CHAPTER 14

ODDSAND n's, AND THE MAGICAL
NUMBER LOG (2p) BITS OF
INFORMATION

RETROSPECTIVETHE GENEALOGY OFF = kH

With this chapter we cometo anendof the“Validation” blockin theflow diagramof Figure1.2. It
is, perhapsusefulto takeinventoryof whathasbeenaccomplished

Equation (2.6), F = kH, has been put forward by way of a postulate relating the perceptual
variable F, to theentropy H. Usinga simplemodelof the stimulussignal we derived

H=H(b,n I t) = >In(1+bl"t). (9.29)
CombiningEquationg2.6) and(9.19) gaveus
F=F(kb,n;1,t) = 2kin(L+bI"t). (9.20)

In ChapterslO through13, we subjectedEquations(9.19) and (9.20) to a seriesof mathematical
operationsand bearingin mind the interpretationof H as an information deriveda hostof laws of
sensorysciencethat had earlier been observedexperimentallypurely as empirical rules We also
derivedtheoreticallya numberof lawsthathavenot beenobservedexperimentallybut might well bein
the future Schematically much of thesechaptersmight be summarizedasin the “Genealogy charts
thatfollows (p. 165-6).

FIJUSTABOVE THRESHOLDFORDETECTION DISTINCTION BETWEEN
F(PSYCHOPHYSICAL AND F(NEURAL)

We continuehereour discussiorof “F at thethreshold’ begunin Chapter9. The equationF = kH
must be scrutinizedat small valuesof H. The theory, as developedin Chapter13, requiresthat a
minimum quantity of information DH, be received by the receptor before the perceiver
(psychophysically reacheghe thresholdof detection Clearly, then for H < DH at the receptor we
musthaveF(psychophysical= 0. We seemto beled to the position

F(neuronal = k'H(b; I, t) , (2.6)/ (14.1)

but
F(psychophysical= kH(b/x; I, t/x), if H(b;I,t) 3 DH,
=0 otherwise (14.2)

where x is the time dilatation factor introducedin Equation(13.28).1 Equation(14.2) is written is
contradistinctiorto

F(psychophysical= k[H(l - 1o,1)], (14.3)
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THE GENEALOGY OF F = kH
Constrain F [t constant]

F(B,n;1,t) = kH ¢ constant FECHNER’S LAW

_
B moderat Equation (10.5)
o large q LAW OF
SENSATION
t constant POWER LAW
B moderate Equation (108)

to small

Integrate F with respect to ¢

f tF( B,n; 1, 7)dr —— Observed measurements of total number of action
0 potentials in time, ¢.

Constrain F [I constantl

F(B,n;1,t) 1 constant, Observed psychophysical and neural adaptation functions.

Difference between H-values

_ AF(ﬂyn;I7t) I constant

high tiow k

Adaptation phenomena:
tiow to thigh

CHANNEL CAPACITIES
from psychophysical
and neuronal data.

F evaluated for both ears simultaneously

FB,n;I,t)=F(@B,n;1,,t) (Equation (11.42))

Equation governing SDLB (auditory adaptation).

F unconstrained

Simultaneous curve fits to multiple
sets of data using a single value
for B and a single value for n.

I and ¢ both vary
F(B,n;1,t)

A H > constant for discrimination

wherel is the stimulusintensityfor thresholddetection Thereis no supportfor Equation(14.3) thatis
evidentwithin entropytheory.

If DH were a 2cris® constant involving sensory neurons acting precisely in concert the

relationshipbetweenF(neurona) and F(psychophysicalwould be as sketchedin Figuresl14.1a and
14.1b. However sucha modelis simplistic We havebeenproceedinghithertq usingthe simplifying
assumptionthat many sensory neurons act precisely in parallel to produce the conscious or
psychophysicakffect Allowing for slight asynchronyin the behaviorof the parallel sensoryneurons
and slight variation in the magnitudeof the threshold(say DH * ., where. << DH), we would then
expecta somewhablurred peakto the psychophysicahdaptationcurve asshownin Figure 14.1c. In
this way we canaccountin a qualitative mannerfor the early rise found in adaptationcurvesof the
psychophysicatype

Information SensatiorandPerceptionO KennethH. Norwich, 2003.



14. Oddsandn’s

aH(B, n; I, t) AH constant

THE GENEALOGY OFF =kH  (Continued

Differentiate H large I

approximation

ol

WEBER FRACTION, ATI, as a function of I —— Weber’s Law
[Equation (12.6)].

Gives plateau region and Riesz curve for

differential threshold

A H constant

Using plateau

A
Weber Fraction,—, as function of F or H only
l [Equation (12.16)]

Observed effect of adaptation on equal loudness
contours (Bekesy) [Equation (12.37)]

of Weber fraction

n
Channel capaCity = E 11’1( Iplateau high/Iplateau low)
[Equation (12.23)]

(n Xlog,, stimulus range) = (2)XChannel capacity)/In 10
[Equation (12.27)]

= 1.52 ﬁ

Theoretical derivation of experimentally measured value

Several new equations govering Weber fractions
[Equation (12.32), (12.33) and (12.34)]

H(B, n; I, t) used purely algebraically

A H > constant for reaction OR conscious perception (detection)

Approximate (binomial)

Approximate (binomial) —BLONDEL REY law (and Hughes law) for detection

Approximate
(Taylor Series)

