
CHAPTER 3

THE EMPIRICAL LAWS OF
SENSATIONAND PERCEPTION

In this chapter, we setdowntheweightyballastof philosophyandinformationtheory, andexamine
the somewhatlighter matterof the empirical rulesof sensationandperception. By empirical laws we
mean (Webster’s dictionary) laws “making use of, or basedon, experience, trial and error, or
experiment, rather than theory or systematizedknowledge.” For somewhatmore than one hundred
years, beginning(probably) with thework of Weber, empiricallawsof sensationhavebeenformulated.
Thesealgebraicrules, basedessentiallyon laboratoryobservations, relatingonly occasionallyto each
other, and not derived theoretically from laws in other sciences, have dominatedthe scientific
literature. Eachempirical law standsas a universeunto itself: it is neitherderivedfrom any simpler
principle, nor doesit leadto thegenerationof otherlaws. Eachlaw hasabsolutedominionover its own
territory. Suchis thestateof scientificpolytheismthatwenowdescribe.

The reasonfor introducingtheselaws early in the book is that they provide, so to speak, grist for
the mill . We shall endeavor, as the informational theory of sensationis developed, to provide
theoreticalderivationsfor all of theseempiricallaws. It is probablybetterto introducethemearlierand
in a group, ratherthanlaterastheyareinvoked.

Someof the empirical laws carry the namesof their originator; some, suchas “the exponential
decay” of this or thatquantityarejust rulesof thumb. We arenot concernedwith all of theserules, but
only a subsetof them. In particular, we shall be interestedin thoseempirical laws that govern the
relationshipbetweenthreefundamentalvariables: I, thesteadyintensityof a stimulus; t, the time since
onsetof the stimulus, or, occasionally, the durationof this stimulus; and F, the perceptualvariable
relatedto thestimulus. F, youwill recall, wasdefinedin Chapter2. As mentionedin theIntroductionto
Chapter1, all stimuli with which we shall be concernedherearesteady, or constantstimuli, given in
the form of a stepfunction (Figure1.1). While stimuli that vary with time areof very definite interest,
for examplethose that may vary sinusoidally, their formal treatmentis more difficult within this
informationalor entropictheory, and suchprogressas hasbeenmadewith thesestimuli will not be
reportedhere. Neitherdo we grapplewith theeffectsof multiple stimuli thatareappliedconcurrently.
So we shall not deal, for example, with the sweetnessof a solutionof two typesof sugar, or with the
effectof a maskingsoundona puretone.

With these restrictions in mind, let us examine eight types of experiment performed by
physiologists, psychologistsand physicists that give rise to well-known empirical equationsof
sensation. In eachcasein which theperceptualvariable, F, occurs, recall from Chapter2 that it canbe
interpretedbothpsychophysically, asa subjectivemagnitude(e.g. brightness), andphysiologically, asa
rateof impulsepropagationin a neuron. In Chapter13, we shall begin to distinguishmathematically
betweenthesetwo interpretations.

THE LAW OFSENSATION

WhenF is interpretedpsychophysically, this law is sometimesreferredto as“the psychophysical
law.”

Ernst Heinrich Weber(1795 — 1878) (pronounceVayUber) was a Germanphysiologistwho was
professorof anatomyand later of physiology at Leipzig (Gregory and Zangwill, 1987). He drew
attentionto theratio DI / I, whereDI is thesmallestdifferencebetweentwo stimulusintensitiesthatcan
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be discriminated. Wrote Weber (in translation):1 ª...in observing the difference between two
magnitudes, what we perceiveis the ratio of the differenceto the magnitudescomparedº (Drever,
1952). Togetherwith Fechner, heasserted, aftermuchexperimentationon lifting weights,

DI / I = constant,     (3.1)

wheretheconstantis knownasWeber’sconstant. Wecall theempiricallaw (3.1) ªWeber’sLaw.º
GustavTheodorFechner(1801 — 1887) (pronounceFechU- ner, ch as in loch) was a German

physicist who is rememberedlargely for his work Elementeder Psychophysik(1860). Fechner
augmentedEquation(3.1) by equatingthe constanton the right-handside with DF, a just noticeable
differencein sensation(TheF is my symbol, not Fechner’s). More specifically, theequationattributed
to him is

DI / I = DF/a     (3.2)

wherebotha andDF areconstants. Implicit in Equation(3.2) is thata variable, F, canlegitimatelybe
definedto quantifyhumansensationor feeling. Assigningnumericalmeasureto a sensationis ratheran
audacioussuggestion. Equation (3.2) then assertsthat if the physical magnitudeof a stimulus is
changedby DI, whereDI is thesmallestchangedetectableby a humansubject, thenthecorresponding
changein sensation, DF, will alwaysbe constant. The just noticeabledifferenceis abbreviatedto jnd.
Fechner’sargumentis oftenstatedasfollows.

If DI andDF aresmall changesin I andF respectively, theymaybereplacedin Equation(3.2) by
dI anddF respectively

dI / I = dF/a .     (3.3)

Integratingbothsidesof Equation(3.3),

F = aln I + b, b constant,     (3.4)

or

F = aUlogI + b ,     (3.4a)

whereaUis constantandthe logarithmmaybetakento anyconvenientbase, say10. That is, whenF is
plottedagainstthe logarithmof I, the result expectedis a straightline. This is Fechner’s law, or the
Weber-Fechnerlaw. A discussionof ªFechnerianintegrationº andrelatedtopicsis givenby Baird and
Noma(1978, Chapter4). The problemof measuringthe quantity, F, is very taxing andhasoccupied
psychophysicistsfor manyyears. This problemis discussedin an introductorymannerby Coren, and
Ward (1989), and in more detail by Baird and Noma (1978). More aboutearly attemptsto quantify
sensation, and about the legitimacy of Fechnerianintegrationis given in the first chapterof Marks’
book(1974).

