
CHAPTER 11

SENSORYADAPTATION

THE ENTROPICINTERPRETATIONOFADAPTATION1

Wecontinue, now, in our taskof evaluatingthefundamentalentropyequation(9.20)/(10.1),

F = F(I, t ) = kH = 1
2

kln(1 + bIn/ t ) .     (11.1)

We recall from Chapter3 (“The Weber Fraction: The Analogs” ) the generalprocessthat is
employedin evaluatingthe functionF(I, t ). In orderto derivethe law of sensationfrom F(I, t ), we set
t = tU= constant, andobtainedEquation(10.3), the generalequationembracingboth logarithmicand
power laws of sensation. Now, in order to explore the principle of adaptationusing the same
mathematicalfunction, F(I, t ), we set I = IU = constant. That is, we explore the behavior of the
perceptualvariable, F, and the entropy function, H, when a single, steadystimulus is applied to a
sensoryreceptorfor a periodof time, t. Whenwe dealwith stimuli appliedfor “ long” periodsof time
(for example, t > 1 s), aswe do in this chapter, t maywell referto eitherthedurationof thestimulusor
to the time sinceonsetof thestimulus, sincegenerallythesetimeswill beequal. However, in Chapter
13, when we shall deal with very brief stimuli, t will refer unequivocallyto the time sincestimulus
onset. For such brief stimuli, the ratio of time since onset to stimulus duration may exceedunity
substantially. For thelongerstimuli treatedin this chaptertheratio is, effectively, unity.

Sincestimulusintensity, IU, is constant, wewrite2

l = b(IU)n = constant,     (11.2)

analogousto (10.2).
Hencetheequation

F = kH = 1
2 kln(1 + l /t ) ,     (11.3)

analogousto (10.3), describesthechangein F with t for a constantstimulus. It is evidentfrom Equation
(11.3) thatwhent is small, F is large, andast becomeslarger, F declines. This behaviordescribesthe
processof sensoryadaptation(seeChapter3, Adaptation). It is well known that when F describes
subjectivemagnitude, suchas the sensationof taste, this magnitudewill sometimesincreasebriefly
after administrationof the stimulus, and then decline. We deal with this early rise in sensationin a
preliminaryway in Chapter14. Until then, we concernourselvessolelywith thedecliningphaseof the
adaptationprocess.

Thereareboth mathematicalandphysiologicallimitations governingthe rangeof valuestakenby
thetime variable, t. Werecallfrom Equation(9.3) that

t = m/a ,

wherea is a constant, greaterthanzero, andm is aninteger, greaterthanzero, representingthenumber
of samplestakenby a receptorof its stimuluspopulation. It would seemthatwhenm = 1, t takeson its
smallestvalue3 of 1/a. At the other extreme, there is almostcertainly a maximumvalue for m that
characterizeseach type of receptor. Maximum m would represent the greatest number of
sampling-values(intensityvalues) that a receptorcould retain in its local “memory.” Although we do
not know from anatomicalor physiologicalconsiderationsexactly how great this numberis, we do
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11. SensoryAdaptation 114

know that it mustexist. For example, it is not likely that your pressurereceptorsarecurrentlystoring
thevaluesof pressuresapplied15 minutesago. That is, the receptor’s memoryis lessthan15 minutes.
Someminimumandmaximumfor mmustexist, but wecannot, at themoment, providevaluesfor these
extremes.Q

If themaximumvaluefor m (andhence, t ) is greatenough, then, from Equation(11.3), F will tend
toward ln(1) = 0 — the caseof completeadaptation, or adaptationto extinction. If , however, the
maximumvaluefor m(andhencefor t ) is somewhatsmaller, F will fall to somelevelgreaterthanzero,
andwill not decreasefurther, correspondingto thecaseof incompleteadaptation. Theentropyequation
(11.3) is valid only to thetimewhenF first reachesits minimumvalue. Beyondthis equilibrationpoint,
wecannotusetheentropyequationin its presentform.

Thetheoreticalgraphof F vs. t is governed, then, by theln-function(11.3). For small t, thefunction
falls steeply, andfor larget, it falls gentlytowardzero. Thecharacteristicsof thecurvediffer markedly
from thoseof the exponentialfunction, which is often used, empirically, to describesuchadaptation
phenomena. The exponentialfunction doesnot rise assharplyfor small t, anddescendsmoresteeply
for largert.

ªAdaptationº is oftendiscussedtogetherwith ªfatigue,º somewritersmakinga distinctionbetween
theterms. Adaptation, asseenfrom theentropyperspective, hasnothingwhateverto dowith fatigue.

SinceF = kH, F is a ªmirrorº of H. As H does, soF does. Theentropicview of adaptationmaybe
inferred from the preliminary discussiongiven in Chapter8 (CentralLimit Theorem) and Chapter9
(Maximum H as PotentialInformation). Referringto Equation(11.3) — When t is small (m small),
receptoruncertaintyis greatandthepotentialto receiveinformationis high; whent is large(m large),
receptor uncertainty is reduced, and thus the potential to receive information is low or absent.
Adaptation, therefore, refersto theprogressiveacquisitionof information(eradicationof uncertainty).
When the maximumvalue of t for a given receptoris insufficient to reducethe H-function to zero,
adaptationwill be incomplete. A receptorwhich hasadaptedto its fullest extentcannotreceivefurther
information. When a receptorhas adaptedcompletely, it retains no further uncertaintyabout its
stimulusmagnitude, leadingto a ratherdramaticconclusion: A receptorcannotperceivea certainty. If
theoutcometo aneventis completelycertain, thereceptorcannotperceiveit.