AH = H(t,) — H(t) —— SIMPLE REACTION TIME as function of stimulus intensity

Ltr min 1S minimum reaction time

Derive PIERON’S LAW for simple reaction time

Theoretical derivation of Blondel-Rey constant |«—

Algebraic form of BLOCH-CHARPENTIER law
——— Algebraic form of FERRY-PORTER law

Theoretical derivation of value of slope of
Ferry-Porter straight line

If approximately constant par:ameters for odorants — (n)(p,;) = constant

166

In Figure14.1c, we havea semtquantitativeexplanatiorfor the well-knownBrocaSulzereffect at
high light intensity (luminancé levels the momentarnybrightnessshortly after a flash of brief duration
(0.03 to lessthan1.0 s) appeargreater(asmuchasfive-fold) thanthe brightnesf a maintainedight
stimulus(1 secondor moré of the sameintensityastheflash The curveof Figurel14.1c is of the same
form asthosein Figures5 and 6 of Broca and Sulzets original paper(1902), which we can now
interpret as adaptation curves In fact, applying Equation (11.10) for adaptationdata to the
BrocaSulzer curvesof greateramplitude (far from threshold providesan estimateof information
transmittedper stimulus For example for Figure5 we have approximately

information = log,y0.5/0.03 = 2 bits/stimulus

Again, we haveuseddurationof stimulusasan approximationof time sinceonsetof stimulus the
variableusedin theentropyequation
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Figure 14.1 a&b (@) Schematicof a neuronaladaptationcurve The curve was generatedy
Equation (11.3), F = kH = ZkIn(1+bl1"/t), with k=10 and bI"" = 1.5. t,, the earliest
neuronalresponsgoccursat 1 unit of time. DH, the total information transmittedby this
adaptationprocess can be determinedusing the methods discussedin Chapter 11. The
information transmitted by the portion of the curve illustrated is, then equal to
- > In[(1+1.5/10)/(1+1.5/1)] = 0.388 naturalunits

(b) Psychophysicahdaptatiorcurvederivedfrom the neuronalkcurveof Figure14.1a by useof a
atime dilatatior? factor, x = 0.01 (seeBox 13.1). Thatis, using Equations(B.2a) and (B.2b)
from Box 13.1, we write b(psychophysical = (1/x)b(neuronal = 100b(neurona)l, and
to(psychophysical = 100t,(neuronad). Therefore this curvewasgeneratedy Equation(11.3)
with k =10 and bIY = 1500, beginning with t, = 100 time units We note that the
psychophysicahdaptatiorcurveis identicalin shapeto the neuronalcurve but shiftedforward
in time, andspreadout in time. We notealsothatthe psychophysicaturve doesnot beginuntil
information DH, hasbeentransmittedby the neuronalcurve Thatis, to(psychophysical > 10
time units Theinformationtransmittedoy the psychophysicagbrocesss equalto

- % In[{1 + (L.5)(100)/1000} /{1 + (1.5)(100)/100}] = 0.388

naturalunits, asbefore

Figurel4.1aandb arein keepingwith the experimentafindings neuronaladaptatiorprocesses
occurrapidly following stimulusonset while psychophysicaprocessegconsciousawarenessf
the stimulug aredelayedin time anddilatedin time (cf. Chapterl3). Both typesof adaptation
curve when analyzedby the methodsof Chapter1l, yield the samevalue for transmitted
information
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Figure 14.1c Schematic Recallingthat no consciousawarenes®f the stimulusbeginsuntil
the neuronaladaptationprocesshas transmittedits capacityof DH units of information and
allowing that the psychophysicahdaptatiorprocesselieson inputsfrom a numberof neurons
theremaybe arangeof thresholdsDH + ., which would havethe effectof bluntingthe curveof
Figurel4.1b to give this effect Curvesof thistype havebeenobservedexperimentally

Equation(14.2) is still, in itself, not adequatdecauset presupposethatwhenthe receptorfinally
receivesinformation DH, the psychophysicaftesponseé®jump® suddenlyfrom zero (imperceptible
stimulug to kH(l, t/x), which may be substantiallygreaterthanzera Suchjumpsatthresholdarenotin
keepingwith experienceWe require therefore somethindike?

F(psychophysical= k[H(b/x; I, t/x) - DH], if H(b/x;1,t/x) 3 DH
=0 otherwise (14.4)

in keepingwith Equation(9.22) and with the findings of Lochnerand Burger (1961). This equation
looks complicatedbecauseave areusingneuronab- andt-valueswith the time-expansiorfactor, x; but
theequationust stateghat

F = Kk(H - threshold, if H 3 threshold
=0 otherwise (14.49)

This equationis struckby way of conjecturebecausét eliminatesthe2jump starf of sensatiorand
it seemgo encompassmuchthatwe havelearnedaboutneuronal psychophysicainformationreceipt
Thereare however insufficient dataavailableto testand refine the equation So | leaveit with the
readerasthe stateof theartin theautumnof 1992.

