CHAPTER 11

SENSORYADAPTATION

THE ENTROPICINTERPRETATIONOF ADAPTATION'

We continue now, in our taskof evaluatingthe fundamentakentropyequation(9.20)/(10.1),
F=F(,t)=kH = %kln(1+ bI"/t). (11.1)

We recall from Chapter3 (“The Weber Fraction The Analogs) the general processthat is
employedin evaluatingthe function F(l, t). In orderto derivethe law of sensatiorfrom F(l, t), we set
t = tY= constantand obtainedEquation(10.3), the generalequationembracingboth logarithmic and
power laws of sensation Now, in order to explore the principle of adaptationusing the same
mathematicalfunction, F(I,t), we set | = IY = constant That is, we explore the behavior of the
perceptualvariable F, and the entropy function, H, when a single steadystimulusis appliedto a
sensoryreceptorfor a periodof time, t. Whenwe dealwith stimuli appliedfor “long” periodsof time
(for examplet > 1s), aswe doin this chaptert maywell referto eitherthe durationof the stimulusor
to the time sinceonsetof the stimulus sincegenerallythesetimeswill be equal However in Chapter
13, whenwe shall deal with very brief stimuli, t will refer unequivocallyto the time since stimulus
onset For such brief stimuli, the ratio of time since onsetto stimulus duration may exceedunity
substantiallyFor thelongerstimuli treatedn this chaptertheratiois, effectively, unity.

Sincestimulusintensity, 1Y is constantwe write?

I =b(Y"=constant (11.2)

analogoudo (10.2).
Hencetheequation

F=kH= 2Kkin(L+1 /t), (11.3)

analogoudo (10.3), describeghe changen F with t for a constanstimulus It is evidentfrom Equation
(11.3) thatwhent is small F is large andast becomedarger, F declines This behaviordescribeghe
processof sensoryadaptation(see Chapter3, Adaptatior). It is well known that when F describes
subjectivemagnitude such as the sensatiorof taste this magnitudewill sometimesncreasebriefly
after administrationof the stimulus andthen decline We deal with this early rise in sensationn a
preliminaryway in Chapterl4. Until then we concernourselvessolelywith the decliningphaseof the
adaptatiorprocess

Thereare both mathematicabnd physiologicallimitations governingthe rangeof valuestakenby
thetime variable t. We recallfrom Equation(9.3) that

t=m/a,

wherea is a constantgreaterthanzerg andmis aninteger greaterthanzerg representinghe number
of samplegakenby a receptorof its stimuluspopulation It would seemthatwhenm = 1, t takeson its
smallestvalue® of 1/a. At the other extreme thereis almostcertainly a maximumvalue for m that
characterizeseach type of receptor Maximum m would representthe greatest number of
samplingvalues(intensity valueg that a receptorcould retainin its local “memory” Althoughwe do
not know from anatomicalor physiologicalconsiderationexactly how greatthis numberis, we do
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11. SensonAdaptation 114

know thatit mustexist For example it is not likely thatyour pressuraeceptorsare currently storing
the valuesof pressurespplied15 minutesaga Thatis, the receptors memoryis lessthan15 minutes
Someminimumandmaximumfor m mustexist butwe cannof atthe moment providevaluesfor these
extremes?

If the maximumvaluefor m (andhencet) is greatenough then from Equation(11.3), F will tend
toward In(1) = 0 — the caseof completeadaptation or adaptationto extinction If, however the
maximumvaluefor m (andhencefor t) is somewhasmaller F will fall to somelevel greatetthanzerqg
andwill notdecreaséurther, correspondindo the caseof incompleteadaptationTheentropyequation
(11.3) is valid only to the time whenF first reachedts minimumvalue Beyondthis equilibrationpoint,
we cannotusethe entropyequationin its presenform.

Thetheoreticalgraphof F vs. t is governedthen by theln-function (11.3). For smallt, thefunction
falls steeply andfor larget, it falls gentlytowardzera The characteristicef the curvediffer markedly
from thoseof the exponentialfunction, which is often used empirically, to describesuchadaptation
phenomenaThe exponentialfunction doesnot rise assharplyfor smallt, and descendsnore steeply
for largert.

aAdaptation is oftendiscussedogethemwith 2fatigue® somewriters makinga distinctionbetween
theterms Adaptation asseenfrom the entropyperspectivehasnothingwhateverto do with fatigue

SinceF = kH, F is a@mirror® of H. As H does soF does The entropicview of adaptatiormay be
inferred from the preliminary discussiongiven in Chapter8 (CentralLimit Theorem and Chapter9
(Maximum H as Potentiallnformatior). Referringto Equation(11.3) — Whent is small (m smal),
receptoruncertaintyis greatandthe potentialto receiveinformationis high; whent is large (m large),
receptor uncertaintyis reduced and thus the potential to receive information is low or absent
Adaptation therefore refersto the progressiveacquisitionof information (eradicationof uncertainty.
When the maximumvalue of t for a given receptoris insufficient to reducethe H-function to zerq
adaptatiorwill beincomplete A receptorwhich hasadaptedo its fullest extentcannotreceivefurther
information When a receptor has adaptedcompletely it retains no further uncertainty about its
stimulusmagnitude leadingto a ratherdramaticconclusion A receptorcannotperceivea certainty. If
theoutcometo aneventis completelycertain thereceptorcannotperceiveit.