Theresultof Fechner’s law is thatif ªsuitableº measurefor F canbefound, a graphof F againstthe
logarithmof I (to anybase) is expectedto producea straightline. That is, for a givenmodality, plotting
experimentalvaluesof F againstthecorrespondingvaluesfor the logarithmof I shouldgive theresult
that the datapoints lie on a straightline whoseslopeis aUandwhosey-interceptis b. Fechner’s law
might be calleda semilogarithmiclaw, becausedataarraylinearly whenF is plottedon a linear scale
while I is plotted on a logarithmic scale. There are many examplesin the publishedliterature of
measureddatathatconformto Fechner’s law.

While F wasinterpretedpsychophysicallyby Fechner, we recall againfrom Chapter2 that F may
also be interpretedneurophysiologicallyas the frequencyof impulsesin a sensoryneuron. In the
well-known paperby Hartline and Graham(1932) also cited in Chapter2, a single light receptor
(omatidium) from the horseshoecrab (Limulus) was dissectedout togetherwith its primary afferent
neuron. The receptorcould be stimulatedwith light of varying intensity, I, and the resultingimpulse
frequency, F, in the attachedneuron, measured. The authorsshowedthat Fechner’s law wasobeyed.
Thereis evidence, therefore, that Fechner’s law, a form of ªthe law of sensationº is valid to a degree
usingeitherinterpretationof theperceptualvariable, F.

Plateauwasa Belgianphysicist, contemporarywith Fechner. He is oftengivencreditfor conceiving
thepowerlaw of sensation, analternativeto thesemilogarithmiclaw of Fechner(Plateau, 1872). This
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power law is given explicitly by Equation(3.7) below. F. Brentano(1874) attemptedto derive this
powerlaw beginningfrom Weber' s law. In thetwentiethcentury, this powerlaw of sensationfoundits
mostenthusiasticexponentin thepersonof S. S. Stevens. While I did stateabove, admittedly, thateach
of theseempirical laws remainedindependentof all other such laws, therehave, nonetheless, been
attemptsmadeover theyearsto link themtogether. I think that theseattemptsat deriving the lawsare
laudableandI presentsomeof themin thesepages. Usually, however, it wasfound necessaryto add
otherempiricalrelationsin orderto completethederivation.

The derivationof the Plateau-Brentano-Stevenspower law of sensationbeginningfrom Weber' s
law is attributedto Brentano(Stevens, 1961) andproceedsasfollows. Supposethat both the physical
magnitudeof thestimulus, I, andthesubjectivemagnitudeof thestimulus, F, bothobeyWeber' s law.
Thenfrom Equation(3.1),

DI / I = c1 ,

and

DF/F = c2 ,

wherec1 andc2 arebothconstants. Thenby combiningtheseequations,

DI / I = (1/n)DF/F ,     (3.5)

wheren = c2 / c1 .
Equations(3.1) and (3.5) are, of course, quite different. Again replacingthe finite differencesby

their correspondingdifferentials,

dI / I = (1/n)dF/F .

Assumingthelegitimacyof Fechnerianintegration, weobtain

lnF = nln I + lnk ,     (3.6)

whereln k is a constantof integration. This equationcanbeconvertedimmediatelyinto theform

F = kIn .     (3.7)

This powerlaw of sensationstandsin contrastto Fechner' s semilogarithmiclaw. It is importantto
observethatby takinglogarithmsto anybaseof bothsidesof Equation(3.7) weobtain

logF = nlogI + B ,     (3.8)

whereB is constant. That is, thePlateau-Brentano-Stevenslaw might bedescribedasa full logarithmic
law (cf. Fechner' s semilogarithmiclaw) becausedataareexpectedto arraythemselvesalonga straight
line whenboth F andI areplottedon logarithmicscales. The slopeof this straightline is the power
functionexponent, n.

Many modalities of sensationhave been analyzed by means of the power law (3.7), and
characteristicvaluesof the exponent, n (or rather, characteristicrangesof valuesfor n), havebeen
tabulatedfor eachmodality. For example, for the intensityof sound, n S 0.3 for tonesof 1000 Hz. For
a completelist of exponentsgoverningthevariousmodalitiesthereaderis referredto thetexts, suchas
Corenand Ward (1989). Stevensspentmanyyearsdemonstratingthat when F was measuredby the
processof ªmagnitudeestimationº (a free-wheelingassignmentof numbersto matchthemagnitudesof
humansensations) the power law (3.7) was the law of best fit . To capturethe day, Stevens(1970)
re-plottedtheLimulusdataof HartlineandGrahamof 1932 on a log-log graph(that is, hemadea full
logarithmic plot rather than a semilogarithmicplot as Hartline and Grahamhad done), and what
emergedwasa straightline as impressiveas that obtainedby Hartline andGraham. Surely, then, the
power law of sensationwas ªthe correctº law of sensationand could lay claim to the title of the
psychophysicallaw!

So, indeed, it may be, but feeling that Fechnermight desirea posthumousreply, I played the
inversegame. I selecteddatameasuredby Stevens(1969) for the senseof tasteof saltiness(sodium
chloride solution). Stevenshad showedfrom a plot of the logarithm of magnitudeestimationvs. the
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Figure 3.1 a&b (a) Dataof S.S. Stevens(1969). Magnitudeestimationof thetasteof saltiness
of solutionsof sodiumchlorideof differentconcentrations. In this log-log plot, thedataareseen
to fall nearlyon a straightline, exceptfor the two or threemostconcentratedsolutions, whose
magnitudeestimatesfall belowthestraightline. This is thetypeof graphpreferredby Stevens.
(b) The samedatashownin Figure3.1a areplottedherein a semilogplot. Note that the data
againfall very nearlyon a straightline, exceptfor the two or threeleastconcentratedsolutions,
whosemagnitudeestimatesfall abovethe straightline. This is the type of graphpreferredby
Fechner.

logarithmof concentrationof solutionthat thesedatastronglysupportedthepowerlaw of sensation. In
Figure3.1 thesamedataareplottedin a Fechnersemilogarithmicgraph: magnitudeestimation(not its
logarithm) is plottedagainstthe logarithmof concentrationof thesolution. Theresultis quitea decent
straightline, therebyaffirming Fechner' s law!