EXPANDING THE HORIZONSBEYOND 2INTENSITY? AND 2DURATION®

The sole independentvariablesusedin the currenttheoreticaldevelopmentare intensity of the
stimulus(regardedas constant andtime sinceonsetof the stimulus The cardinaldependenvariable
the entropy H, hasbeenregardedasa function of thesetwo variablesonly. While | think mostreaders
would agreethat the initial mathematicadevelopmentasbeencomplicatedenoughwith just these
two independenvariables therewould also be tacit agreementhat the experienceof sensatiorand
perceptions considerablyoroaderthansingle monochromatistepfunctions

Thereare manydirectionsin which the entropicview of perceptionmight be extendedWe have
seenin the previouschaptey for example how simplereactiontime is affectednot only by the entropy
of stimulus intensity, but also by the entropy of stimulus onset time (Klemmers 2foreperiod
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variability?). We have also seenthat the entropy of the complexity of a task (Hick) affectsreaction
time. Sothe entropyof stimulusintensityis justonedimensionof a multidimensionaphenomenon

We haveregardedhe?law of sensatio® F = F(k, b, n; 1) [t constanl, asa functioninvolving only
threefixed parametersk, b, andn, which is an egregiousoversimplification Evenif we confine our
attentionto single constanstimuli of physicalmagnitudel, disregardingnaskingstimuli andthe like,
threefixed parametersvill not suffice Marks and Warnerhaveshownbrilliantly (1991) how context
affectsF, notjust marginally, but emphatically wherecontextrefersto the ensembleor setof possible
stimulusvalues Lockhead(1992) emphasizedhe importanceof 2assimilatiof [subjects valuesof
F(psychophysical tend to reflect the value of F in the trial just preceding. So the constrained
dependencyof F on just 3 parametersand 2 independentvariables constitutesonly a simplified
beginning | believethatthe F = kH conceptwill matureonly wheninvestigatorscarry it with them
into thelaboratory anddesignexperimentgo testandexpandit.

In Chapterl?7, we shallexplorevariousotherextensionsandapplicationsof the entropyconceptof
perception

THE EXPONENTN

| mustconfesgo a certainantipathy towardthis exponentn. | believel haveharboredhis feeling
of ill will eversincel foundit necessaryo introducethe exponentoy meansof the empiricalequation
(9.14). After all, oneof thereasondor developingthe H-functionwasto to be ableto replacea hostof
empiricalequationsvith equationghatwerelogically derived And here atthevery baseof thelogical
derivation is justthe sortof equationl wastrying to getrid of.

aBut no matter® | reasonedlyly. 2I'll just hide the unsavorylittle n, multiplied anddivided by a
hoardof otherparametergyou ve heardof the ‘lumpedparametemodel; everybodyusesthen) in a
new, synthesizecharametercalled‘q’ or ‘L2 (Greeklettersalwayslend an air of authority to your
parameters andno onewill everseethen agairi® But, asthe fateswould haveit, thelittle demon n,
keptescapingrom its parametrigorison No soonemwould | buryit in acompoundoarametet (kn = a,
Equation(10.5, 10.5a)], thenit would resurrectitself to standalonein the Weberfraction [Equation
(12.6)), andannouncats primacyon the plateauof the Weberfractionin Equation(12.27):

n In(rangeof plateay S 2dH S 3.5 naturalunits, (14.5)
or
rangeof plateausS e35" . (14.6)

| would hide its light undera bushelin Equation(13.6), making I min the primary variable only to
find thatthe n hadimmolatedits bushelto appearagainasa standaloneparametein the equationfor
simplereactiontime (Equation(13.7)), andin Piéroris equation(13.14).

Would no onerid me of this troublesomepower? | laid awakenightsplotting, but my graphscame
to naught

If Equation(9.14) hadbeenborn of the marriageof logical ancestorsl would haveno objectionto
the numerousnessf its progeny But the birth of n in the illegitimate cauldronof empirical iniquity
rankled me to my puritanical roots as | sufferedagainits brazencountenancen the form of a
fundamentavariablein the BlondelReyconstan{Equation(13.42)).

How far could n drift from its humbleoriginsin the powerlaw of sensatiofi At leastasfar asthe
slopeof the straightline in the Ferry-Porterlaw (Equation(13.51)). And, of course the approximate
law of olfactorythresholdsvould haveto be

n py =Kk. (13.55)

Well, if we cannotdisplacen, then more power to it! Let's explore various appearancesf the
exponent to seeif its numericalvaluesare consistenwith eachother. In particular let's explorethe
valuesof n measuredor the senseof hearing
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THE EXPONENTN AT VARIOUS AUDITORY FREQUENCIES

We have learnedthat there are valuesof the exponent n, that are characteristicof eachof the
modalities of sensation The measuredvalue of n is, moreover modulatedwithin a modality by
numerousfactorssuchasthe modeof measuremenimagnitudeestimationvs magnitudeproduction
(e.0. Meiselmanet al., 1972)], and the durationof the stimulus (e.g. Ueng 1976, showsthat n for
vision falls by a factor of about40% for brief stimuli). The value of n for intensity of puretonesalso
changeswith the frequencyof the tonetested In classicalpsychophysicsn canbe measurednly by
carrying out an experimentrelating subjectivemagnitudeto physical magnitude(law of sensatioh
However becaus®f the appearancef the exponentn, in manyof the equationsf the entropytheory,
we are afforded the meansof estimatingthe value of n by various techniquesthat do not involve
subjectivemagnitudes One of the potential applicationsof the entropytheory of perceptionis this
objective (or more objectivg meansit providesfor the evaluationof the power function exponent
Comparingthe psychophysicalwith the entropic evaluationof n for audition provides a further
experimentatestof thevalidity of the entropytheory.