The readerwill notice that here as elsewherel seemto have anthropomorphizedhe receptor
relegatingto it the capacityto be certainor uncertain asif it possessed mind. This view is, however
incomplete A receptor asanisolatedunit, cannotreasonablybe expectedo possesshe potentialfor
certaintyor uncertainty | shallreturnlaterto this matter but eventhen | amafraid my views may be
considerediudacious

Fmax

PERCEPTUAL VARIABLE F

Fminf - - - - - - - - - - - o oo o m e

TIME

Figure 11.1 Schematicdiagramof an adaptationcurve The variable F, representsither
impulse frequencyin a sensoryneuronor subjectivemagnitudeof a stimulus Fnax is the
maximumvalue obtainableby F. Sometimesone finds an early portion of the curve where F
riseswith time (not shownheré. This early rising phasecan be detectedheurophysiologically
and occasionally psychophysically particularly with the chemicalsensesF min, the minimum
valueobtainableby F, is often not obtainedduringthe courseof the experimentbut rather must
be estimatedoy meansof an asymptoteto the curve as shownin the diagram When Fp, is
equalto zerg adaptations saidto go to completion
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Thefall of F with tis illustratedschematicallyby the curvesin Figure3.2 andFigure11.1. Again,
F, the perceptualariable will be interpretedeitherassubjectivemagnitude(magnitudeestimate} or
asimpulseratein a sensoryneuron However we shallseein Chapterl3 thatthis dualinterpretatiorof
F is, at best anapproximation Thatis, F (subjectivemagnitudg is not preciselysynchronousvith F
(impulseraté. In fact the two typesof curve are not evennecessarilyof exactly the sameshape as
discussedn notel of Chapterl3.

INFORMATION, RECEPTORSAND CATEGORICALJUDGMENTS

FromEquation(11.3),

H

Lin(L+1/t). (11.4)

We haveestablishednow, the existenceof a minimum and maximumvalue of t, which can be
designatedy andtmax, respectively* SinceH(t) is amonotonedecreasindunctionof t, therefore

Hmax = % In(1+1 /to) (11.5)
and
Hmin = %In(1+l [tmax) - (11.6)
Let
DH = Hmax- Hmin . (11.7)

ThenDH is the differencebetweerthe receptoruncertaintyat the beginningandendof the process
of adaptationlt is thereductionin potentialinformation Thatis, DH equalsthe quantityof information
receivedby thereceptorduring the processf adaptation SinceF = kH, therefore

DH = DF/k. (11.8)

Thatis, the excursionof the adaptatiorcurvedivided by the scalingconstantk, is equalto the total
informationreceivedby thereceptorduringthe adaptatiorprocessMoreover both quantitiesk andDF,
on the right-handside of (11.8) canbe measuredSinceexperimentabdaptatiordatacan be fitted to
Equation(11.3), we canobtainavaluefor the constantk; since

DF = Fmax- Fmin , (11'9)

we canmeasureDF by taking the differencebetweenthe highestand lowestvalueson the adaptation
curve We can thereby measureDH using Equation (11.8) to obtain a value in natural units of
informationper stimulus Examplesof this techniquewill follow.

We might just note at this point that thereis an approximationto Equation(11.7) which not only
permitsoneto estimatethe value of DH from visual inspectionof an adaptationcurve but seemsto
provide someinsight into DH as well (cf. Chapter8, The Central Limit Theoren). Let us assume
(rightly or wrongly) thatwe canusethe 2Fechnerapproximatiorf | /tmax >> 1. Admittedly, useof this
approximationwill sometimeslead us astray Sinceto, < tmax, it will also be true that | /t, >> 1.
Introducingtheseapproximationsnto Equationg11.5) and(11.6),

Himax S £ In(l /to)

and
Hmin S %ln(l /tmax) ’

sothat from Equation(11.7),
DH S % In(l /to) - % In(l /tmax) ,

DH = % |n(tmax/ to) y
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or

DH = In JTmad o - (11.10)

This equationwasdemonstratethy the author(1981, 1984). It is usefulbecauseheright-handside
canbe approximatelyevaluatedy simplevisualinspectionof an adaptatiorcurve For example from
a curvesuchasthatillustratedin Fig (11.1) one canestimate(sometimeythe valueof t, at which the
curveis maximum andof tmax at which the curveis minimum Sometimeghe curveseemdo continue
falling slowly throughoutits duration so| usually suggestaking tmax asthe time whenthe curve has
fallen through say, 90% of its total excursion Thefinal resultof the calculationis not all thatsensitive
to smallchangesn tmax, butis exquisitelysensitiveto changesn the estimateof t,. Anyway, a glance
atthe adaptatiorcurveprovidesan estimateof theratio of tmax/to, andthelog of the squareroot of this
ratio equalstheinformationtransmittedor anapproximatiortheretg.

If, moreoveywe introduceEquation(9.3) into (11.10), then

DH = % IN(Mmax/Mo) ,

wherem is the numberof samplingsmadeby the receptor But sincem, is the minimum numberof
samplings= 1 (say), therefore

DH S £ In Mpnax . (11.11)

Thatis, informationreceivedby thereceptotis approximatelyequalto onehalf the logarithmof the
greateshumberof samplingghatcanbe containedn the memoryof thereceptor

Thereademwill recallfrom Chapterst and5 thatonecanalsocalculateaninformationper stimulus
by meansof an experimenton categoricajudgments Quite a lot of labor wasexpendedo derivethe
qguantity , (X]Y) from the confusionmatrix. It was shown that for all modalities of sensationa
maximumof about2.5 bits of informationwastransmittedoer stimulus the so-calledchannelcapacity
This 2.5 bits or 1.75 naturalunits of informationcorrespondetb 2%° = e1"> S 6 categoriesThatis, a
humanbeingis capableof distinguishing without error, 2the equivalentof® about6 categorief light
or soundintensity, concentrationof solutions etc We now explore the questionof the relationship
betweenthis quantity of information , (X]Y), obtainedfrom measurementsf categoricajudgments
and the information DH, obtainedusing Equation (11.7) from measurementsnade on adaptation
curves