Is it possiblethat the two forms of the law of sensationgiven by Equations(3.4) and (3.8),
Fechner' s law and thePlateau-Brentano-Stevenslaw, are really mathematicallyequivalentoversome
range of I -values? To this questionwe shall certainly return. In the interim, the readerinterestedin
pursuingFechnervs. Stevensis referredto the very scholarly review of the subjectby L. Krueger
(1989), or to Krueger' smorecondensedreview(1990).

We havebeenusingtheperceptualvariable, F, with both thepsychophysicalandthephysiological
interpretations. In this regard, one must take note of the papersof G. Borg and his colleagues(for
exampleBorg et al., 1967). Takingadvantageof the fact that in thehumanbeing, sensorynervefibers
mediatingtastefrom the anteriortwo-thirds of the surfaceof the tonguepassbackwardstoward the
brain in the nervecalled the chorda tympani, and that this nerveis surgically accessibleas it passes
throughthemiddleear, Borg et al. carriedout a seriesof experiments. Two daysbeforesurgerywasto
be performedon the ear, psychophysicalexperimentswere carriedout with solutionsof citric acid
(sour), sodiumchloride(salt) andsucrose(sweet), aswell aswith variousothersolutionsThe method
of magnitudeestimationwasusedandtheresultswereplottedon log-log scales. In this way thepower
function exponentswere obtainedas the slopesof the observedstraight lines. During the courseof
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surgeryperformedon themiddleear, the investigatorswereableto measuretheelectricalresponsesin
theexposedfibersof thechordatympanito theapplicationof thesesamesolutionsto thesurfaceof the
tongue. Thesedata, also, wereplottedon log-log scales. The powerfunction exponentswerefound to
beverysimilar to thecorrespondingexponentsmeasuredin thepsychophysicalexperiments. Therefore,
Borg et al. demonstrated, at leastfor the senseof taste, the legitimacyof using the samevariable, F,
with boththepsychophysicalandtheneurophysiologicalinterpretations.

We cannot, of course, generalizetheaboveconclusionsto includeall othersensorymodalities. For
example, in thecaseof audition, the loudnessof a tonecannotbemappedonto, or associatedwith the
impulseratein a singleauditoryneuron. We alsoseelater that thetime scaleof neuronaleventsdiffers
markedlyfrom thetime scaleof psychophysicalevents.

We proceed, in the mathematicaldevelopmentthat follows, as if eachprimary sensoryafferent
neuronfunctionsindependentlyand in parallel with all other primary sensoryafferents, althoughwe
realizethat this approximationcannotbe takentoo far. And we shall pretend, until Chapter13, that
subjective magnitudesalways parallel the correspondingneural impulse rates as they do in the
experimentsof Borg et al. The mathematicalwork proceedssomewhatmore fluently with these
assumptions, but we understandthat in the final analysisfuller recognition must be made of the
distinctionbetweenpsychophysicsandneurophysiology. In thecomingchapters, weusuallytreatF asa
psychophysicalvariable becausethe experimentaldata available for testing the validity of our
equationsaremuchmorenumerous. I do, however, confessmy uneasinesswith thegeneralprocessof
assigningnumbers, subjectively, to one' s sensations. I usethe resultsof theseexperimentsinvolving
subjectivemagnitudesbecause, at leastat thebeginningof our studies, theyprovidea convenientway
of testingthetheory. As thetheorydevelopsfurther, however, weshallwork with experimentsin which
subjectivemagnitudeplaysa lesserrole or no role at all.

Finally, let mestressthat in theaboveanalysisof thelaw of sensationwe haveignoredthevariable,
t, the time sinceonsetof the stimulus. Time is a poor relative in papersdescribingexperimentson
subjectivemagnitudes; it is a variablethat is alwaysprominentin theconductof theexperiments, but is
often not reportedby the investigators. We treat t as a constantin theseexperiments. That is, we
assumein all experiments, that the sameperiodof time haselapsedbetweenthe onsetof the stimulus
andthemeasurementof F. If this werenot thecase, theeffectsof adaptation(seebelow) would wreak
havoc. We alsoassumethatnewstimuli havebeenappliedonly after thesensoryreceptorhashadtime
to recover completely from previous stimuli; that is, we presumethat the sensoryreceptorsare
ªunadapted.º Pleasenote, therefore, that the law of sensationis obtainedfrom the three cardinal
variables, F, I andt, by holdingt constantandrelatingF to I.

We have also assumedtacitly, in the above discussion, that a unique algebraic form of the
psychophysicallaw exists and governsmany of the modalitiesof sensation. There are thosewho
maintainthat a uniquepsychophysicallaw is chimerical; that noneexists. For example, Weiss(1981)
argues, quiteproperly, thatthealgebraicform of anypsychophysicallaw mustdependon themannerin
which thephysicalintensities, I, aremeasured. If we decidedto measuretheconcentrationsof odorants
usingthepC scale(thenegativelogarithmof theconcentrationof theodorant), thenthepsychophysical
law, both theFechnerandtheStevensforms, would bepatentlywrong. Weissis quite right. However,
we shall show later on that there is a condition with which all measuresof stimulus intensity must
comply if they are to give rise to a universalpsychophysicallaw: namelythe logarithm of stimulus
variancemustbe a linear function of the logarithmof stimulusmagnitude: that is, s 2 µ In. This rule
will be compliedwith (approximately) whenconcentrationsof odorantsor solutionsaremeasuredon
linear scales, but not if they aremeasuredon logarithmicor otherscales. My reasonsfor affirming its
existencewill becomeclearerasweproceed. Weshallreturnto Weiss' objectionin Chapter10.

ADAPTATION

The term adaptationseemsto meandifferent things to different people. I use the term in two
senses, the first of which is bestintroducedby example. Supposeyou walk into a room dominatedby
the pungentodor of fresh paint, or perhapsinto a kitchen envelopedby the heavyodor of cabbage
cooking. In either casethe odor is very prominentwhen you first enterthe room, but weakenswith
time, andaftera few momentsmaybecomevirtually undetectable. We saythatyou haveadaptedto the
olfactorystimulus. Thephenomenonis oftenquitedramatic. Whenyou first experiencedtheadaptation

Information, SensationandPerception. Ó KennethH. Norwich, 2003.