Let usexaminethreewaysby which n canbe measuredt differentauditoryfrequencies

(i) Measuringn for puretonespsychophysicallyor manyfrequencies

One could of course proceedas follows. At 1000 Hz, measuresubjective magnitude F,
correspondingto many different physical magnitudes(sound intensitie$, I; plot InF vs Inl, and
calculaten(1000). Thenrepeathe processat 2000 Hz to obtainn(2000), etc Equivalently onecantake
advantageof chartsand tablesof equalloudnesscontours suchas thoseprovided by Robinsonand
Dadson(1956), a techniquethatwasusedby LochnerandBurger(1962). In this method onemeasures
F vs | only once for 1000 Hz, giving n(1000). Representhesemeasuredr-valuesasF(l 1000) (seesone
vs. phon Evans 1982). For example whenl o0 = 80 dB, F(l1000) = F(80 dB) = 15 sonesof loudness
(say). Usingthe equalloudnesscontours onecanthenfind for 2000 Hz the intensities | 2000, for which
loudnesss equalto F(80 dB). This soundsmore complicatedthanit really is. A glanceat Table14.1
shouldclarify the issue Anyway, in this manney we canplot a graphof In F(I2000) VS In 12000, whose
slopeis equalto n(2000). In similar fashion we can obtain valuesof n for all frequenciesin the
physiologicalrangeof hearing usingonly one setof measurementsf loudnessA graphof n vs tone
frequencymeasurediusing equalloudnesscontoursis given in Figure 14.2. The slopes(valuesof n)
werefoundby curvefitting usinga simplexprogram

(i) Measuringn for puretonesusingthe Weberfraction

The Weberfractionsmeasuredy Riesz(1928) for auditionarewell describedoy Equation(12.6),
which givesvaluesof DI /| asa function of n. In fact, Equation(2) of Riesz which he usedempirically
to describehis datg is identicalwith our Equation(12.6):

DI/l = (2DH/n) + (2DH/ng) (1/1)". (12.6) / (14.7)

Table 14.1 Plotting loudnessagainstintensity for different frequenciesusing equal loudness

contours
[ 1000(dB) [ 2000(dB) F (1 1000)
10 7 Loudnessl
20 17 Loudnes
120 110 Loudnesdl?2

Note Thethird columnlists loudnessemeasuredo correspondvith the soundintensitiedisted

in column 1 (for 1000 Hz). The secondcolumnlists (for 2000 Hz) soundintensitiesthat are
equally as loud as thosecorrespondingn column 1, obtainedfrom a graphor table of equal
loudnesscontours We could proceedin this fashionto constructa columnfor everyfrequency
desiredin the physiologicalrange Plottingtheloudnessem the right-handcolumnagainsteach
of the other columnsin the table in turn, providesa setof curves eachdefining the law of

sensatiorat a certainfrequency
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Figure 14.2 The exponentn, for audition plotted againstfrequencyof pure tones by three
independenmethods

(i) Front curve RieszmeasuredlifferentialthresholdgWeberfractiong for a rangeof auditory
frequenciesHe fitted his dataempiricallyto an equationthatwe identify asour Equation(12.6),

giving differentialthresholdsasa functionof n. Hence we canplot n asa functionof frequency
(i) Middle curve Chochollemeasureagimplereactiontimesfor a rangeof auditoryfrequencies
By fitting his datato our Equation(13.7), we canfind a valueof n for eachfrequency (iii) Rear
curve n is measuredosychophysicallyfor pure tonesof 1000 Hz. n is calculatedfor other
frequenciesisingequalloudnessontours

Riesz usingthesymbolE for our |, wrote
DE/E =& +(So- S)(Ed E)" . (14.8)

By comparingEquations(14.7) and(14.8) we seethatRieszsr is equivalentto our n. Rieszgave
empiricalequationdor eachof Sy, S, andr asfunctionsof frequency f. We includetheseempirical
equationsherefor the sakeof completeness

Sy = 0.000015f + 126 /(80f°%° +f), (14.9)
S, = 0.3+ 0.0003f + 193/ 08 (14.120)

and mostimportantly,
n=r=___244000 _, 0.65f (14.11)

~ 3580000125 +f2 3500 +f

SinceRieszmeasuredhe Weberfractionfor a wide rangeof frequenciesf, we can usingEquation
(14.11), obtainvaluesof n at any frequencywithin this range* Thesevaluesof n are plotted against
frequencyin Figurel4.2.

Justaword on Rieszs placein history. Despitetherelatively early dateof his work (1928), Rieszs
resultsfor a single frequencyhavedefinitely beenreproducedy later investigatorsin particular the
readeris referredto Harris (1963, Experimentll : A Repetitionof Ries2, andto the comparisorof six
groupsof investigatorshownby McConville etal. [1991, Figure4(b)]. Thereis, however somedebate
aboutwhetherDI /I changesasradically with frequencyasRieszs dataindicate Rieszuseda method
of beatsto determineDI, while otherinvestigatordhaveuseda pulsedtone method(suchasmethodll
of Chapterl2). The latter methodmay haveproducedhe muting of the frequencyeffectthatRieszhad
discoveredThe pulsedtoneresultsarecontrasteatlearlywith the beatresultsasshownby Gulick etal.
[1989, Figure(10.9a)].