The readerwill notice that here, as elsewhere, I seemto haveanthropomorphizedthe receptor,
relegatingto it thecapacityto becertainor uncertain, asif it possesseda mind. This view is, however,
incomplete. A receptor, asan isolatedunit, cannotreasonablybe expectedto possessthe potentialfor
certaintyor uncertainty. I shall returnlater to this matter, but eventhen, I amafraid, my viewsmaybe
consideredaudacious.

Figure 11.1 Schematicdiagramof an adaptationcurve. The variable, F, representseither
impulse frequencyin a sensoryneuron or subjectivemagnitudeof a stimulus. Fmax is the
maximumvalue obtainableby F. Sometimesone finds an early portion of the curve whereF
riseswith time (not shownhere). This early rising phasecanbe detectedneurophysiologically
and, occasionally, psychophysically, particularly with the chemicalsenses. Fmin, the minimum
valueobtainableby F, is oftennot obtainedduringthecourseof theexperiment, but rather, must
be estimatedby meansof an asymptoteto the curve, as shownin the diagram. When Fmin is
equalto zero, adaptationis saidto go to completion.
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11. SensoryAdaptation 115

The fall of F with t is illustratedschematicallyby thecurvesin Figure3.2 andFigure11.1. Again,
F, the perceptualvariable, will be interpretedeitherassubjectivemagnitude(magnitudeestimates) or
asimpulseratein a sensoryneuron. However, we shallseein Chapter13 thatthis dual interpretationof
F is, at best, an approximation. That is, F (subjectivemagnitude) is not preciselysynchronouswith F
(impulserate). In fact the two typesof curve are not evennecessarilyof exactly the sameshape, as
discussedin note1 of Chapter13.

INFORMATION, RECEPTORSAND CATEGORICALJUDGMENTS

FromEquation(11.3),

H = 1
2 ln(1 + l / t ) .     (11.4)

We haveestablished, now, the existenceof a minimum and maximumvalue of t, which can be
designatedt0 andtmax, respectively.4 SinceH(t ) is a monotonedecreasingfunctionof t, therefore,

Hmax = 1
2 ln(1 + l / t0)     (11.5)

and

Hmin = 1
2 ln(1 + l / tmax) .     (11.6)

Let

DH = Hmax - Hmin .     (11.7)

ThenDH is thedifferencebetweenthereceptoruncertaintyat thebeginningandendof theprocess
of adaptation. It is thereductionin potentialinformation. Thatis, DH equalsthequantityof information
receivedby thereceptorduring theprocessof adaptation. SinceF = kH, therefore,

DH = DF/k .     (11.8)

That is, theexcursionof theadaptationcurvedividedby thescalingconstant, k, is equalto thetotal
informationreceivedby thereceptorduringtheadaptationprocess. Moreover, bothquantitiesk andDF,
on the right-handsideof (11.8) canbe measured. Sinceexperimentaladaptationdatacanbe fitted to
Equation(11.3), wecanobtaina valuefor theconstant, k; since

DF = Fmax - Fmin ,     (11.9)

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

We might just noteat this point that thereis an approximationto Equation(11.7) which not only
permitsone to estimatethe value of DH from visual inspectionof an adaptationcurve, but seemsto
provide someinsight into DH as well (cf. Chapter8, The Central Limit Theorem). Let us assume
(rightly or wrongly) thatwe canusetheªFechnerapproximation,º l /tmax >> 1. Admittedly, useof this
approximationwill sometimeslead us astray. Since to < tmax, it will also be true that l / to >> 1.
Introducingtheseapproximationsinto Equations(11.5) and(11.6),

Hmax S 1
2 ln(l / to)

and

Hmin S 1
2 ln(l / tmax) ,

sothat, from Equation(11.7),

DH S 1
2 ln(l / to) - 1

2 ln(l / tmax) ,

DH = 1
2 ln(tmax/ to) ,
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or

DH = ln tmax/ to .     (11.10)

This equationwasdemonstratedby theauthor(1981, 1984). It is usefulbecausetheright-handside
canbeapproximatelyevaluatedby simplevisual inspectionof anadaptationcurve. For example, from
a curvesuchasthat illustratedin Fig (11.1) onecanestimate(sometimes) thevalueof to at which the
curveis maximum, andof tmax at which thecurveis minimum. Sometimesthecurveseemsto continue
falling slowly throughoutits duration, so I usuallysuggesttaking tmax asthe time whenthe curvehas
fallen through, say, 90% of its total excursion. Thefinal resultof thecalculationis not all thatsensitive
to small changesin tmax, but is exquisitelysensitiveto changesin theestimateof to. Anyway, a glance
at theadaptationcurveprovidesanestimateof theratio of tmax/ to, andthelog of thesquareroot of this
ratio equalstheinformationtransmitted(or anapproximationthereto).

If , moreover, we introduceEquation(9.3) into (11.10), then

DH = 1
2 ln(mmax/mo) ,

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

DH S 1
2 lnmmax .     (11.11)

Thatis, informationreceivedby thereceptoris approximatelyequalto one-half thelogarithmof the
greatestnumberof samplingsthatcanbecontainedin thememoryof thereceptor.

Thereaderwill recall from Chapters4 and5 thatonecanalsocalculateaninformationperstimulus
by meansof an experimenton categoricaljudgments. Quite a lot of labor wasexpendedto derivethe
quantity , (X|Y) from the confusion matrix. It was shown that for all modalities of sensation, a
maximumof about2.5 bits of informationwastransmittedperstimulus, theso-calledchannelcapacity.
This 2.5 bits or 1.75 naturalunitsof informationcorrespondedto 22.5 = e1.75 S 6 categories. That is, a
humanbeingis capableof distinguishing, without error, ªtheequivalentofº about6 categoriesof light
or soundintensity, concentrationof solutions, etc. We now explore the questionof the relationship
betweenthis quantityof information, , (X|Y), obtainedfrom measurementsof categoricaljudgments,
and the information DH, obtainedusing Equation (11.7) from measurementsmade on adaptation
curves.