3. TheEmpirical Lawsof SensationandPerception 20

effect asa child did you not think that the stimulusitself hadvanished? CertainlysomeadultsI have
spokenwith still believethis to be true. ªAfter a few minutes, the paint doesn' t smell any more,º a
house-painteroncetold me. However, thestimulusis certainlystill present; only our sensationof it has
diminished. This typeof adaptationmightbecalledpsychophysicaladaptation.

It is importantto observethatnot all modalitiesof sensationseemto adapt, or if theydo adapt, do
so incompletely. The rateof adaptationmay alsovary considerably. Olfactory receptors, of course, do
adaptandoftenadaptcompletelyor to extinction. That is, odorsimply disappearsaftera shortperiod.
Tastereceptorsadapt, but not necessarilyto extinction; that is, the sweettastefrom the sugarsolution
in your mouth may becomeless intense, but will not disappearcompletely. Temperaturereceptors
behavein muchthesamefashion. Mechanoreceptorsareclassifiedby thespeedwith which theyadapt,
andtheir speedof adaptationspecializesthemasvelocity receptors, vibration receptors, etc. (Schmidt
1978). Painreceptorsdo adaptto someextent. As you canimagine, a lot of work hasbeendoneon this
subject. However, oftenpainpersistsandthesuffererrequireschemicalanalgesia. Light receptorsmay
not seemto adaptundernormalcircumstances. For example, the pageyou are readingis not fading.
However, whenyou stepfrom a dark roominto bright sunlight, you maybe temporarilyblinded. After
a few moments, the eyedoeslight adaptandthe world seemslessbright (in a very literal sense!). Of
course, we do not stayadaptedforever; after the stimulushasbeenremovedfor a periodof time, we
ªde-adaptº sothat, for example, wemayre-enjoythescentof hydrogensulphidegas.

Thesecondmeaningwhich I import to thetermadaptationis increasein threshold. A thresholdfor
sensationis the stimulus of least intensity which one can detect. Thresholdstend to increaseas
adaptationproceeds, andto decreaseasde-adaptationoccurs. For example, if you wish to detectvisual
stimuli of very low intensity, flashesof light consistingof only a few photons, a good strategyis to
remain in a very dark room for about 30 minutes. The eye de-adapts(usually referredto as dark
adaptation) sothat theretinalphotodetectorscalledrodscandecreasetheir thresholdof detection. The
change in light intensity threshold (luminance threshold), DI, has been related to the adapting
luminance, I, by Weber' s law (Dowling, 1987):

DI / I = constant.     (3.1)

So the two meaningsto be associatedwith adaptationarepsychophysicaland thresholdshift. By
andlarge, I shallbedealingwith psychophysicaladaptation. I shall regardadaptationasa phenomenon
(again) involving two of the three cardinal variables. In the case of psychophysicaladaptation,
intensity, I, is held constantwhile the perceptualvariable, F, changeswith the time since stimulus
onset, t. By andlarge, thepsychophysicaladaptationcurvehastheshapeillustratedin Figure3.2.

We recall that the law of sensationwasregardedasthemathematicalrelationshipbetweenF andI
with t held constant. Now, taking the effects of adaptationinto account, we see that for many
modalities, F will be be smallerwhen t is larger. Therefore, in a full logarithmicplot (power law of
sensation) of F vs. I, thestraightline obtainedwill shift downwardon thegraphwhent is greater. For

Figure 3.2 Psychophysicaladaptation curve (schematic). A perceptual variable (e.g.
magnitudeestimate) declines monotonically with the time since stimulus onset. Stimulus
intensityis heldconstant.
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Figure 3.3 After Schmidt, 1978. Neuralresponseof a pressurereceptoron a log-log plot. Each
straightline representstheªlaw of sensationº for a receptorataspecifiedtimeof adaptation(1 s,
2.5 s, ...). Clearly, thegreatertheadaptationtime, thegreaterthedownwardshift of thestraight
line. Weshallunderstandlaterwhy thelinesarenearlyparallel.

example, theneuralresponseof a pressurereceptor(impulsespersecond) to a constant-forcestimulus
(newtons) resultsin a seriesof nearly parallel straight lines (Schmidt, 1978, page88). This effect is
illustratedin Figure3.3. The reasonwhy the straightlines areparallelwill emergeaswe conductour
theoreticalanalysis.

The subject of auditory adaptationrequires some further remarks. While there seemsto be
near-universalagreementthatpsychophysicaladaptationdoesoccur(for example, apparentlypulsating
tonesare more easily detectedthan are steadytones), the extentof this adaptationis not completely
clear (to me). However, thereare two representationsof auditoryadaptationthat arequite clear. The
first is very rapid neurophysiologicaladaptationin the guineapig auditorynervereportedby Yateset
al. (1985) for the guineapig auditorynerve. Theseinvestigatorsrecordedthe responseof guineapig
ganglioncells to 100 mstonebursts, in theform of peristimulusandpoststimulustime histograms. The
resultwasa rapiddeclinein thefrequencyof actionpotentialsduringthefirst 50 msfollowing thestart
of the tonestimulus. Thereis alsoa classicalpaperby GalambosandDavis (1943) purportingto show
pronouncedadaptationin singleauditorynervefibers of the cat. However, in a later note (1948), the
authorsqueriedtheir own work suggestingthat the electricaleffectsmeasuredmay haveissuedfrom
otherneurons.