| alsoremindthe readerthatthe mathematicamethodusedto derivethe theoreticalexpressiorfor
the Weberfractionin entropytheory, Equation(12.6), utilized a small changein intensity, DI, without
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introducing any adaptationeffect (t was held constant That s, it was a quasistatic methodand as
such it matchedRieszs experimentaimethodratherclosely, which probablyaccountsfor the nearly
exactmatchingof the numericalresults

(i) Measuringn for puretonesusingsimplereactiontimes

We may seefrom Equation(13.7), thatsimplereactiontime is expressedn termsof the parameter
n. Therefore by measuringsimplereactiontime asa functionof | for eachfrequencyof interest 50 Hz,
100 Hz ... we obtain by curvefitting, measuref n(50), n(100) ... Fortunately Chocholle (1940)
publishedust suchdatagiving simplereactiontime vs intensityfor manyfrequenciesEquation(13.7)
wascurvefitted to Chochollés dataat eachfrequency usinga simplexoptimizationprogram andthe
resultinggraphof nvs frequencyis shownin Figure14.2.

Fromthe?ribbongraph$ in Figurel4.2, onecanseethatthe exponentn, variesin valueacrosshe
rangeof auditoryfrequenciesandthe graphof n vs frequencyis quite similar whenmeasuredlirectly
by psychophysicaineansor by meansof differentialthresholdsor by meansof simplereactiontimes
There are differencesbetweenthe curves but | think that the general concurrenceof n-values
constitutesa very powerful experimentatestof the entropytheory Moreover asstatedabove it opens
thedoorto moreobjectivemeasurementsf n for auditionusingtechniqueghatdo notinvolve the use
of subjectivemagnitudes

AN INTENSITY-FREQUENCYFORMULATION OF THE ENTROPYEQUATION
FORAUDITION

Our objectivein this sectionis to try to discoveran equationthat givestwo subjectivemeasures
loudnessand pitch, as a function of the independentvariablesintensity and frequencyusing the
informational approach To my knowledge no mathematicalrelationship has been discoveredby
anyone experimentallyor theoretically which achievesthis goal We do not achievethe goal here
either However | shallpresenta rathernaturalreinterpretatiorof the entropyequation(9.20) thatmay
carrysomepromisefor anavenueof approach

A steadypure tone can be describedcompletelyonly whenits amplitude frequency and phase
havebeendefined Theintensityof thetoneis relatedto its amplitude andthis is the only featureof the
tone we have consideredhitherta However a rather naturalway to incorporatefrequencyinto our
entropic formulation is to regardt, the time variable not as the time since onsetof the auditory
stimulus but ratherasan approximatiorof the durationor periodicity of the dominantwaveform In its
simplest interpretation this periodicity would correspondto that of Schoutets residue but in
principle, it neednot be eventhatrestrictive We shallnot stophereto defineSchoutehs residuetheory
of pitch perceptionlt is discussedrery clearly by Wightmanand Green(1974). Following this line of
reasoningwe canredefine?t® as2Dt,° the periodof theresidueor otherdominantwaveform Thus the
entropyequation(9.20) takeson the newform

= Lkin(1 +b1"/ Dt). (14.12)
Then if Dt is thereciprocalof thefundamentafrequencyn, we have
= Zkin(1+bI™n). (14.13)

Equation(14.13) probablyproducesnoreproblemsthanit solves butit is not without somesaving
gracesForn constantit reducedo

F(loudnes = %kln(l +B1"), (14.14)

whereB, is constantnot changingwith I. This equation then describeghe psychophysicalaw in the
usualmanner It would not describeauditoryadaptatiorphenomengaeithermonauralor binaural For |
constantEquation(14.13) becomes

F(pitch) = 2kin(1+B, n), (14.15)
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whereB,, is constantnot changingwith n. F(pitch), then is givenasa function of frequency n, to the
first power This functionis, in fact, preciselythat found for pitch in experimentgeportedby Lindsay
andNorman(1977):

pitch = 2410log,,(1+ 1.6~ 10°3n). (14.16)

Onecaninterpretn asthe frequencyof Schoutets residue but perhapsthereis a more general
interpretationof n, asdemandedy moderntheoriesof pitch (againreferringto Wightmanand Green
1974). One mustlook for a physiologicalmechanismcapableof extractingboth intensity and pitch
information from the combinedequation(14.13). We recall that eachequation suchas (14.13), that
governsthe transmissiorof information is of necessityassociatedvith a mechanisnfor transmission
(Chapterl). | leave these questionswith the reader PerhapsEquation (14.13) is just a curious
transmogrificatiorof Equation(9.20).

DE-ADAPTATIONR®

We haveanalyzed in somedepth how the processof adaptationto a constantstimulus can be
representeavithin the entropytheory, asa processof acquisitionof certainty However notaword has
been said about the informational processthat takes place after cessationof the steadystimulus
resultingin lossof certaintyandreversion eventually to a statusof maximal uncertainty This latter
processmight be called2de-adaptatiot? In studiesof vision, it is 2dark adaptatior? Not a word has
beenwritten aboutthis phaseof sensatiorbecausé do notyet understandt. All attemptd havemade
to dateto encompasthe de-adaptatiorphasento the generakheoryhavefailed.