The factorslimiting the maximumvalue of , (X]|Y) are usually assumedo residein the brain
Perhapghe mainreasonfor this assumptions thatthe numberof jnd’ s distinguishablgrangeof 20 —
350) is muchgreaterthanthe numberof absolutecategoricajudgmentgabout6). Sincethe sensesan
distinguishmanymorethan6 jnd's, the limitation in makingan absolutgudgmentaboutan unknown
stimulusmust surely, lie in the brain And soit may be But | would like to suggestn alternative |
suggesthatthe limitation on the quantityof informationavailablefor anabsolutgudgmentmay be, in
thefinal analysis dueto the limitation in the amountof informationprovidedby the sensoryreceptors
Thatis, if thesensoryreceptorscanreceivea maximumof DH bits of informationper stimulus thenno
morethan DH bits canbe usedto makean absolutgudgment Implicit in this suggestions that to a
degreeof approximation the sensoryreceptorsoperatein parallel for example the amount of
informationreceivedby the brainfrom n olfactory receptorss the sameasthatreceivedfrom only one
receptor That is, redundancy(numerosity in receptorsmay be necessaryto insure receipt of a
stimulus but oncereceived the informationfrom the largenumberis the sameastheinformationfrom
only onereceptor Somepsychologisthaveexpressedlissatisfactiorwith this hypothesisWard (1991)
has put forward an alternative hypothesis N receptorsacting in parallel and sampling at rate
a sampless may producethe effect of a singleadaptatiorprocesswith samplingat the rate Na. Such
may bethe case but furtherwork mustbedoneoniit.

| submit anyway by way of conjecturethat

DH =, (X]Y). (11.12)
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Thetruth of Equation(11.12) is notvital to theintegrity of the entropytheoryof perceptionbutwe
shallseepresentlythat(11.12) doesseento verify whentestedon experimentatlatab which we now
proceedo do.

EXPERIMENTAL TESTSOF THE ENTROPICTHEORY OF ADAPTATION

Let usnow testthe entropictheory to the level thatwe havedevelopedt hithertq usingpublished
data Gentand McBurney (1978) measuredhe changein magnitudeestimate F, with time, for the
senseof taste Let us selectfrom their papera medium (0.32 M) solution of sodium chloride |
digitized, ascarefully aspossible the datafrom GentandMcBurney s Figure 1. WhenEquation(11.3)
wasfitted to the datausinga leastsquaresechniquethefollowing parametevalueswereobtained

k=7.634,
| =46.04s.
Thefitted equationwas therefore
F = (7.634/2)In(1 + 46.04/t) . (11.13)

The resultsare graphedin Figure 11.2. The fitted curve while perhapstolerable seemsto fall a
little too slowly at largertimes a featurecharacteristiof all datain this paper® Gentand McBurney
fitted the curvesto monoexponentidunctions

Usingthe aboveparameteralues we canmeasureghe informationtransmittedper sodiumchloride
stimulus FromEquation(11.9),

DF = Fmax- Fmin =8.57- 1.00 = 7.57, (11.14)

if we considerthe adaptationprocessto be completeat 90 secondsThe excursion DF, would equal
8.57 — 0 =8.57, if we suspecthatthe adaptatiorprocessvould proceedo extinction Therefore from
Equation(11.8), usingthe smallerof the two valuesfor DF, the informationtransmittedoy this solution
of mediumintensity

DH = DF/k = 7.57/ 7.634 = 0.992 naturalunits.
Dividing by In2,
DH = DF/(kIin2) = 1.431 bits, (11.15)

a valueslightly lessthanthe channelcapacityfor taste(1.7 — 2.0 bits). Or, usingthe largerof the two

ry
o

MEDIAN MAGNITUDE ESTIMATE
- MW AN OO
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TIME (SECONDS)

Figure 11.2 Dataof GentandMcBurney (1978) illustrating psychophysicahdaptationMean
magnitudeestimateof 0.32 M solution of sodium chloride plotted againsttime. The smooth
curveis givenby theentropyequation(11.13).
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Table 11.1 Dataof Matthews(1931), Figure3: Two-GramWeight Applied to Muscleof Frog

Time[9] Impulsefrequency[s ?] fitted Impulsefrequency[s !] measured
0.228 117.47 118.98
0.411 101.68 97.79
0.826 83.28 84.63
1277 72.11 74.80
1.658 65.56 65.72
2.059 60.24 59.86
3.073 50.76 50.73
4.009 44.78 44.82
5.068 39.74 39.36
6.048 36.13 34.40
7.052 3311 3251
8.091 30.53 29.44
9.056 28.50 27.80

10.030 26.74 26.56
11.080 25.07 24.62
12.050 23.71 24.62
13.060 22.45 23.63
14.050 21.36 23.33

Note Datawerefitted to the entropicadaptatiorequation(11.3) usinga simplexprocedurewith
theleastsquaregriterion (seeFigure11.3). The numberof digits usedfor a givenentrydoesnot
reflectthe numberof significantfiguresin the measurement quantitythatis not really known
to the author Functionfitted is F = 0.5 (Parameterl) " In(1 + (Parameter2)/t). Value of
Parametel = 54.51. Value of Paramete® = 16.71. Sumof square®f residuals= 38.22

valuesfor DF,
DH = 8.57/(7.634In2) = 1.620 bits. (11.16)