Figure 3.4 SDLB (simultaneousdichotic loudnessbalance) dataof Small andMinifie (1961,
Figure3c, p. 1030). Oneear, stimulatedby meansof a steadytone, adaptswith respectto the
otherear, which is stimulatedonly intermittently.
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A secondvery clear manifestationof auditory adaptation, this time in the human being, was
discoveredby HoodQ in 1950. Hood' s methodinvolvesthecomparingof loudnessin oneear, which is
beingadaptedto a tone, with theoppositeear, which is receivingvery little sound. Specifically, this is
how the effect is measured. A toneof constantintensityis presentedto the adaptingear. It is this ear
which is being testedfor a decreasein loudnesssensation. An intermittent tone is presentedto the
oppositeor test ear. The subjectmust adjust the intensity of the tone in the test ear to balancethe
loudnessbetweenboth ears. It is found that the adaptingearadaptswith respectto the testear. Note
that in this clevermeasureof adaptation, the investigatordoesnot recordthe subjectivemagnitude, or
loudnessof the tone, but ratherrecordsthe objectiveor physicalmagnitudeof the adaptationprocess.
That is, heor sherecordsthedecreasein intensityof soundin decibels2 requiredto producea balance
betweenears. A graphof dB adaptationvs. time, usingthedataof SmallandMinifie (1961) is givenin
Figure 3.4. It may be seenthat about30 dB of adaptationare recordedwhen one ear is testedwith
respectto theother. This processis calledthe techniqueof simultaneousdichotic loudnessbalance, or
SDLB. Note that it, too, relatestwo of the threecardinalvariables: I, thephysicalintensityof the tone
(giving rise to dB of adaptation) andt, the time sinceonsetof the tone. We shall studythe adaptation
processtheoreticallyin Chapter11.

Figure 3.5 a&b (a) Data of Lemberger(1908) for differential thresholdof tasteof sucrose.
Weberfraction plottedagainstconcentrationof tastedsolution. Note the featuresof the curve:
fall in Weberfractionfor low intensitiesto a plateauregionthatextendsfrom about2% to 16%
solution, followed by a terminal rise as the physiologicalmaximumis approached. Lemberger
actuallyprovidedthreeadditionaldatapointsshowingthat for very high concentrationsWeber
fractionsbecomeverygreat(discriminationis poorasmaximumconcentrationis approached).
(b) Samedataasin (a). InverseWeberfractionis plottedagainstln (concentration). Thenumber
of rectanglesbeneaththe curvebetweenconcentrationsa andb is equalto the numberof jnd' s
betweena andb.
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THE WEBERFRACTION

We havealreadyencounteredWeber' s fraction, DI / I, which is usuallymeasuredastheratio of the
smallestdetectabledifferencebetweentwo stimuli, to the lower of the two stimuli. DI hasalsobeen
called the differential thresholdor limen for intensitydiscrimination. We saw in the formulation of
Equation(3.1) thatWeberandFechnerbelievedthatDI / I wasconstantover thephysiologicalrangeof
perceptibleI. However, laterwork by otherinvestigatorsshowedthis not to bethecase. Formost, if not
all, modalities of sensationthe Weber fraction is maximum for the lowest intensities and falls
progressivelyasI increases. For themiddle rangeof intensities, DI / I is nearlyconstant, approximating
Weber' s law (3.1). For high valuesof I, approachingthe maximum(non-painful) level of stimulation,
DI / I againrisesfor manymodalities. This terminalrise in theWeberfraction is certainlyfoundfor the
senseof taste(Lemberger, 1908; seeFigure 3.5a), and the senseof vision (König and Brodhun, as
reportedby Nutting, 1907, Table1; andHecht, 1934, Figure3.6), andpossiblyalsofor thesensationof
temperature(Pütter, 1922). High-intensityrise in the Weberfraction may alsobe a featureof auditory
intensitydiscrimination(McConville et al. 1991), althoughthis is far from certain.

Again, although most authorsdo not report the duration of stimuli used in measurementsof
intensitydiscrimination, it will be assumedthat the durationis kept constantfor all stimuli. Thus, the
graphof DI / I vs. I is obtainedby holding t, oneof the threecardinalvariables, constant, andplotting
therelationshipbetweentheothertwo variables. Thereadermayobjectthatonly oneof the remaining
two variablesis evident, namelyI; the other variable, F, is not present. Actually, the variable, F, is
presentbut is just not visible. RecallthatDI refersto thechangein intensity, I, thatcorrespondsto one
just noticeabledifferencein sensation. This jnd in sensationcanbewritten in the form DF. Therefore,
theexpressionfor Weberfraction, if written out morefully wouldbe

DI
DF

/ I ,

thechangein stimulusintensityperjnd dividedby thelowerof thetwo intensities.
TheexperimentalprocesswherebytheWeberfraction is measuredis of interestto us. Thereis not

onesingledefinitive valueof DI for which a distinctionbetweensignalintensitiescanbemade. Rather,
DI must be inferred statistically from the experimentaldata. The experimentalprotocol might be as
follows. Thesubjectmight bepresentedwith two stimulussignalssequentially, andrequiredto indicate
which of the two was more intense. The differencebetweenintensitiescan be designateddI. This
proceduremight be repeatedmanytimeswith the sametwo stimuli, sometimeswith the more-intense
stimulus presentedfirst and sometimeswith the less-intense first. The proportion of correct
discriminations, C, canthenbe computed. But C is a function of the differencein intensities, dI. That
is, C is C(dI ). In orderto defineC(dI ) overa rangeof valuesof dI, theexperimentcanberepeatedwith

Figure3.6 Dataof König for differentialthresholdof light intensities. Weberfractionis plotted
againstintensity of light. Manifests the samefeaturesas the correspondingcurve for taste
(Figure3.5a).
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Figure 3.7 Statistical measurementof the differential threshold, DI Proportion of correct
discriminations, C(dI ), plottedagainstintensitydifference, dI. Define DI asthe valueof dI for
whichC(dI ) equals0.75.

the lower of thetwo stimulussignalsat thesamevalueasbefore, but with dI changed. C(dI ) canagain
becomputed. This processis repeateduntil thefunctionC(dI ) hasbeendefinedfor a rangeof valuesof
dI. Thegraphof C vs. dI oftenobtainedis sigmoidin shape, asshownin Figure3.7.