Relatedto the problemof de-adaptations the problemof modifying the entropyequationto handle
a time-varying stimulus Some investigatorshave introducedstimuli in the form, for example of
sinusoidgBohnenbergerl981), andhavemeasuredhe neuronalresponseMy studentsand| havenot
beenableto predictthe responsedo suchtime-varying stimuli from the responseo the stepinput |
shouldaddthatit is possibleto constructrathercomplicatedand arbitrary criteria wherebya sensory
receptorcan determinewhethera changein meansignal intensity (or variance is due to random
fluctuationin a steadysignal(stationarytime serie3, or dueto arealchangan themean Thetrick is to
find a simplecriterion

THE2MAGICAL° NUMBER 7: WHENCEAND WHY?

The&channelkcapacity of aonedimensionaktimulus aswe haveseenis usuallyabout2.5 bits of
information per stimulus as determinedin an experimentinvolving categoricaljudgments For
judgmentsof simple stimulusintensities channelcapacityseldomexceed<2.5 bits, andis often less
Since2?% = 5.7, the magicalnumberis probablycloserto 6 than7 for our purposesOne of the most
encouragingesultsof entropytheoryhasbeenthe extractionof the maximuminformationper stimulus
from simple adaptationdatg and the demonstratiorthat this maximum stimulusinformation is very
nearly equal to the correspondingchannelcapacity for that modality. A rather exciting possibility
emergedn Chapterl3, whenwe were able to demonstratehat the thresholdfor intensity detection
(not the thresholdfor intensity discriminatior) was probably equalto the maximum information per
stimulus® That is, the maximum information must be received by the neuron and signaled by
F(neuronadl (Figure 14.1a) beforethe stimuluscanbe detectedHenceF(psychophysicalis displaced
forward in time, asshownin Figure 14.1b. Sowe now do makea distinction betweenF as measured
neuronallyandF asmeasuregbsychophysicallybut we do notyet havethe whole picture

However whencearosethe mysteriouslog,6 S 2% bits of informatior? What is the theoretical
meaningof this information capacity— informationthreshol® It is temptingto definethis quantity of
information(aboutl.75 naturalunits) from Equation(12.27)/(14.5):

Maximuminformationperstimulus

= %n In(rangeof plateauof Weberfraction), (214.17)
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where as always range is equalto maximumintensity of plateau divided by minimumintensity of
plateau For example for the senseof taste rangeS 100, andn S 1, sothat maximuminformationper
stimulusis approximatelyequalto (1/2)(1) In(100) = 2.3 naturalunits(whichis alittle high for tastg.
However Equation(14.17) leavessomethingto be desired It expresseshe maximuminformationin
termsof quantities suchasrangeandexponentwhich arenot elementaryquantities

Is maximuminformation per stimuluscharacteristiof the humanspeciesor is it a limit imposed
on all perceivingorganism® In arecentstudyby Norwich andMcConville (1991), maximumstimulus
information was calculatedfor insectsand arachnidsfrom adaptationdatg and the valuesobtained
were similar to the valuesfound in the humanspeciesIf we encounteredan intergalacticvisitor, ®
would its perceptiorbelimited to the samequantityof informationper stimulus?

| havenot beenableto producea perfectlygeneralderivationof the magicalnumber6, despitethe
manyyearsl haveponderedt. Thereis, however an interesting althoughrestricted derivationthat |
would like to introduce

| ask that you let your mind be plastic and stretchyour thinking to encompasshe idea of a
hypotheticalvisual2perceptof anabstracentity capableof perceivinglight stimuli of low intensities
| am avoiding the term visual @recepto? becausehat term would admit a photoreceptoof the type
foundin alaboratoryphotometeior light meter andl aminterestedn a unit which canperceive that
is, which can make a selectionfrom among alternatives(Chapter2) and signal its uncertaintyin
accordancewith an entropy function In particular | ask that you considera very sensitivevisual
perceptoronethatcandetectevena singlephotonof light.

Let ususeEquation(9.10) with m, the numberof samplingsequalto 1.

H= % In(1+s2/s3), (14.18)

where s and s are the variancesof the externallight signal and the internal referencesignal
respectively’ Sincethe distributionof photonsin illumination of low intensitywill be governedby the

Poissondistribution and the smallestnonzero meanis one photon and since for the Poisson
distribution varianceis equalto the mean thereforevarianceis equalto onephoton If we approximate
the Poissondistribution for discrete variablesby a probability density function for continuously
distributed variables the variancemust then take on the dimensionsof the squareof the random
variable® Let the continuousrandomvariablebe light energy which occursin bundlesof energy hn,

by the quantuntheory, whereh is Plancks constaneandn is the frequencyof thelight wave Thus

s% S (hn)? (14.19)

correspondgo unit variance Notwithstandingthe fact that the Poissondistribution with unit meanis
not well representedby the normal distribution we shall introduce Equation(14.19) into (14.18) to
obtain

H = LIn[L+ (hn)?/s3] . (14.20)

We now ask What is the maximum value obtainableby H (that is, the maximum stimulus
information)? It would seemat first that we can makes indefinitely small sothatH could become
indefinitely large However onthe quantumscale our libertiesaresometimeshecked

Justto be clear, the numeratoy (hn)?, representshe varianceof the signalor stimulusor external
photon (light quantun), and the s in the denominatorrepresentghe varianceof the referenceor
anois® or internally generategphoton We recall from Chapters7 and 9 why the referencesignal is
held to be necessaryvhenwe dealwith continuouslydistributedvariables althoughone might argue
herewhetherour variablesarediscreteor continuous

We investour visual perceptomwith no shorttermmemory it canhaveno @recalP of the arrival of
areferencephotonin the past Therefore the signalphotonandthe referencgophotonmustarrive at the
perceptosimultaneouslysinceonly in the presencef areferencesignalcaninformationbe measured
This simultaneitywill provideuswith arestrictiononthe maximumpossiblevalueof H.