The factors limiting the maximumvalue of , (X|Y) are usually assumedto residein the brain.
Perhapsthe main reasonfor this assumptionis that the numberof jnd’s distinguishable(rangeof 20 –
350) is muchgreaterthanthenumberof absolutecategoricaljudgments(about6). Sincethesensescan
distinguishmanymorethan6 jnd’s, the limitation in makingan absolutejudgmentaboutan unknown
stimulusmust, surely, lie in the brain. And so it may be. But I would like to suggestan alternative. I
suggestthat the limitation on thequantityof informationavailablefor anabsolutejudgmentmaybe, in
thefinal analysis, dueto the limitation in theamountof informationprovidedby thesensoryreceptors.
That is, if thesensoryreceptorscanreceivea maximumof DH bits of informationperstimulus, thenno
morethanDH bits canbe usedto makean absolutejudgment. Implicit in this suggestionis that, to a
degreeof approximation, the sensoryreceptorsoperate in parallel; for example, the amount of
informationreceivedby thebrain from n olfactoryreceptorsis thesameasthat receivedfrom only one
receptor. That is, redundancy(numerosity) in receptorsmay be necessaryto insure receipt of a
stimulus, but oncereceived, theinformationfrom thelargenumberis thesameastheinformationfrom
only onereceptor. Somepsychologistshaveexpresseddissatisfactionwith this hypothesis. Ward(1991)
has put forward an alternative hypothesis: N receptorsacting in parallel and sampling at rate
a samples/s may producethe effect of a singleadaptationprocesswith samplingat the rateNa. Such
maybethecase, but furtherwork mustbedoneon it.

I submit, anyway, by wayof conjecture, that

DH = , (X|Y) .     (11.12)
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11. SensoryAdaptation 117

Thetruth of Equation(11.12) is not vital to theintegrity of theentropytheoryof perception, but we
shallseepresentlythat(11.12) doesseemto verify whentestedon experimentaldataÐ which we now
proceedto do.

EXPERIMENTAL TESTSOFTHE ENTROPICTHEORYOFADAPTATION

Let usnow testtheentropictheory, to the level thatwe havedevelopedit hitherto, usingpublished
data. Gent and McBurney (1978) measuredthe changein magnitudeestimate, F, with time, for the
senseof taste. Let us select from their paper a medium (0.32 M) solution of sodium chloride. I
digitized, ascarefullyaspossible, thedatafrom GentandMcBurney' s Figure1. WhenEquation(11.3)
wasfitted to thedatausinga leastsquarestechnique, thefollowing parametervalueswereobtained:

k = 7.634 ,
l = 46.04 s.

Thefitted equationwas, therefore,

F = (7.634/2) ln(1 + 46.04/ t ) .     (11.13)

The resultsare graphedin Figure11.2. The fitted curve, while perhapstolerable, seemsto fall a
little too slowly at largertimes, a featurecharacteristicof all datain this paper.5 GentandMcBurney
fitted thecurvesto monoexponentialfunctions.

Usingtheaboveparametervalues, we canmeasuretheinformationtransmittedpersodiumchloride
stimulus. FromEquation(11.9),

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

if we considerthe adaptationprocessto be completeat 90 seconds. The excursion, DF, would equal
8.57 – 0 = 8.57, if we suspectthat theadaptationprocesswould proceedto extinction. Therefore, from
Equation(11.8), usingthesmallerof thetwo valuesfor DF, theinformationtransmittedby this solution
of mediumintensity

DH = DF/k = 7.57 / 7.634 = 0.992 naturalunits.

Dividing by ln2,

DH = DF/ (kln2) = 1.431 bits,     (11.15)

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

Figure 11.2 Dataof GentandMcBurney(1978) illustratingpsychophysicaladaptation. Mean
magnitudeestimateof 0.32 M solution of sodiumchloride plotted againsttime. The smooth
curveis givenby theentropyequation(11.13).
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Table 11.1 Dataof Matthews(1931), Figure3: Two-GramWeightApplied to Muscleof Frog.

Time [s] Impulsefrequency[s- 1] fitted Impulsefrequency[s- 1] measured

0.228 117.47 118.98

0.411 101.68 97.79

0.826 83.28 84.63

1.277 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 33.11 32.51

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 theentropicadaptationequation(11.3) usinga simplexprocedurewith
theleastsquarescriterion(seeFigure11.3). Thenumberof digits usedfor a givenentrydoesnot
reflect thenumberof significantfiguresin themeasurement, a quantitythat is not really known
to the author. Function fitted is F = 0.5 ´ (Parameter1) ´ ln(1 + (Parameter2) / t ). Value of
Parameter1 = 54.51. Valueof Parameter2 = 16.71. Sumof squaresof residuals= 38.22

valuesfor DF,

DH = 8.57/ (7.634ln2) = 1.620 bits.     (11.16)

Moving now to an examplein which F is measuredasimpulsefrequencyin a sensoryneuron, we
examinethe dataof B.H.C. Matthews(1931). Matthewsinvestigatedthe responseto stretchreceptors
in the musclesof a frog. He providedstretchor tensionstimuli to a small musclein the upper, outer
sideof themiddletoeof thefrog, andrecordedfrom thelateralbranchof theperonealnerve. A 2-gram
load was appliedto the muscletendon, which was immersedin Ringer' s solution, and the resulting
impulsefrequencyplottedagainsttime is shownin the Matthews' Figure3. The entropyequationfor
adaptation, (11.3), wasfitted to thedatadigitizedfrom this graph.6 Theparametervaluesobtainedwere
asfollows (Table11.1):

k = 54.51 ,
l = 16.71 s.