The valueof dI to be takenasDI, ªtheº limen for intensitydiscrimination, is largely arbitrary, but
DI is commonly taken as the value of dI for which C is equal to 0.75; that is, DI is the stimulus
incrementthatwill permita correctdiscriminationbetweenintensities75% of thetime. DI is, of course,
a functionof I, so it mustbedeterminedat all requisitestimulusintensitylevels. As you cansee, there
is a lot of experimentalwork involvedin thedeterminationof oneWeberfractioncurvewith I ranging
from thresholdto maximumphysiologicalintensity. A methodfor measuringthedifferencelimen that
is, perhaps, moreclassicalis describedby CorenandWard(1989, p33 - 35).

Thepurposeof including theaboveexperimentalprotocolin this book is primarily to demonstrate
the arbitrarinessof the function DI(I ) (DI as a function of I ). If the criterion for discriminationis
changedfrom 0.75 to 0.5, for example, thefunctionDI(I ) will changeaccordingly. Therefore– andthis
is a featurewe shall draw upon later – DI, the limen for intensity discrimination, is not a unique
quantity. If DI is to appearasa variablein a theoreticallyderivedequation, its lack of uniquenessmust
becompensatedfor. Weshallhaveto dealwith this problemwhenit arises.

Let us turn our attentionnow backto the graphof DI vs. I, whereI extendsover the full rangeof
physiologicalvalues, from thresholdto thevergeof pain. Theextentof thefull physiologicalrangewill
vary considerablydependingon the modality of sensation. For example, for the senseof taste,
Imax/ Imin S 102, while for the senseof hearing, Imax/ Imin S 1011 (or greater). The valueof DI / I may
approach(or exceed?) unity for valuesof I closeto threshold, anddescendto valuesnominally in the
range0.1 — 0.5 in themiddlerangeof I. If DI / I tendstowarda plateauor constantvaluein this middle
region, theconstantwill bereferredto asWeber' sconstant, with referenceto Equation(3.1).

It is rare, but alwaysnoteworthy, when peoplesucceedin deriving a sensorylaw from another,
morebasiclaw, without theadditionof majorassumptions: theapparentcomplexityof theuniverseis
demonstrablydiminished. In this regard, it is worthwhile to seehow Ekman(1959) wasableto derive
an expressionfor the Weberfraction from a variantof the power law of sensation. Ekmanaddedone
additionalconstant, a, to thepowerlaw, Equation(3.7), to obtaintheequation

F = k(I + a)n .     (3.9)

It transpiresthattheconstanta mustbegreaterthanzero(seeEquation(3.10) below), which makes
theinterpretationof Equation(3.9) somewhatdifficult . If wedifferentiateF with respectto I, we find

dF
dI

= nF
I + a

.
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Introducinganapproximationusingfinite differencesandsolvingfor theWeberfraction,

DI / I =
aDF / nF

I
+ DF

nF
.

At this point, Ekmanfoundit necessaryto introduceanadditionalequation,

DF = cF ,

which we haveseenbeforein the derivationof the power law of sensation. Combiningthe last two
equationsweobtain

DI / I = ac/n
I

+ c/n ,     (3.10)

or simply

DI / I = A/ I + B ,     (3.10a)

whereA andB areconstantsgreaterthanzero. More of thehistoryof this equationis given in Chapter
12.

Equation(3.10) does, indeed, describethe shapeof the Weberfraction, showingthat it haslarge
valuesfor small valuesof the intensity, I, andthat it descendstowarda constantplateauvalueof B for
largervaluesof I. Apparently, Fechnerhimself proposeda modificationof Equation(3.1) to Equation
(3.10). NoticethatEquation(3.10) doesnot allow a high-intensityrisein theWeberfraction.

From the graphof DI / I vs. I, canwe calculatethe total numberof jnd' s, N, which, whenstacked
oneon theother, would extendfrom thresholdto maximumphysiologicalintensity? In principle, N can
be measureddirectly (seeLemberger, 1908) by makingN measurements; however, in practice, this is
oftenimpossibleandonemustcalculateN from fewerthanN measurements. N maybecalculatedfrom
theequation,

N = òI thresh

Imax dI
DI

.     (3.11)

The ideais that dI /DI is the numberof jnd' s that ªfit intoº a small intensityrange, dI. If we then
integratefrom thevalueof intensityat threshold, I thresh, to themaximumphysiologicalvalueof I, Imax,
weshallobtainN, thetotal numberof jnd' s.

Since DI has been measuredfor a number of intensities, I, we can calculate1/DI for these
intensities. Equation(3.11) statesthat N is equal to the areaof the curve formed by plotting 1/DI
againstI for the full rangeof I. Onecanthenplot thegraphandfind theareaby numericalintegration
using, for example, thetrapezoidalrule or Simpson' s rule (see, for example, Presset al., 1986). If I has
a largerangeof values, suchasin thesensesof vision andhearing, Equation(3.11) maybedifficult to
employ, andI recommenda minor modification. Since

d(ln I ) = dI / I ,

dI / DI =
d(ln I )
DI / I

andEquation(3.11) maybewritten in theform

N = òln I thresh

ln Imax d(ln I )
DI / I

.     (3.12)

That is, N is equalto theareaof thecurveobtainedby plotting thereciprocalof theWeberfraction,
(DI / I )- 1, againstthe natural logarithm of I. Sucha graphhasbeenmadefrom Lemberger' s data in
Figure 3.5b, and the readercan easily estimatethe areaby counting the numberof large squares
beneaththecurve(about21 jnd' s).

If a plateau-regionexistsin theWeberfractioncurve, saybetweentheintensitylevelsI low andIhigh,
thenEquation(3.12) canbeusedto calculate, in a very simpleway, the total numberof jnd' s, Nplateau,
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betweentheselimits. Since DI / I = Weber' s constantin this plateau-region, this quantity may be
removedfrom undertheintegralsign:

Nplateau = 1
Weberconstantòln I low

ln Ihigh d(ln I )     (3.13)

Nplateau = 1
Weberconstant

ln(Ihigh / I low) ,

or

Nplateau =
ln 10

Weberconstant
log10(Ihigh / I low) .     (3.14)

For example, referringto Figure3.5b, if we approximatetheplateau-regionin Lemberger' s dataas
extendingbetweensucroseconcentrationsof 1 to 16, then, sincetheWeberconstantS 0.14,

Nplateau =
ln(16/1)

0.14
= 19.8 jnd' s.