Sinces 3, like s, is the squareof anenergy we supposehatthe referencesignal too, is carriedby
asinglephoton or light quantum Let usset

s = (DE)2. (14.21)
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This equation while seemingly a changein symbol makes a statementof some physical
significance It statesthat the varianceof the distribution of the referencesignal when appliedto a
singlephoton is equalto the squareof the2uncertainty in the magnitudeof the energycomprisingthis
photon IntroducingEquation(14.21) into (14.20),

H = 1In[1+ (hn)?/(DE)? . (14.22)

Now, the photon or light quantum is madeup of a group of light wavesthat add together
constructivelyand destructivelyto producea wave packetthat travelsthrough spaceat the speedof
light. Our photonof energyhn will be madeup by a wavepacketwhich spansalength

Dx=c Dt, (14.23)

wherec is the speedof light and Dt is the time takenby light to travel the distance Dx. Bohm has
showr’ that Dx must be at least as great as the wavelength | , of the photon where from the
elementarypropertiesof light waves

| =c/n. (14.24)
Thatis
c Dt3 c/n, (14.25)
or
n3 1/Dt, (14.26)

sothatthe frequencyof the signalphotonis equalto or greaterthanthe reciprocalof the time takenby
the wavepacketto passa given pointin space Sincewe seekthe conditionsfor the nearsimultaneous
occurrenceof two events(arrival of two wave packets signaland referencg we thereforeselectthe
smallestpossiblevalueof Dt, correspondingo thelargestpossiblevalueof 1/Dt, whichis equalto n, by
Equation(14.26). Inserting

n=1/Dt
into Equation(14.22),

H= %In(1+ ﬁ) . (14.27)

We note that the expressionNDE Dt) refersto the referencephoton DE is the uncertaintyin its
energy and Dt, the time interval of spreadof the wave packetof the signal photon is also the time
interval of spreadof the wave packetof the referencephoton if the two packetsareto arrive nearly
simultaneoushatthe perceptor

Now, we know from Heisenberts UncertaintyPrinciple® that

DE Dt3 h/(2p), (14.28)
sothat

P gap2, (14.29)

(DE Dt)?

Insertingthe latterinequalityinto Equation(14.27), we have
HE 2In(1+4p?). (14.30)

Thatis,
H £ 1.850 naturalunits
= 2.67 bits of information (14.31)
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Thetheoreticaimagicalnumberis then
2287 = 6,36 categories (14.32)

correspondingvell to theempiricalvalueof about6.
Since (1 + 4p?) is quite closeto (2p)?, Equation(14.30) statesthat H, the maximuminformation
obtainableuy perceivinga stimulusof onephoton is givenby

H S log,2p bits, (14.33)
or, in naturalunits,
eh=2p. (14.34)

What doesthe aboverestrictionon H mean physically? Referringto Equation(14.27), it means
thatif you try to increasethe value of H (maximumstimulusinformation) by decreasinghe energy
DE, of the referencesignaP, you will find that Dt, the spreadin time of the wave packetcarryingthe
referencegphotonwill, of necessityincreaseby Heisenbergs Principle therebyfrustratingyour efforts
to increaseH. Referringto Figure8.2 andEquation(14.22), we seethat very roughly, H is the number
of times the variance (DE)?, can °fit into® the variance (hn)?; that is, the numberof times the
referencevariancefits into the signalvariance Any attemptto increaseH eitherby increasinghn)? or
by decreasingDE)? will alwaysfail.

How realistic is the above argumen® Certainly, the visual 2perceptot is an entirely abstract
concept perhapsbearingno relationshipto any real perceptuakystem Constrainingthe argumentto
one signal photonis restrictive Approximating the discrete Poissondistribution by the continuous
Gaussiardistributionis suspectAnd, finally the insistenceon a memorylessystem wheresignaland
referencephotonsmustarrive within the sametime interval (S 1/n » 10"'°s) would seemto remove
the argumentfrom the usualtime scaleof biological events Nonethelessthe exercisecompelsus to
examinethe problemof maximuminformation carefully, and demonstrateshe critical natureof the
referencesignal If we regardthe light ascomposedf discreteparticles perhapswve might dispense
with the referencephoton sincewe cancalculatednformationfor discreteeventswithout necessarily
subtractinga referencesignal But if light is regardedas continuousor wavelike, we mustdealwith
continuoudistributions andthereferencesignalis requiredfor calculatinginformation Oncein place
the referencesignal limits the maximum information transmission The exerciseis also worthwhile
becausaet is ascloseaswe havecometo providing a mechanisnfor an elementaryperceptuakvent
Electrons scatteredy the incomingphotons could be detected. . But we havenot comesofar asto
suggest mechanisnior generatiorof thereferencesignal soour perceptualunitis incomplete

A BRIEFHISTORY OF THE2COMPLETPE LAW OF SENSATION

We borrow the term 2complet& from Nutting (1907), and indirectly from Lehmann(1905) who
referredto Fechne'rs law as?unvollstandig® or incomplete

Our Equation(10.3) was of course derivedas an equationof entropy But we haveseenthat an
equationof similar algebraicform has been postulatedas a law of sensationby various earlier
investigators Exceptfor Békésy | canfind no evidencethat theseinvestigatorswere awareof each
otherswork.