Moving now to an examplein which F is measuredsimpulsefrequencyin a sensoryneuron we
examinethe dataof B.H.C. Matthews(1931). Matthewsinvestigatedhe responseo stretchreceptors
in the musclesof a frog. He providedstretchor tensionstimuli to a small musclein the upper outer
sideof the middle toe of thefrog, andrecordedrom the lateralbranchof the peroneaherve A 2-gram
load was appliedto the muscletendon which wasimmersedin Ringefs solution and the resulting
impulsefrequencyplotted againsttime is shownin the Matthews Figure 3. The entropyequationfor
adaptation(11.3), wasfitted to the datadigitized from this graph® The parametewaluesobtainedwere
asfollows (Table11.1):

k =54.51,
| =16.71s.
Thefitted equationwas therefore
F = ($)(54.51)In(1 + 16.71/t) . (11.127)
FromEquation(11.9)
DF = Fmax- Fmin = 119- 23 = 96 impulseds. (11.18)
FromEquation(11.8),
DH = DF/(kIn2) = 96/(54.51In2) = 2.541 bits. (11.19)
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Figure 11.3 Dataof Matthews(1931), Figure 3 illustrating neuraladaptation Two-gramload
appliedto a muscletendonof the frog. The smoothcurve is given by the entropy equation
(11.17).

Againwe find thatthe valuefor informationtransmittedper stimulusis closethethe2globaP value
of about2.5 bits. Since2?°* = 5.82, we seethatwe remaincloseto the2magicalnumbere® categories
Matthews$ dataandits fitted curve are shownin Figure 11.3. Using the very approximateEquation
(11.10) with datafrom Table11.1, we have

DH S 1 1In(14.05/0.228)/ In2 = 2.97 bits. (11.193)

Continuingwith examplesvhereF is measurecheurophysiologicallywe consideradaptatiorin the
guineapig auditory nerve as reportedby Yates Robertsonand Johnstoneg(1985) (see Chapter3,
Adaptatior). The response# auditory nerveganglioncellsto 100 ms tone burstswere measuredy
theseinvestigators Adaptationwas incomplete that is, firing rate did not descendo zera Judging
from resultsof experimentGP53/08:4, the declinein firing ratewascompleteby 25 to 30 msfollowing
onsef® of the stimulus To usethe graphsin this paper probability densitywas interpretedas firing
rate assuggestedy the authors Thesedata(Yateset al., Figure 5) were digitized and fitted to the
entropyequation(11.3). Thevaluesof the parametersvereasfollows:

k =157.7,
| =37.64ms
Thus thefitted equatiorwas

F = (3)(157.7)In(1 + 37.64/t) . (11.20)

FromEquation(11.9)
DF = Fmax- Fmin = 284- 67 = 217 . (11.21)

FromEquation(11.8)
DH = DF/(kIn2) = 217/(157.7In2) = 1.99 bits. (11.22)

Thedataandfitted curveareshownin Figure11.4.

In passingmay| drawyour attentionto the older neurophysiologicatlataon auditionby Galambos
andDavis (1943), alsointroducedin Chapter3. Puretoneswere deliveredto the earsof cats andthe
frequencyof impulseswasmeasuredn whatwerebelievedoriginally to be singleauditoryfibers (1943
pape). However in a note of correction (1948), the authorsamendedthe interpretationof their
measurementsand attributed them to single unit activity of secondorder neurons rather than
first-orderneurons asoriginally expected The dataof Galambosand Davis were digitized from their
graph(Figure3), andpublishedin Table2 of Norwich (1981). The entropicequation(11.3) wasfitted
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Figure 11.4 Dataof Yateset al. (1985). Neural adaptationin the auditory ganglioncell of a
guineapig to a 100 ms tone burst F is measureds action potential probability density[Hz],
similar to impulsefrequency The smoothcurve is given by the entropyfunction (11.20). To
estimatethe information transmittedby this adaptationprocessusing Equation (11.10), we
observethatty,a, S 25 msandt, S 1 ms Thus DH S In /25 /In2 = 2.3 bits of informationper
stimulus

ascloselyaspossibleto their data Thefollowing parameteralueswereobtained

k = 120.31,
| =4.00s.
Hence
DF = 400- 80 = 320 Hz (11.23)
DH = 320/(120.31In2) = 3.84 bits. (11.24)

Analogousto auditory nerve fiber responseto acousticstimuli, we examinenow optic nerve
responseo visual stimuli. ClelandandEnroth-Cugell (1968) appliedsquarewaveinputsof light to the

Figure 11.5 Data of Cleland and Enroth-Cugell (1968). Neural adaptationin the on-center
ganglioncells of the catto squarewaveinputsof light to theretina The smoothcurveis given
by theentropyequation(11.3) with k = 302.5andl = 0.1175s.
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retina of cats andrecordedthe impulse frequencyof on-centerganglioncellsin the cat retinafrom
optic tractfibers A numberof their tracingsfor differentlight intensitieswere providedin the authors
Figure 2, showingthe effectsof adaptation Their tracing#2 hasbeendigitized, aswell aswe were
able andthe entropy equationfor adaptation(11.3) was fitted to the data (Figure 11.5). The exact
positionof t = O for thesedatawashardto determinel took theliberty hereof shifting the origin back
andforth by a few millisecondsin orderto producethe bestcurvefit. The valuesfor the parameters
wereasfollows:

k = 302.5,
| =0.1175s.
DF 3 271.0- 37.6 = 233.4 (11.25)
DH 2 233.4/(302.5In2) = 1.11 bits. (11.26)

| use?>° pecausehe adaptatiornprocesss continuingat 0.42 secondswherethe graphin Figure
11.5 terminatesinterpretatiorof theseresultsis not straightforward We aredecidedlynot dealinghere
with independensensoryreceptorgsee for example Dowling, 1987, page35-36). Moreover theinput
wasnot a single stepfunction but a squarewave sothatreceptorsverenot totally unadapteatt = 0,
thetime of stimulusonset