One final word on Weber fractions. When dealingwith the senseof hearing, the variable, I, is
sometimesusedto representmeansoundpressure, p, andsometimesto representmeansoundintensity
whichvariesas p2. Therefore,

DI / I = Dp2 / p2 S 2p Dp / p2 = 2Dp / p .     (3.15)

Noticealsothepowerlaw for soundintensity:

F = kIn ® kp2n ,     (3.16)

sothatthepowerfunctionexponentfor soundpressureis twice thatfor soundintensity.

THE ANALOGS

Let usdigressbriefly from our reviewof sensoryexperimentto consideragainthe idealgasanalog
introducedin Chapter1. Recall the threestatevariables, P, V andT andthe threeequationsinvolving
thesevariablesderivedfrom theidealgaslaw, Equation(1.1):

P µ T Charles' law

P µ 1/V Boyle' s law

DT / T µ 1/T .

    (1.3)

    (1.4)

To obtainEquation(1.2) we held V constant; to obtainEquation(1.3) we held T constant; andto
obtainEquation(1.4) weagainheldV constantandconsideredtheresultwhenDP wasalsoconstant.

Compare the ideal gas equationswith the psychophysicalexperimentsthat we have been
discussing. Our threevariablesare now t (time sincestimulusonset), I (intensity of stimulus) and F
(perceptualvariable). To obtainthe law of sensation, we held t constantandobtaineda graphwhereF
increasesmonotonicallywith I (Figure3.1; cf. Equation(1.2)). To studyadaptationphenomenaweheld
I constantand obtaineda graph where F decreasedmonotonicallywith t (Figure 3.2; cf. Equation
(1.3)). To studydifferencediscriminationwe againheld t constantandfoundfor constantDF thatDI / I
variedasa functionof I (Figure3.5; cf. Equation(1.4)).

V T P

¸ ¸ ¸

t I F
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The primary reasonfor introducing the PVT analogsis to aid (psychophysicistsand biologists
primarily) in regardingthe threesensoryexperimentsnot asindependententitiesbut ratherasdifferent
experimentsperformedwith the samethreevariables: I, t andF. Oncethis conceptualleaphasbeen
made, onehaslessdifficulty understandinghow a singleequation, analogousto PV = RT, canserveto
unitethethreetypesof experiment. And unificationis basicallywhatthis bookis about.

JustasPV = RT canbe written asP = P(T,V), the hypotheticalunifying sensoryequationcanbe
written formally as

F = F(I, t ) ,     (3.17)

wheretheexplicit form of thefunction, F(I, t), hasyet to bedeveloped. Whent is heldconstant(that is,
t = tU = constant), then

F = F(I, tU)     (3.18)

will describethe law of sensation(presumablyin both the full logarithmic and the semilogarithmic
forms). WhenI is heldconstant(thatis, I = IU = constant), then

F = F(IU, t )     (3.19)

will describeadaptationphenomena. When both t and DF are held constant(that is, t = tU and
DF = DFU), then

DI / I = g(tU, DFU; I )     (3.20)

will describetheWeberfraction; g is somefunctionyet to bedefined. In thecomingchapterswe work
towardthe derivationof the critical function F(I, t). We can, actually, be a little moreexplicit evenat
thepresenttime. Sincewehaveintroducedtherelationship

F = kH ,     (2.6)

k constant, in Chapter2, weknow, therefore, thatthecritical function, F, canbeexpressedin theform

F(I, t ) = k H(I, t ) .     (3.21)

Ourproblemis, then, to derivethealgebraicform of thefunctionsH(I, t ).

THRESHOLDEFFECTS: THE LAWS OFBLONDEL AND REY, OFHUGHES, OF
BLOCH AND CHARPENTIER

We moveforward in time, now, from the mid-nineteenthcentury(WeberandFechner) to the late
nineteenthandearly twentiethcentury. In 1885, Bloch andCharpentierstatedtheir law governingthe
minimumquantityof light energyrequiredfor detectionby anobserver. In separatepaperspublishedin
ComptesRendusde la Sociétéde Biologie, they arguedthat I thresh, the minimum perceptiblelight
intensity, is a function of the duration, t, of the light signal. In fact, for valuesof t lessthanabout0.1
second

I thresh � t = constant.     (3.22)

That is, the simplearithmeticproductof I thresh with t is constant. SinceI thresh canbe measuredin
units of power (e.g. joulesper second), the Bloch-Charpentierconstantrepresentsa minimum energy
for signal detection. However, when t exceedssomeupper bound, the law is violated. There is a
minimumvaluefor I threshbelowwhichno light stimulusis perceptible.3 Let uscall this valueI¥ . Then

I thresh ³ I¥ .     (3.23)

Information, SensationandPerception. Ó KennethH. Norwich, 2003.



3. TheEmpirical Lawsof SensationandPerception 28

The samelaw seemsto hold for the senseof hearing, althoughI am not quite sure who first
observedit. A graph publishedrecently in the Handbookof Perceptionand Human Performance
(ScharfandBuus, 1986) containsthecollectivedataof Garner(1947), FeldtkellerandOetinger(1956),
andZwislocki andPirodda(1965). This graphshowsthat the thresholdshift (in decibels)2 of 1000 Hz
toneburstsis a linearlydecreasingfunctionof thelogarithmof time, for t lessthan0.3 seconds. Thatis,

10log10(I thresh/ I¥ ) = - klog10 t + constant, k > 0 .