Thefitted equationwas, therefore,

F = ( 1
2 )(54.51) ln(1 + 16.71/ t ) .     (11.17)

FromEquation(11.9)

DF = Fmax - Fmin = 119 - 23 = 96 impulses/s.     (11.18)

FromEquation(11.8),

DH = DF/ (kln2) = 96/ (54.51ln2) = 2.541 bits.     (11.19)
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11. SensoryAdaptation 119

Figure 11.3 Dataof Matthews(1931), Figure3 illustrating neuraladaptation. Two-gramload
applied to a muscletendonof the frog. The smoothcurve is given by the entropy equation
(11.17).

Again we find thatthevaluefor informationtransmittedperstimulusis closethetheªglobalº value
of about2.5 bits. Since22.541 = 5.82, we seethatwe remaincloseto theªmagicalnumber6º categories.
Matthews' dataand its fitted curve are shownin Figure 11.3. Using the very approximateEquation
(11.10) with datafrom Table11.1, wehave

DH S 1
2 ln(14.05/0.228) / ln2 = 2.97 bits.     (11.19a)

Continuingwith exampleswhereF is measuredneurophysiologically, weconsideradaptationin the
guineapig auditory nerve, as reportedby Yates, Robertsonand Johnstone(1985) (seeChapter3,
Adaptation). The responsesin auditorynerveganglioncells to 100 ms toneburstsweremeasuredby
theseinvestigators. Adaptationwas incomplete; that is, firing rate did not descendto zero. Judging
from resultsof experimentGP53/08:4, thedeclinein firing ratewascompleteby 25 to 30 msfollowing
onsetQQ of the stimulus. To usethe graphsin this paper, probability densitywas interpretedas firing
rate, as suggestedby the authors. Thesedata(Yateset al., Figure5) were digitized and fitted to the
entropyequation(11.3). Thevaluesof theparameterswereasfollows:

k = 157.7 ,
l = 37.64 ms.

Thus, thefitted equationwas

F = ( 1
2 )(157.7) ln(1 + 37.64/ t ) .     (11.20)

FromEquation(11.9)

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

FromEquation(11.8)

DH = DF/ (kln2) = 217/ (157.7ln2) = 1.99 bits.     (11.22)

Thedataandfitted curveareshownin Figure11.4.
In passing, mayI drawyour attentionto theolderneurophysiologicaldataon auditionby Galambos

andDavis (1943), alsointroducedin Chapter3. Puretonesweredeliveredto the earsof cats, andthe
frequencyof impulseswasmeasuredin whatwerebelievedoriginally to besingleauditoryfibers(1943
paper). However, in a note of correction (1948), the authorsamendedthe interpretationof their
measurements, and attributed them to single unit activity of second-order neurons, rather than
first-orderneurons, asoriginally expected. The dataof GalambosandDavis weredigitized from their
graph(Figure3), andpublishedin Table2 of Norwich (1981). Theentropicequation(11.3) wasfitted
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Figure 11.4 Dataof Yateset al. (1985). Neuraladaptationin the auditoryganglioncell of a
guineapig to a 100 ms toneburst. F is measuredasactionpotentialprobability density[Hz],
similar to impulsefrequency. The smoothcurve is given by the entropyfunction (11.20). To
estimatethe information transmittedby this adaptationprocessusing Equation (11.10), we
observethattmax S 25 msandto S 1 ms. Thus, DH S ln 25 / ln2 = 2.3 bits of informationper
stimulus.

ascloselyaspossibleto their data. Thefollowing parametervalueswereobtained:

k = 120.31 ,
l = 4.00 s.

Hence

DF = 400 - 80 = 320 Hz

DH = 320/ (120.31ln2) = 3.84 bits.

    (11.23)

    (11.24)

Analogousto auditory nerve fiber responseto acousticstimuli, we examinenow optic nerve
responseto visualstimuli. ClelandandEnroth-Cugell (1968) appliedsquare-waveinputsof light to the

Figure 11.5 Data of Cleland and Enroth-Cugell (1968). Neural adaptationin the on-center
ganglioncellsof thecat to square-waveinputsof light to the retina. The smoothcurveis given
by theentropyequation(11.3) with k = 302.5 andl = 0.1175 s.
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retina of cats, and recordedthe impulsefrequencyof on-centerganglioncells in the cat retina from
optic tract fibers. A numberof their tracingsfor different light intensitieswereprovidedin theauthors'
Figure 2, showingthe effectsof adaptation. Their tracing #2 hasbeendigitized, as well as we were
able, and the entropyequationfor adaptation(11.3) was fitted to the data (Figure 11.5). The exact
positionof t = 0 for thesedatawashardto determine. I took theliberty hereof shifting theorigin back
and forth by a few millisecondsin order to producethe bestcurve fit . The valuesfor the parameters
wereasfollows:

k = 302.5 ,
l = 0.1175 s.

DF ³ 271.0 - 37.6 = 233.4

DH ³ 233.4/ (302.5ln2) = 1.11 bits.