In 1873, Delboeufexpanded-echne'rs law to obtain Equation(10.20), which is a specialcaseof
our Equation(10.3), with n = 1.

In 1905, Lehmannwrote a neurophysiologicadéquationof the sameform asDelboeufs.

In 1907, Nutting, adoptedEquation (12.11) as an empirical equationrepresentingthe Weber
fractionfor light. Equation(12.11) is of the sameform asour entropicEquation(12.6). By integrating
Nutting obtainedan equationvery similar to our Equation(10.3) for the law of sensationof light.
Nutting s processwvasthe inverseof our own: We beganwith thelaw of sensatioranddifferentiatedto
obtainthe Weberfraction Nutting s equationfor brightnessgivenbelow, is constructedsothatF =0
whenl lies atthethresholdevelfor detection

F=Folog[l+Pn(I"™ I" 1)] (14.35)

thresh ™
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In 1930, B k sy adoptedthe neurophysiologicabquationof DelboeufLehmann Equation(10.3)
with n =1 (pleaseeferto Chapterl2).

In 1959, Rushtonusedthe DelboeufLehmanB k sy equationempirically, with the addition of a
constan{Equation(10.21)]; seeChapterlO.

In 1977, | derived Equation (10.3), a further generalizationof the DelboeutLehmannrB k sy
equation from entropicconsiderationgpleaseseeChapter).

Are thereothermemberf this strangeamily of inconnu®

NOTES

1. ACtua”y’ H(b’ I: t)neuronal = H(b/X; I’ t/X)psychophysical

The two H-functionshavethe samevalue becausebotht and b have beendivided by the same
factor, x, in the function on the right-handside Recallthatin the H-function, we useonly the ratio
b/t = (b/x)/(t/x). Thisideais illustratedin Figuresl4.1laand14.1b.

2. Yes | think thattheoreticiancanemotetoward mathematicaéntitiesin muchthe samemanner
thatnormalpeopleexpresemotionstowardotherhumanbeings

3. | particularlyobjectedo its seekingrefugein my initials.

4. The symbolf is usedherefor frequency becausét is the symbolusedby Riesz However in the
remaindeof the chapter we usethe symboln.

5. We recognizethat the stimulussignal originatesexternally or outsidethe organism while the
referenceor 2noisé signaloriginatesinternally, or within theorganism

6. We let the continuousprobability density function be p(E), whereE is the energyof incident
light. The meanhasthe dimensiongenergy and the units hn, and the variancehasthe dimensions
[energy] andtheunits(hn)?.

7. Bohm (1989) hasshown(pp. 92 et seq that®wheneverthe light quantum[photorj is observed
underconditionsin which it is not absorbedit cannotbe localizedto a regionsmallerthan!| [thatis,
onewavelengthor time 1/n].° The quantitiesn parenthesearemine, not Bohnis. To berigoroushere
we needa model of the perceptors mechanisnof simultaneousietectionof the signalandreference
photons For exampleg if the photonseachscatteran electron detectionof the scatterecelectronscould
not localize the width of the wave packetsto a region lessthan one wavelength This restrictionis
importantin our argument since it, in concertwith the Uncertainty Principle ultimately fixes the
magnitudeof the maximuminformationtransmissible

8. Bohm (1961, 1989, Chapter5.11) statesthat Equation(14.29) may be usedonly 2in any process
in which a quantumis transferredrom radiationfield to matter(or vice versg.© Aharonovand Bohm
(1961) cautionagainstthe use of Equation(14.29) inappropriatelyto express?a further uncertainty
relationbetweenthe duration of a measuremerandthe energytransferto the observedsysten? Also,
the UncertaintyPrincipleis sometimeswvritten with a divisor of 4p insteadof 2p, which would increase
our theoreticalaluefor the magicalnumberby afactorof nearly?2.

9. Actually, (DE)? is the varianceof the referencesignal but by decreasinghe variance you
decreas¢éhe mean(from the Poissordistribution).

2003 ed notes

Q We have now, madesomeprogressn extendingthe entropytheoryto include the processof
de-adaptationand to allow for time-varying stimuli, even sinusoidalin nature These preliminary
resultshave beenpublishedin K. H. Norwich and W. Wong 2A Universal Model of SingleUnit
SensoryReceptorAction®, MathematicaBiosciencesl25, 83-108, 1995.

Q@ Well, it might havebeenexcitingandprobable but, alas it is unlikely to be correct Laterwork
hassuggestedhat a betterguessfor this thresholdis probably(thatword agair) DH = In(e/2) natural
units (refer also to Note QQQ in chapter13). This possibility emergedin the paperentitled 2The
information of a welcherWeg experimerft, K.H. Norwich and R. Nevin, Il Nuovo Cimentq 115B,
1137-1147, 2000.

QX This sectionmay have beenexpressednore terselyin the associategublication 2Sensory
function in extraterrestriabeing$, K.H. Norwich and W. Wong Annalesde la Fondation Louis de
Broglie, 22, No. 2, 161-168, 1997.
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