EXPERIMENTAL TESTSOF THE ENTROPICTHEORY: COMBINED STIMULUS
INTENSITY AND ADAPTATION

In Chapterl10, we subjectedthe entropy equationwith t = constant{Equation(10.3)] to various
experimentaltests and we confirmedthe fact that the WF and PBS laws mergeand are contained
within the entropyequation In the precedingsectionof the presentchapterwe subjectedhe entropy
equationwith | = constant[Equation(11.3)] to a numberof experimentaltests We confirmed the
adequacyf the equationto fit adaptatiordata althoughin someinstancesparticularlywith magnitude
estimatesone would be happierwith a closerfit.> We also observedthat the valuesof information
transmittedper stimulus calculatedfrom adaptationdatawere compatiblewith correspondingralues
calculatedrom experiment®n categoricajudgmentsHenceforthit will beassumedhatthe2channel
capacity® whetherdeterminedby entropicor categoryanalysis will be about2.5 bits of information
perstimulus

Let us proceed now, and subject the general equation of entropy (9.20)/(10.1)/(11.1), to
experimentatest Thatis, we let both| andt vary,” andstudythe surface

F=F(,t). (11.27)

Thatis, we may regardl andt astwo independenvariablesand F asa dependenvariable The
graphof F asa function of | andt will describea surface However for simplicity in presentingthe
datg we shall take 2slice® through the surface for | =11, 12, I3, and presenta series of
two-dimensionabraphsof F vs. t.

Let us considerfirst the older work of Matthews(1931) on stretchreceptors whoseexperiments
were describedabove Insteadof dealing with only one experimentin which a 2-gram force was
applied we now considey togethey three experimentsin which forcesof 1, 2, and 5 gramswere
appliedto the tendon Eachforce gaverise to its own, uniqgueadaptatiorcurve Thethreesetsof data
were fitted simultaneouslyto the generalentropy equation(11.1), each set being assignedequal
weighting The total sum of squareswas minimized to give valuesfor the three parametersData
analyzedwveretakenfrom Matthews Figure 15B (in Ringet s solution) which, | amassumingwereall
obtainedfrom the samepreparation(or, at least are governedby the sameset of parameters The
parameteraluesare

k=3224,
b =17.19 (cf.b = 54.51 for thepreparatioranalyzedn Figure11.3)
n = 0.9496 .
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Figure 11.6 Dataof Matthews(1931), Figure15B. Frogstretchreceptor All threecurveswere
fitted simultaneouslyto the sameset of 3 parameterggiven in the text). That is, only 3
adjustableparametersvereused in all, to curvefit all 3 curves or aratio of one parameteper
curve Thefitted entropyfunctionis givenby Equation(11.28).

Theresultsof the threesimultaneougurvefits areshownin Figure11.6. Remembethata total of
3 parametersvere usedto curvefit the 3 setsof datg or a ratio of one parameteper curve Equation
(11.1) is representee@xplicitly by

F = (3)(32.24)In(1 +17.20 | 9946) , (11.28)
Calculatingthe channelcapacityusingthe 5-gramdataset

DF = 72.9- 27.2 = 45.7 impulsespersecond (11.29)
(DH = 45.7/(32.34In2) = 2.04 bits perstimulus (11.30)

Thethreedatasetsandthe correspondingparametevaluesaregivenin Table11.2.

As a secondexampleof a surfacefit to Equation(11.1), andthe first exampleof insectsensation
we considerthe sugarreceptorof the blowfly. DethierandBowdan(1984) stimulatedthis receptomwith
sucrosesolutionsof 3 differentconcentrationsl.0 M, 0.1 M and0.01 M. They measuredhe frequency
of impulsesin bipolar neuronsin tarsalhairs In this way, 3 setsof datawere obtainedshowingthe
adaptationof the sugarreceptor The 3 setsof datawere fitted simultaneouslyto the generalentropy
equation (11.1), with weightingsin the ratio of 1:3:5 (1.0 M, 0.1 M, 0.01 M). With parameters
evaluatedEquation(11.1) became

F= (%)(121)|n(1 +1.1519%8/t) | (11.31)

The dataandfitted surface(curveg areshownin Figure11.7. Again we notethatall threecurves
havebeenfitted with the same3 parametewalues or, the averageratio of one parameteiper curve
Maximum informationper stimuluswascalculatedo be 2.9 bits per stimulus More detailsaboutthese
curvesare given by Norwich and Valter-McConville (1991). In this samepaperthe readermay find
more extensive mathematicaltests of the adaptationprinciple and a simultaneouscurvefit to
adaptatiordatafrom theslit senseorganon thewalking leg of the Hunting Spidet

We cannow understandhe nearparallel straightlines of Schmidt(1988, page88), introducedin
Chapter3. Thelogarithmof the neuralresponsef a pressureeceptorplotted againstthe logarithm of
the stimulus pressureg(for t constany gives a straightline (power law of sensatioph As the stateof
adaptatiorincreasegt increasek the straightline shifts downwardon the graph The resultis a series
of nearlyparallelstraightlines (Figure 3.3). We proceedby expandingthe right-handside of Equation
(11.1) in a Taylor series(wheret is large enoughto makethe expansionlegitimatg, asin Equation
(10.7). Retainingonly thefirst orderterm,

F=1kbIvt. (11.32)
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Table 11.2 Data of Matthews (1931), Figure 15B. Three Experimentsin Which a 1-gram
2-gramand5-gramWeightWereApplied, Respectivelyto the Muscleof a Frog

t[g FrequencyFitted FrequencyMeasured Dataset
1gram
0.548 56.06 52.47
1.373 41.98 40.06
2.975 30.85 30.12
5.992 2181 22.95
7.955 18.55 20.18
2 gram
0.746 61.55 62.48
1.354 52.22 52.43
3.036 39.97 40.82
4.021 35.87 37.10
7.030 28.12 30.61
9.944 23.66 26.02
5gram
1.077 69.51 72.91
1.845 60.98 60.32
3.808 49.69 49.73
6.787 40.94 39.64
10.01 35.27 33.46
13.97 30.60 27.20