    (11.25)

    (11.26)

I useª>º becausethe adaptationprocessis continuingat 0.42 seconds, wherethe graphin Figure
11.5 terminates. Interpretationof theseresultsis not straightforward. We aredecidedlynot dealinghere
with independentsensoryreceptors(see, for example, Dowling, 1987, page35-36). Moreover, theinput
wasnot a singlestepfunctionbut a squarewave, so that receptorswerenot totally unadaptedat t = 0,
thetime of stimulusonset.

EXPERIMENTAL TESTSOFTHE ENTROPICTHEORY: COMBINED STIMULUS
INTENSITY AND ADAPTATION

In Chapter10, we subjectedthe entropyequationwith t = constant[Equation(10.3)] to various
experimentaltests, and we confirmed the fact that the WF and PBS laws mergeand are contained
within the entropyequation. In the precedingsectionof the presentchapterwe subjectedthe entropy
equationwith I = constant[Equation(11.3)] to a numberof experimentaltests. We confirmed the
adequacyof theequationto fit adaptationdata, althoughin someinstances, particularlywith magnitude
estimates, one would be happierwith a closer fit .5 We also observedthat the valuesof information
transmittedper stimuluscalculatedfrom adaptationdatawere compatiblewith correspondingvalues
calculatedfrom experimentson categoricaljudgments. Henceforth, it will beassumedthattheªchannel
capacity,º 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
experimentaltest. Thatis, we let bothI andt vary,7 andstudythesurface,

F = F(I , t ) .     (11.27)

That is, we may regardI and t as two independentvariablesand F as a dependentvariable. The
graphof F asa function of I and t will describea surface. However, for simplicity in presentingthe
data, we shall take ªslicesº through the surface for I = I1, I2, I3, and present a series of
two-dimensionalgraphsof 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 consider, together, three experimentsin which forces of 1, 2, and 5 gramswere
appliedto the tendon. Eachforce gaverise to its own, uniqueadaptationcurve. The threesetsof 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 parameters. Data
analyzedweretakenfrom Matthews' Figure15B (in Ringer' s solution) which, I amassuming, wereall
obtainedfrom the samepreparation(or, at least, are governedby the sameset of parameters). The
parametervaluesare:

k = 32.24 ,
b = 17.19 (cf. b = 54.51 for thepreparationanalyzedin 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 parameters(given in the text). That is, only 3
adjustableparameterswereused, in all, to curve-fit all 3 curves, or a ratio of oneparameterper
curve. Thefitted entropyfunctionis givenby Equation(11.28).

Theresultsof thethreesimultaneouscurvefits areshownin Figure11.6. Rememberthata total of
3 parameterswereusedto curve-fit the 3 setsof data, or a ratio of oneparameterper curve. Equation
(11.1) is representedexplicitly by

F = ( 1
2 )(32.24) ln(1 + 17.20 I 0.9496) .     (11.28)

Calculatingthechannelcapacityusingthe5-gramdataset,

DF = 72.9 - 27.2 = 45.7 impulsespersecond.

(DH = 45.7/ (32.34ln2) = 2.04 bits perstimulus.

    (11.29)

    (11.30)

Thethreedatasetsandthecorrespondingparametervaluesaregivenin Table11.2.
As a secondexampleof a surface-fit to Equation(11.1), andthe first exampleof insectsensation,

we considerthesugarreceptorof theblowfly. DethierandBowdan(1984) stimulatedthis receptorwith
sucrosesolutionsof 3 differentconcentrations: 1.0 M, 0.1 M and0.01 M. Theymeasuredthefrequency
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 weightings in the ratio of 1:3:5 (1.0 M, 0.1 M, 0.01 M). With parameters
evaluated, Equation(11.1) became

F = ( 1
2 )(121) ln(1 + 1.15 I 0.585/ t ) .     (11.31)

The dataandfitted surface(curves) areshownin Figure11.7. Again we notethat all threecurves
havebeenfitted with the same3 parametervalues, or, the averageratio of oneparameterper curve.
Maximuminformationperstimuluswascalculatedto be2.9 bits perstimulus. More detailsaboutthese
curvesare given by Norwich and Valter-McConville (1991). In this samepaperthe readermay find
more extensive mathematicaltests of the adaptationprinciple and a simultaneouscurve-fit to
adaptationdatafrom theslit senseorganon thewalking legof theHuntingSpider.

We cannow understandthe near-parallelstraightlines of Schmidt(1988, page88), introducedin
Chapter3. The logarithmof theneuralresponseof a pressurereceptorplottedagainstthe logarithmof
the stimuluspressure(for t constant) gives a straight line (power law of sensation). As the stateof
adaptationincreases(t increases), thestraightline shiftsdownwardon thegraph. The resultis a series
of nearlyparallelstraightlines (Figure3.3). We proceedby expandingthe right-handsideof Equation
(11.1) in a Taylor series(wheret is large enoughto makethe expansionlegitimate), as in Equation
(10.7). Retainingonly thefirst orderterm,

F = 1
2 kb In/ t .     (11.32)
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Table 11.2 Data of Matthews(1931), Figure 15B. Three Experimentsin Which a 1-gram,
2-gramand5-gramWeightWereApplied, Respectively, to theMuscleof aFrog.

t [s] FrequencyFitted FrequencyMeasured Dataset

1 gram

0.548 56.06 52.47

1.373 41.98 40.06

2.975 30.85 30.12

5.992 21.81 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

5 gram

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. Thethreedatasetswerecurve-fitted simultaneouslyto Equation(9.20)/(10.1)/(11.1) using
thesamethreeparametersfor all threecurves(Figure11.7). Theequationis

F = 1
2 kln(1 + bI n/ t ) .

