplitude: of the.  whole. series of responses. A 

., . -'.::'ic:~~l!ght ciikrige o f :  ,frequency 'will: &use ,* alt&aiing.slow increase and . : . i , ,  ,.l~;.E."!j':::. \, . - . . . . 
.; l.de:ccefisesjof, s ~ $ s s ~ v e  :respqnses, i n  a:mapner stri(tly corresponding to  beat I, , ! . . ;  ! c  . , .  Is'.: ?..,. . . . .  . . . ! freq'uehby phenomea. 

f A single volley to the optic nerve synchronizes corticothalarnic 
i circuits even if they are asynchronous, and their summated responses 
I .then follow periodically as part of the cortical response to  stimulation. 
! the series of spikes which appear on the main cortical discharge may 
i represent the repetitive discharge of cortical elements; when not appearing 

I as separate spikes, temporal diffusion inay fuse them t o  a smooth elevation. 

I It appears that the sensory input alone requires to  activate facilitatory 
I > pathways which enable the very same sensory input to  be registered in 
I higher order cortical centers. 
1 ' .  





to  the optic nerve,. the f the one dimensional nature of time. Furthermore, phase differebdes in-' . . ' .  

1 0.2 sec interval, being t spatial frequencies are not the same as phase differences recorded holo- 
the first. The cortex is 

9 graphically. Indeed, spatial frequencies and spatial phase can be recorded. 
r the first stimulus has by conventional photographic processes. A spatial phase is not, therefore, 
elements of the cortex. a direct stimulus of a three dimensional visual world a t  all. 
"gal pathways is essential ,. ).&, ' 1  " 

., .. .;:,.v ' 
I have touched on audition, vision and somesthesis as sensory systems 

..' ,, ,;::i;,; :?;: 
, .  ,. ,. $ I  .,,:.,l:.a;.:, amenable to  an information theory analysis - with reservations about the .t the cortex to register . . :';:.;;j  IS;;^, . 

.... , k c  .. 5:;: ... %:: ,-i.:: : visual. sense due t o  the treatment of light waves as either present or absent 
OrY input per se, and:-$&{y;;;,:<,: ,Gq$$t,;:7: 

, .~ r '  - 
a i d  because the third,,dimension - b h g e  - is not registered by the visual 

s triggered by the 2am& 
system (spatial' phase having been discbunted as having any relation to  a 

xferometric structure. 28 
visual third dimznsion). Elsewhere, I have called the visual world an 

gistered in the cerebral 
incomplete transmitter of inf~rmation. '~ 'We shall leave the chemical senses 

t, entertain the mystical out of consideration here. This is because i t  seems likely a t  the present time 
most assuredly is that stimulation of chemical sense organs is based more on the structure of 

.kf" concerning whether 
molecules than the chemical composition of the molecules themselves. 

:ertain ,cases the central One might almost believe that the structures being measured are actually 
1 in the'physical signal.40 

used - maybe as an enzyme, maybe during a chemical reaction ionized 2s - for which the original radicals aie exposed which affect the membrane structures. In any event, a 
' registered in the visual i structuia information' theory based on ele'ctromagnetic energy forms 18 not 

> I 
ial' system is achieved by 
? spatial frequency of a 
cycles of dark-light bar 
ore, a Fourier transform 

i 
ke a spatial filter because 1 .  

.e visual pathway, unlike I 

jstration of transients in ! 
on itself (although color . ..,: 

*I. ... r 
j, whereas structural :. -,: !, j~;;$i 

;: . *f."4:'*;4@ forms of energy of ;)i'sF$$qq 
1 theory 'might be bas~df$it%,r&?%;7, 

% !  > .,-; .,7.9;&.?;. Ji % of light dnergy. Tirne $j ',. I"'" .-,..., . " 

n, but spatial frequency. 
the Af.At = fo . t o  = 1/2 / 

i = fo, .s,  = a constant 
landwidth; As is extent i 
midextent of the signal). 
a constant signal wave 

stan t spatial distribution 
ight is treated as either 
)f temporal distribution. 
ion terms also runs into 
space as compared with 
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.needed iih describing tee form o f  bature measured by the chemical senses; 
the structure is provided by molecular forms. 

' 

In summary, the complexity of biological systems permit intensive 
research on every level - not merely the moleculir. In understanding and 
comparing sensory systems, a metakonception or mystical belief - structuiol 
information theory - has been adopted. The complexity of such systems has 
made the further development of structural information theory necessary. 
BY using structural information theory as a metaconception of what is 

( for measurement) against which the efficiency of sensory systems 
can be compared, a comparative analysis of sensory systems can 

In understanding the function of sensory systems of the 
:pnvironment, a:.mystical belief -.coupled harmonic oscillators - has 

been adopted. ~iAail$, in unders&&ng the information registration 
capability of cortical structures, a mystical belief - electromagnetic inter- 
ferometry - has been adopted. It is suggested that the development of these 
beliefs is intensive research. 
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