Note Thethreedatasetswerecurvefitted simultaneouslyo Equation(9.20)/(10.1)/(11.1) using
thesamethreeparameterdor all threecurves(Figure11.7). Theequationis

= Zkin(1 +bl"t).
Intensity, |, wassetequalto 1, 2 and5 respectivelyin eachof the threecurvefits. The above
equation was then fitted to the F vs. t data Function fitted is F = 0.5" (Parameterl)

" In(1 + (ParameteR) * | » (ParameteB)/t). Value of Parametel = 32.24. Value of Parameter
2=17.19. Value of ParameteB = 0.9496. Sumof square®f residuals= 64.50.

Thereceptorcanberepresenteth differentstatesof adaptatiorby settingt = t; = constantTaking
logsof bothsidesof (11.32),

logF = nlogl +log(4kb) - logt; . (11.33)

That is, plotting logF vs. logl gives a straight line whose slope is n and whose intercept
Iog(%kb) - logt;, slidesdownast; increasesexactlyasshownin Figure3.3. As anexercisethereader
might like to checkthetheoreticalvaluesof the spacingbetweerthe straightlinesin Figure3.3. Takel
as constantin Equation (11.33), and calculate the expecteddisplacementof each line from the
uppermostline using the t-valueson the right-hand side of the graph Comparewith the observed
displacement

| think that the point is amply illustrated Equation(9.20)/(10.1)/(11.1) is capableof allowing for
both adaptationand stimulus magnitudechangesusing the sameset of parametewalues whenF is
measurecheurophysiologically The information transmittedis usually closeto the nominal value of
2.5 bits perstimulus

Information SensatiorandPerceptionO KennethH. Norwich, 2003.



11. SensonAdaptation 124

Figure 11.7 Dataof DethierandBowdan(1984) for the sugarreceptorof the blowfly. Forthe
uppercurve the concentratiorof the sugarsolutionwas 1.0 M (i.e. | = 1.0); for the middle
curve 0.1 M (I = 0.1); andfor thelowestcurve 0.01 M (I = 0.01). Again, all threecurveswere
fitted simultaneousiyto the samesetof 3 parametersthatis, only 3 adjustableparametersvere
used in all, to fit all 3 curves or aratio of one parameteper curve Thefitted entropyfunction
is givenby Equation(11.31).

MAGICAL NUMBERSFROM THE LAW OF SENSATION

You will recallfrom our studiesin Chapterl0 thatit wasnot alwayspossibleto obtainthreerobust
parameterérom Equation(10.3) usingmeasurementsf F vs. | (t constan}, but thatwe did manageo
do soin anumberof casesl suggestedhattherewasmagicin the valuesobtainedfor the parameterk,
andwe arenow in a positionto be appropriatelyenchanted

For the sodiumchloridedataof S. S. StevengFigure 10.2), we obtainedthe valuek = 41.31. The
values of Fmax and Fmin can be read directly from the graph Fmax = €*% =50.0 and
Fmin = €928 = 0.75. Hencewe cancalculateDF from this experimentin the samemannerasfor an
adaptatiorcurve Asin Equation(11.9),

DF = 50.0- 0.75 = 49.25. (11.34)
Using Equation(11.8)
DH = 49.25/(41.31In2) = 1.72 bits. (11.35)

We observethat this value is quite closeto the value of 1.62 bits of information per stimulus
obtainedby analysisof the tasteadaptatiordataof Gentand McBurneyfor sodiumchloride It is also
closeto thevalueof 1.70 bits per stimulusfor , (X]Y) (sodiumchloride obtainedfrom anexperiment
on categoricajudgmentyBeebeCenteretal., 1955).

Forthe auditorydataof LuceandMo (Figure10.3), k = 113.1.

Fmax = e4'96 = 1426, Fmin = e3'18 = 240 .

DF = 118.6. (11.36)
DH = 118.6/(113.1In2) = 1.51 bits. (11.37)

As muchasonewould like to supplylimits of variability for suchcalculations| know of no way to
calculatetheseimits.

From Equation(11.22), the information transmittedin the guineapig ganglioncell was 1.99 bits.
Categoryexperimentson humanaudition will give valuesbetweenl.62 and 2.51 bits per stimulus
(Garner1953).
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Fortheweightlifting dataof LuceandMo (Figure10.3), k = 1040.

Fmax = €72 = 1408, Fmin = €32 = 25,0,

DF = 1408.0- 25.0 = 1383. (11.38)
DH = 1383/(1040In2) = 1.92 bits. (11.39)

| haveno correspondingraluesfor , (X|Y) for comparisonbut, again the valueis closeto the
expectedylobalvaluefor channelkapacity
Finally, from ChapterlO, the sweetnes®f-sucrosedataof Moskowitzgave

k = 24 6 ’ Fmax = 450 y Fmin = O 80 .
DF = 44.2, (11.40)
DH = 44.2/(24.6In2) = 2.59 bits, (11.41)

alittle highfor tastebut, again thesedatawerequite approximate

Again, the readeris remindedthat data measuredo study the law of sensationusually do not
permit estimationof 3 robustparametersand therefore do not usually permit calculationof channel
capacities

NUMERO, NUMERO, WHEREFOREART THOU NUMERO?#

Whatfunction you mightwonder do numbershavein scienc@

Whatis thedifference | putto you, betweera physicistandanenginee?