Intensity, I, wassetequalto 1, 2 and5 respectivelyin eachof the threecurve-fits. The above
equation was then fitted to the F vs. t data. Function fitted is F = 0.5 ´ (Parameter1)
´ ln(1 + (Parameter2) ´ I ^ (Parameter3) / t). Valueof Parameter1 = 32.24. Valueof Parameter
2 = 17.19. Valueof Parameter3 = 0.9496. Sumof squaresof residuals= 64.50.

Thereceptorcanberepresentedin differentstatesof adaptationby settingt = t i = constant. Taking
logsof bothsidesof (11.32),

logF = nlogI + log( 1
2 kb) - logt i .     (11.33)

That is, plotting logF vs. logI gives a straight line whose slope is n and whose intercept,
log( 1

2 kb) - logt i , slidesdownast i increases, exactlyasshownin Figure3.3. As anexercise, thereader
might like to checkthetheoreticalvaluesof thespacingbetweenthestraightlinesin Figure3.3. TakeI
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.

I think that the point is amply illustrated: Equation(9.20)/(10.1)/(11.1) is capableof allowing for
both adaptationand stimulusmagnitudechangesusing the sameset of parametervalues, when F is
measuredneurophysiologically. The information transmittedis usually closeto the nominal value of
2.5 bits perstimulus.
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Figure 11.7 Dataof DethierandBowdan(1984) for thesugarreceptorof theblowfly. For the
uppercurve, the concentrationof the sugarsolution was 1.0 M (i.e. I = 1.0); for the middle
curve, 0.1 M (I = 0.1); andfor thelowestcurve, 0.01 M (I = 0.01). Again, all threecurveswere
fitted simultaneouslyto thesamesetof 3 parameters; that is, only 3 adjustableparameterswere
used, in all, to fit all 3 curves, or a ratio of oneparameterpercurve. The fitted entropyfunction
is givenby Equation(11.31).

MAGICAL NUMBERSFROM THE LAW OFSENSATION

You will recall from our studiesin Chapter10 that it wasnot alwayspossibleto obtainthreerobust
parametersfrom Equation(10.3) usingmeasurementsof F vs. I (t constant), but thatwe did manageto
do soin a numberof cases. I suggestedthattherewasmagicin thevaluesobtainedfor theparameter, k,
andwearenow in a positionto beappropriatelyenchanted.

For thesodiumchloridedataof S. S. Stevens(Figure10.2), we obtainedthevaluek = 41.31. The
values of Fmax and Fmin can be read directly from the graph: Fmax = e3.91 = 50.0 and
Fmin = e- 0.288 = 0.75. Hencewe cancalculateDF from this experimentin the samemannerasfor an
adaptationcurve. As in Equation(11.9),

DF = 50.0 - 0.75 = 49.25 .     (11.34)

UsingEquation(11.8)

DH = 49.25/ (41.31ln2) = 1.72 bits.     (11.35)

We observethat this value is quite close to the value of 1.62 bits of information per stimulus
obtainedby analysisof the tasteadaptationdataof GentandMcBurneyfor sodiumchloride. It is also
closeto thevalueof 1.70 bits perstimulusfor , (X|Y) (sodiumchloride) obtainedfrom anexperiment
oncategoricaljudgments(Beebe-Centeret al., 1955).

For theauditorydataof LuceandMo (Figure10.3), k = 113.1 .

Fmax = e4.96 = 142.6 , Fmin = e3.18 = 24.0 .

DF = 118.6 .

DH = 118.6/ (113.1ln2) = 1.51 bits.

    (11.36)

    (11.37)

As muchasonewould like to supplylimits of variability for suchcalculations, I know of no way to
calculatetheselimits.

From Equation(11.22), the information transmittedin the guineapig ganglioncell was1.99 bits.
Categoryexperimentson humanaudition will give valuesbetween1.62 and 2.51 bits per stimulus
(Garner1953).
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For theweight-lifting dataof LuceandMo (Figure10.3), k = 1040.

Fmax = e7.25 = 1408 , Fmin = e3.22 = 25.0 ,

DF = 1408.0 - 25.0 = 1383 .

DH = 1383/ (1040ln2) = 1.92 bits.

    (11.38)

    (11.39)

I haveno correspondingvaluesfor , (X|Y) for comparisonbut, again, the value is closeto the
expectedglobalvaluefor channelcapacity.

Finally, from Chapter10, thesweetness-of-sucrosedataof Moskowitzgave

k = 24.6 , Fmax = 45.0 , Fmin = 0.80 .

DF = 44.2 ,

DH = 44.2/ (24.6ln2) = 2.59 bits,

    (11.40)

    (11.41)

a little high for tastebut, again, thesedatawerequiteapproximate.
Again, the readeris remindedthat data measuredto study the law of sensationusually do not

permit estimationof 3 robustparameters, and, therefore, do not usuallypermit calculationof channel
capacities.

NUMERO, NUMERO, WHEREFOREART THOU NUMERO?8

Whatfunction, youmightwonder, donumbershavein science?
Whatis thedifference, I put to you, betweena physicistandanengineer?
Well, you may be inclined to answer, the physicistdealswith purescienceandthe engineerwith

appliedscience.
While that is true, I believethatthereis anothermoresalientdistinctionreferableto their respective

usesof mathematics. The engineerusesmathematicsto obtain (often) a numericalresult: the weight
toleranceof a bridge, thecharacteristicsof a circuit. Thephysicistusesmathematicsto obtain(often) a
ªverbalº or non-numericalresult: energyandmassare, in principle, thesame; theuniversebeganfrom
an explosion at a single point; etc. As I stated before, I am writing this material with the
Weltanschauungof the physicist. Therefore, to me, the pagesof numbersgiven above are not
end-valuesin themselves. Theyareusefulonly in helpingto confirm a positionwhich canbestatedin
words, namelythat a singleprinciple of entropy, F is a measureof H (F = kH), seemsto accountfor
all stimulus-magnitudeandall adaptationexperimentsin which a single, constantstimulusis used. As
wemoveforwardin this book, weshallseethatthescopeof this principleis evenbroader.

Figure 11.8 Dataof SmallandMinifie (1961), Figure3(d), 50 secondsoff and10 secondson:
simultaneousdichotic loudnessbalance. Data are plotted here in the usual way: decibelsof
adaptationareplottedagainsttime. Thedatafall onacurve.
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AUDITION: THE TECHNIQUEOFSIMULTANEOUSDICHOTIC LOUDNESS
BALANCE (SDLB)

This techniquewasdescribedin Chapter3, Adaptation. A toneof constantintensity, Ia, is presented
to theadaptingear, beginningat t = 0. An intermittenttoneof variableintensity, I, is presentedto the
oppositeor testear for total duration, tU. The subjectmustadjustthe intensityof the intermittent, test
toneuntil its loudnessmatchesthatof thesteady, adaptingtone.

The applicationof the entropyprinciple to the SDLB techniqueis very simple (if not perfectly
accurate). Let usassumethatbothearsof a givensubjecthaveidenticalvaluesfor theparametersk, b
andn. If theloudnessof thetesttoneis equalto thatof theadaptingtonethen

1
2 kln(1 + bIn/ tU) = 1

2 kln(1 + bIa
n / t ).     (11.42)

Hence

In/ tU = Ia
n / t

nlog10I - nlog10Ia = log10 tU- log10 t

10log10(I / Ia) = (10/n) log10 tU- (10/n) log10 t .     (11.43)

But

10log10(I / Ia) = decibelsof adaptation,

sothat

decibelsof adaptation= (10/n) log10 tU- (10/n) log10 t .     (11.44)

Therefore, if we plot dB of adaptationagainstlog10 t, we expectto obtain a straight line whose
slopeequals- 10/n, wheren is thepowerfunctionexponentfrom thepowerlaw of sensation.

In thevariouspapersdescribingexperimentsof theSDLB type, dB of adaptationis plottedagainstt
(not log t), andis seento producea curve, asshownin Figure11.8 (datafrom Figure3d, 50 seconds
off, 10 secondson, of Small andMinifie , l961). If , however, we re-plot the datawith a log10 t–scale
insteadof a t-scale, thedataareseento lie nearlyalonga straightline, asshownin Figure11.9. Fitting

Figure 11.9 Samedataas in Figure 11.8. However, decibelsof adaptationare now plotted
againstthe log of time. The datatendto lie on a straightline. Then- 10/slopeof line givesthe
powerfunctionexponent. Theinterceptwith theline log t = 0 givestheªon time,º in principle.

Information, SensationandPerception. Ó KennethH. Norwich, 2003.



11. SensoryAdaptation 127

a straightline to thesedata, weobtain

decibelsof adaptation= - 8.816 - 27.98log10 t .     (11.45)

Comparing(11.44) with (11.45) wehave

(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 quitesoaccurate, however,
whenwe testtheintercept. Againcomparing(11.44) with (11.45),

(10/n) log10 tU = - 8.816 .     (11.47)

Insertingthevalueof n from (11.46),

log10 tU = (- 8.816)(0.36) /10 = - 0.317

tU = 0.482 minutes = 29 seconds.     (11.48)

However, the experimentalªn timeº for this graphwas only 10 seconds. Other graphsobtained
from SDLB experimentsgavesomewhatcloserestimatesof tU. But onemustrememberthat Equation
(11.42), from which thesecomputationsweremade, assumedthat the testearwasalwayscompletely
unadapted, which wasnot the caseexperimentally. I think that the predictionsmadeby the theoryare
reasonable.

Loudnessadaptationdoesnot occur, or is not prominent, monaurally, asdiscussedby Scharf(1978,
p. 219). Yet adaptationof oneearwith respectto anotheris prominent. Suchaneffectcanbeexplained
if k or b for auditionwereslowly increasingfunctionsof time. For example, b / t might tendto remain
constant. Wemayobserve, though, thatEquation(11.43) canbeobtainedfrom Equation(11.42) evenif
k andb aretime-varyingparameters, providedthatb[left ear] = b[right ear], etc.

Thereaderis encouragedto carryout moreof theseSDLB analyses, andperhapsto refineEquation
(11.42). The mathematicalanalysesare quite straightforward, requiring only a regressionline. Don' t
forget: ªdecibelsof adaptationº arenegativenumbersaswecalculatethem.

CONCLUDINGREMARKS

I have presentedrather a new view of the processof sensoryadaptation. Eschewingthe more
traditionalideassuchastheassociationof adaptationwith fatigue, I haverepresentedadaptationasthe
processof acquisitionof information. As adaptationproceeds, information is gainedprogressively.
Whenadaptationis complete, we ceaseto sensate9 becausewe havereceivedall possibleinformation
from a particularstimulus. Wemightextendthis ideabeyondsimplestimuli of theintensitytype. When
an imageis fixed in constantpositionon the retina, the imagefadesor ªgraysoutº (Troxler' s effect).
Perhapsthis is anotherexampleof the principle: To perceiveis to receiveinformation; in the absence
of new information, sensationdesists. Troxler' s effect has, recently, been simulatedby a ªsilicon
retinaº asanadaptationprocess(MahowaldandMead, 1991).