Well, you may be inclined to answery the physicistdealswith pure scienceandthe engineerwith
appliedscience

While thatis true, | believethatthereis anothemmoresalientdistinctionreferableto their respective
usesof mathematicsThe engineerusesmathematicgo obtain (often) a numericalresult the weight
toleranceof a bridge the characteristicef a circuit. The physicistusesmathematicso obtain(often) a
averbaf or non-numericalresult energyandmassare in principle, the same the universebeganfrom
an explosion at a single point etc As | stated before | am writing this material with the
Weltanschauungf the physicist Therefore to me the pagesof numbersgiven above are not
endvaluesin themselvesThey areusefulonly in helpingto confirm a positionwhich canbe statedin
words namelythata single principle of entropy F is a measureof H (F = kH), seemdgo accountfor
all stimulusmagnitudeandall adaptatiorexperimentsn which a single constantstimulusis used As
we moveforwardin this book we shallseethatthe scopeof this principleis evenbroader

Figure 11.8 Dataof SmallandMinifie (1961), Figure3(d), 50 secondff and10 secondson:
simultaneoudichotic loudnessbalance Data are plotted herein the usualway: decibelsof
adaptatiorareplottedagainstime. Thedatafall onacurve
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AUDITION : THE TECHNIQUE OF SIMULTANEOUS DICHOTIC LOUDNESS
BALANCE (SDLB)

Thistechniquevasdescribedn Chapter3, Adaptation A toneof constanintensity, |5, is presented
to the adaptingear, beginningatt = 0. An intermittenttone of variableintensity, |, is presentedo the
oppositeor testearfor total duration tY The subjectmustadjustthe intensity of the intermittent test
toneuntil its loudnessnatcheghatof the steady adaptingone

The applicationof the entropy principle to the SDLB techniqueis very simple (if not perfectly
accuratg Let usassumehatboth earsof a given subjecthaveidenticalvaluesfor the parameters, b
andn. If theloudnesf thetesttoneis equalto thatof theadaptingonethen

2kin(L +b1"tY = 2kin(1 +bl5/t). (11.42)
Hence
I"/tY= 13/t
nlog,,! - nlog,yla = log,,tY- log,,t
10log,o(1/1a) = (10/n)log,,tY- (10/n)log,,t . (11.43)
But
10log,,(I/1a) = decibelsof adaptation
sothat

decibelsof adaptation= (10/n)log,,tY- (10/n)log,,t. (11.44)

Therefore if we plot dB of adaptationagainstlog,,t, we expectto obtain a straightline whose
slopeequals- 10/n, wheren is the powerfunctionexponenfrom the powerlaw of sensation

In thevariouspapersdescribingexperiment®f the SDLB type dB of adaptationis plottedagainst
(notlog t), andis seento producea curve asshownin Figure11.8 (datafrom Figure 3d, 50 seconds
off, 10 secondson, of Small and Minifie, 1961). If, however we re-plot the datawith a log,,t-scale
insteadof at-scale the dataareseento lie nearlyalonga straightline, asshownin Figure11.9. Fitting

Figure 11.9 Samedataasin Figure 11.8. However decibelsof adaptationare now plotted
againstthe log of time. The datatendto lie on a straightline. Then- 10/slopeof line givesthe
powerfunctionexponentTheinterceptwith theline log t = 0 givesthe2ontime in principle
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astraightline to thesedatg we obtain
decibelsof adaptatiorr - 8.816 - 27.98log,,t . (11.45)
Comparing(11.44) with (11.45) we have
(10/n) =27.98, n=0.36. (11.46)

This value for n is quite closeto the expectedvalue for the power function exponentfor sound
intensityat 4000 Hz, the frequencyusedby SmallandMinifie . We arenot quite so accuratehowever
whenwe testtheintercept Again comparing(11.44) with (11.45),

(10/n)log,,tV=-8.816. (11.47)
Insertingthe valueof n from (11.46),

log,tY= (- 8.816)(0.36)/10 = - 0.317
tV= 0.482 minutes = 29 seconds (11.48)

However the experimentaPn time® for this graphwas only 10 secondsOther graphsobtained
from SDLB experimentgjavesomewhatloserestimatesof tY But one mustremembethat Equation
(11.42), from which thesecomputationsvere made assumedhat the testearwas alwayscompletely
unadaptedwhich wasnot the caseexperimentally | think thatthe predictionsmadeby the theoryare
reasonable

Loudnessadaptatiordoesnot occur, or is not prominent monaurally asdiscussedy Scharf(1978,
p. 219). Yet adaptatiorof oneearwith respecto anotheiis prominent Suchaneffectcanbe explained
if k or b for auditionwereslowly increasingfunctionsof time. For example b/t might tendto remain
constantWe mayobservethough thatEquation(11.43) canbe obtainedfrom Equation(11.42) evenif
k andb aretime-varying parametersrovidedthatb[left eail = b[right eal, etc

Thereaderis encouragedo carry out moreof theseSDLB analysesandperhapgo refine Equation
(11.42). The mathematicabnalysesare quite straightforward requiring only a regressiorine. Don't
forget 2decibelsof adaptatioh arenegativenumbersaswe calculatethem

CONCLUDING REMARKS

| have presentedrathera new view of the processof sensoryadaptation Eschewingthe more
traditionalideassuchasthe associatiorof adaptatiorwith fatigug | haverepresenteddaptatiorasthe
processof acquisitionof information As adaptationproceedsinformation is gained progressively
Whenadaptatioris complete we ceaseto sensate becausave havereceivedall possibleinformation
from a particularstimulus We might extendthis ideabeyondsimplestimuli of the intensitytype When
animageis fixed in constantpositionon the reting the imagefadesor 2graysout® (Troxler s effecy.
Perhapghis is anotherexampleof the principle To perceiveis to receiveinformation in the absence
of new information sensationdesists Troxler s effect has recently beensimulatedby a 2silicon
reting® asanadaptatiorprocesgMahowaldandMead 1991).