Anotherview of adaptationasgainin informationwaspresentedby Keidel et al. (1961).
In the processof deriving Equation(11.3), we haveheld I constant, andsetl = b In = constantin

Equation(11.2). In sodoing, we haveremovedassumption(6) from thesetof six assumptionslistedin
Chapter9.

Equation(11.3) wasdescendedfrom its ancestor,

H = 1
2 ln[1 + s S

2 / (ms R
2)] .     (9.10)

You will recall that stimuluspopulationvariance, s S
2, wasdivided by m, the numberof samplings

madeby the receptorsincethe time of introductionof the stimulus, to provide a reducedvariance,
s S

2 /m, by virtue of thecentrallimit theorem. That is, thereceptorwasmodeledasanaveragingdevice.
Henceadaptationasreductionof uncertainty. However, mathematically, we obtainthe sameEquation
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(9.10) if we associateeach sampling with the population variance, s S
2, and regard the reference

variance, s R
2 , as increasingwith the numberof samplings. For example, by the rule of addition of

variances, we may obtain m times the error squaredafter m measurements: hencems R
2 . Perhapsthe

readerprefersto modelthesamplingprocessin this manner, but I find it lesscomprehensible.
Our fundamentalequationof adaptation, (11.3), is in logarithmic form, but for all except the

smallestvaluesof t, the F-function can be expandedin a Taylor series[cf. Equation(11.32)], in the
usualway, to givea powerfunction. Retainingonly thefirst termof theseries, wehave

F = 1
2 kl t- b ,     (11.49)

where b = - 1. It is of interest that in recent years, insect physiologistshave been curve-fitting
adaptationcurvesby powerfunctionsof the form of (11.49), but usuallywith fractionalvaluesfor the
constantb, suchas b = - 0.31 (Chapmanand Smith, 1963; Thorsonand Biederman-Thorson, 1974;
MannandChapman, 1975). In re-analyzingsomeof their data, our researchgrouphasfoundthatbetter
curve-fits are sometimesobtained using b = - 1. See, for example, the analysis of the data of
Bohnenberger(1981) aspresentedby Norwich andMcConville (1991). You will recall thatour value,
b = - 1, aroseoriginally from theªnull conjectureº of linearsamplingrate, expressedby Equation(9.3).
Thereis, of course, no reasonwhy b shouldnot be retainedasan additionalparameter; it' s just that
thereis, perhaps, not sufficientevidenceto supportabrogationof thenull 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
adaptationprocess(which we haveanalyzedabove) wassynchronouswith theexposureof thereceptor
to the stimulusenvironment. That is, as the receptorsampled, so the neuronfired. Nature, however,
wasnot to be this simple. Experimentscarriedout by L. Ward (1991) haveshownthat the sampling
process(at leastfor vision) is completedexceedinglyrapidly. In the orderof onemillisecond, human
perceivershaveobtainednearlythefull complementof informationfrom a flashstimulus, asmeasured
later in an experiment on categorical judgments. In contrast, however, the neurophysiological
adaptationcurvemaybeginat aboutonemillisecond, andproceedfor manymilliseconds, asseenfrom
the guineapig dataof ClelandandEnroth-Cugell (1968). It is asif the retinatakesa ªphotographº of
the flashusinga very rapid ªshutter,º andthis photographis laterscannedby themoreslowly-reacting
nervoussystem. The scanningcomprisesthe samplingprocesswhich is responsiblefor adaptationto
thestimulus. But theaboveis pureconjecture.

NOTES

1. We shallconfinethediscussionof adaptationto changesin theperceptualvariable, F, with time.
Thatis, weshallnot beconcernedherewith changesin thresholdthataccompanyadaptation.

2. I am resistingthe temptationto representthe constantb In by the Greekletter t , eventhoughit
hasthedimensionsof time. t is too easilymisreadast.

3. It is arguablethat m may not take on valuesless than 2 in Equation(11.3). Rememberthat,
fundamentally, Equation (11.3) comes from Equation (9.12). If the receptor is utilizing sample
variancesasestimatorsof s S

2, thenat least2 samplesareneeded. Thenm ³ 2.
4. Weshallbeusingto fairly frequently, soI usedªtoº ratherthanthelongerªtmin.º
5. Whenoneallows explicitly for a thresholdvalueof DH, asgiven later by Equation(14.4), the

ratedeclineof thetheoreticalcurveis foundto matchtheobserveddatamuchmoreclosely.
6. The digitization performedhere and elsewherein this book was usually carried out using a

digitizing sitemountedon a HewlettPackardplotter(which wasalsousedto drawmanyof thegraphs).
A computerprogramwaswritten which facilitated the processandpermitteddigitization from log or
linearscales.

7. We actuallycarriedout a similar exerciseat the endof Chapter10, whenwe studiedthe total
numberof impulsesrecordedovera periodof time.

8. Wherefore? meanswhy? or for what reason? Juliet was not searchingfor Romeofrom her
balcony! Referto commentaryonShakespeare' splay.
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9. The Oxford English Dictionary recognizesthe intransitiveverb, sensate, as an obsoleteform.
However, I recommendits revitalizationfor usein the field of sensationandperception. He ceasedto
sensewhile underanesthesiaseemslesssatisfactorythanHeceasedto sensatewhile underanesthesia.

2003 ed. notes:
Q. The Universal model however, does obviate the problem of maximum m by establishing,

effectively, a ªforgeting functionº: the receptormemorycan retain only a certainnumberof bits of
information.

QQ. Probablynot. Judgingfrom the dataof Kiang et al. (ResearchMonograph35, The MIT Press,
CambridgeMass., 1965.), theadaptationwouldcontinueat a slowratefor sometime, perhapsin excess
of oneminute.
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