Anotherview of adaptatiorasgainin informationwaspresentedy Keidel etal. (1961).

In the processof deriving Equation(11.3), we haveheld | constantandsetl = bI" = constantn
Equation(11.2). In sodoing we haveremovedassumptior(6) from the setof six assumptionéistedin
Chapter9.

Equation(11.3) wasdescendedrom its ancestor

= 2 In[1+s§/(msR)] . (9.10)

You will recall that stimuluspopulationvariance s %, wasdivided by m, the numberof samplings
madeby the receptorsincethe time of introductionof the stimulus to provide a reducedvariance
s2/m, by virtue of the centrallimit theorem Thatis, the receptorwasmodeledasan averagingdevice
Henceadaptatiorasreductionof uncertainty However mathematicallywe obtainthe sameEquation
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(9.10) if we associateeach samplingwith the population variance s, and regard the reference
variance s 2, asincreasingwith the numberof samplings For example by the rule of addition of
varianceswe may obtain m times the error squaredafter m measurementshencems 2. Perhapshe
reademprefersto modelthe samplingprocessn this mannerbutl find it lesscomprehensible

Our fundamentalequationof adaptation (11.3), is in logarithmic form, but for all exceptthe
smallestvaluesof t, the F-function can be expandedn a Taylor series[cf. Equation(11.32)], in the
usualway, to give a powerfunction Retainingonly thefirst termof theserieswe have

F =1kl t®, (11.49)

where b =-1. It is of interestthat in recentyears insect physiologistshave been curvefitting
adaptatiorcurvesby powerfunctionsof the form of (11.49), but usuallywith fractionalvaluesfor the
constantb, suchasb = - 0.31 (Chapmanand Smith, 1963; Thorsonand BiedermarThorson 1974,
MannandChapman1975). In re-analyzingsomeof their datg our researclgrouphasfoundthatbetter
curvefits are sometimesobtained using b = - 1. See for example the analysis of the data of
Bohnenberge(1981) aspresentedy Norwich andMcConville (1991). You will recallthatour value

= - 1, aroseoriginally from the@null conjecturé of linearsamplingrate expressedyy Equation(9.3).
Thereis, of course no reasonwhy b shouldnot be retainedas an additionalparameterit's just that
thereis, perhapsnot sufficientevidenceto supportabrogatiorof the null conjecture

Finally, a remark about the synchronyof the processof adaptationwith the time interval of

exposureto the stimulus My original conjecture(Norwich 1981) was that the neurophysiological
adaptatiorprocesgwhich we haveanalyzedabove wassynchronousvith the exposureof thereceptor
to the stimulusenvironment That is, asthe receptorsampled so the neuronfired. Nature however
was not to be this simple Experimentscarriedout by L. Ward (1991) haveshownthat the sampling
procesdat leastfor vision) is completedexceedinglyrapidly. In the orderof one millisecond human
perceivershaveobtainednearlythe full complemenof informationfrom a flash stimulus asmeasured
later in an experimenton categorical judgments In contrast however the neurophysiological
adaptatiorcurvemay beginat aboutonemillisecond andproceedor manymilliseconds asseenfrom
the guineapig dataof Clelandand EnrothrCugell (1968). It is asif the retinatakesa 2photograph of
theflash usinga very rapid 2shuttef® andthis photographs later scannedy the more slowly-reacting
nervoussystem The scanningcompriseshe samplingprocesswhich is responsibldor adaptationto
the stimulus But theaboveis pureconjecture

NOTES

1. We shallconfinethe discussiorof adaptatiorto changesn the perceptualariable F, with time.
Thatis, we shallnotbe concernederewith changesn thresholdthataccompanydaptation

2. | amresistingthe temptationto representhe constant " by the Greeklettert, eventhoughit
hasthedimensionf time. t is too easilymisreadast.

3. It is arguablethat m may not take on valueslessthan 2 in Equation(11.3). Rememberhat
fundamentally Equation (11.3) comes from Equation (9.12). If the receptoris utilizing sample
variancesasestimatorof s 4, thenatleast2 samplesareneededThenm 3 2.

4. We shallbeusingt, fairly frequently sol used®t.° ratherthanthelonger@ty;,.°

5. Whenone allows explicitly for a thresholdvalue of DH, asgiven later by Equation(14.4), the
ratedeclineof thetheoreticalcurveis foundto matchthe observediatamuchmoreclosely.

6. The digitization performedhere and elsewherein this book was usually carried out using a
digitizing site mountedon a Hewlett Packardplotter (which wasalsousedto draw manyof the graphs.
A computerprogramwas written which facilitated the processand permitteddigitization from log or
linearscales

7. We actually carriedout a similar exerciseat the end of Chapter10, whenwe studiedthe total
numberof impulsesrecordedovera periodof time.

8. Wherefor® meanswhy? or for what reasor? Juliet was not searchingfor Romeofrom her
balcony Referto commentaryn Shakespeateplay.
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9. The Oxford English Dictionary recognizeghe intransitive verb, sensateas an obsoleteform.
However | recommendts revitalizationfor usein the field of sensatiorand perception He ceasedo
sensewnhile underanesthesideemdesssatisfactorjthanHe ceasedo sensatavhile underanesthesia
2003 ed notes

Q The Universal model however does obviate the problem of maximum m by establishing
effectively, a @forgeting functiorP: the receptormemory can retain only a certainnumberof bits of
information

QQ Probablynot Judgingfrom the dataof Kiang et al. (ResearciMonograph35, The MIT Press
CambridgeMass, 1965.), the adaptatiorwould continueat a slow ratefor sometime, perhapsn excess
of oneminute
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