If onemeasuresthevalueof k from thegraph, it is found that k is very nearlyequalto 10. That is,
representingthe constanton the right-handside of the aboveequationby 10 log10 a, we obtain to a
goodapproximation

I thresh/ I¥ = a/ t

or

I thresh � t = aI¥ ,     (3.24)

Which is, again, the Bloch-Charpentierlaw. a can be estimatedfrom the data to be about0.16
second.

Moving forward a little in time to 1912, Blondel andRey addressedthe issueof the mathematical
relationshipbetweenI threshandt for largervaluesof t ; that is, for valuesof t greaterthanthat for which
the Bloch-Charpentierlaw was valid. The empirical relationshipthey discovered, which has been
confirmedby manyotherstudies, is thefollowing:

I thresh

I¥
= 1 + a

t .     (3.25)

Theconstanta, usuallynow knownastheBlondel-Reyconstant, hasa valueof about0.21 seconds.
As BlondelandReypointedout, whent, thedurationof thestimulus, is small, thesecondtermon the
right-handsideof Equation(3.25) becomesmuchgreaterthanone, andconsequently

I thresh

I¥
S a

t ,

which retrievesthe Bloch-Charpentierlaw. Equation(3.25) is, therefore, a more generalempirical
equationembracingtheearlierlaw.

I havefound theproceedingsof a symposiumon flashinglights chairedby J. G. Holmes(1971) to
bea valuablesourceof informationon this subject.

Not to be outdoneby the vision researchers, J. W. Hughes(1946) publishedhis researchon the
auditorythresholdof brief tones, andshowedthat theBlondel-Reyequationwasvalid alsofor tonesof
variousfrequenciesbetween250 and 4000 Hz. Hughesdrew the readers' attentionto the similarity
betweenEquation(3.25) andtheequationgiving thethresholdelectricalcurrentwhichpassesthrougha
nervecell membrane, asa functionof the time neededto achievethresholdor firing of theneuron(the
ªchronaxieequationof Lapicqueº). Hughesdoesnot seemto give sufficient datain his paperfor the
evaluationof the constant, a, for audition. However, since again the equationgoes over into the
Bloch-Charpentierlaw for brief t, one might estimatea to havethe value of about0.16 second(see
Equation3.24).

I am not awareof Hughes' work having beenreplicated, but Plomp and Bouman(1959) have
extendedHughes' studies.

SIMPLEREACTIONTIME

The subject' s finger is poisedabovea buttonthat will registerthe exacttime it is pressed. On her
earsareheadphones. Theinstantshehearsa tonethroughtheheadphonesshewill pressthebutton. The
time betweenthebeginningof thetoneandthepressingof thebuttonis calledthesimplereactiontime.
In general(Coren and Ward, 1989), the reactiontime is the time betweenthe onsetof a stimulus
(auditory, visual, gustatory, ...) andthesubject' sovertresponse.
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Figure 3.8 Data of Chocholle (1940). Reactiontime plotted againstsound pressure. The
smoothcurveis discussedlaterin thetext.

A featurethat makesthe simplereactiontime particularlyinterestingis its peculiarrelationshipto
the intensity of the stimulus: The more intensethe stimulus, the shorter the reaction time. This
relationshipbetweenreactiontime, tr , andstimulusintensityis shownin Figure3.8 (Chocholle, 1940).
Thereis, of course, a thresholdintensitybelowwhich thestimuluscannotbedetected.

Thereare variousphysiologicaleventsthat transpireduring the reactiontime. A neuronalsignal
musttravel from thesensoryreceptor(s) to thebrainpassingoneor moresynapses, a motorsignalmust
proceed down to muscle, and muscle must contract to actuate the finger. The study of these
componentsdatesbackat leastto the time of Helmholtz. We shall return later to muse, briefly, over
this sequenceof events.

We see, though, that on the whole, the relation betweenreactiontime and stimulus intensity is,
again, a relationshipbetweenthetwo variables, I, andt. However, t = tr is not necessarilytheduration
of thestimulus(thesensein which t hasbeenusedbefore), but ratheris thetime takenby thesubjectto
reactto thestimulus. This will leaduslaterinto somewhatdarkerwaters.

Simple reactiontime, too, has its associatedempirical equations, the best-known of which are
probablythoseof Piéron. AlthoughPiéronformulatedseveralempiricalrelationsbetweentr andI, the
onewith whichweshallbemostconcernedis thefollowing (Piéron, 1914, 1952):

tr = tr min + CI - n     (3.26)

whereC andn areconstantsthat aregreaterthanzero, and tr min is the smallestpossiblevalueof tr ,
obtainedfor the maximumphysiologicalvalueof I. It canbe seenthat Equation(3.26) describesthe
type of curve depicted in Figure 3.8. Moreover, an extraordinary observationhas been made,
particularly for simple reactiontimes to auditory and visual stimuli: the value of the exponent, n, in
Equation(3.26) is closeto, but usuallylessthan, valueof n foundin thepowerlaw of sensation,

F = kIn .     (3.7)

Why in theworld shouldthis beso? Is it purecoincidence?
We demonstratelater, using the unifying equation(3.21) in its explicit form, that both Equation

(3.7) andEquation(3.26) canbederivedfrom thesameªparentº equation, andthattheexponent, n, can
beexpectedto besimilar in magnitudein bothequations.

However, despiteall that we shall attemptto do, ªsimpleº reactiontime will retain somesecrets
thatwearenot ableto fathom.

Just a generalremark herebeforeproceeding. It shouldbe recognizedthat all of the preceding
empiricalequationsrepresentmeansor averagestakenon many, manytrials involving manyindividual
subjects. Thereare large inter-subjectdifferencesand no attempthasbeenmade, in thesepages, to
tabulatethem. Neithershall we be able, in the theoreticalexpositionthat follows, to makeallowance
for thesedifferences. Rather, wearecontentjust to beableto derivetheequationsfor themeans.
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Figure 3.9 Schematicof graph by Teghtsoonianusing data assembledby Poulton. Power
functionexponentplottedagainstlog10 stimulusrange= 1.53. Thedataarraythemselvesalonga
rectangularhyperbola.

THE POULTON-TEGHTSOONIANLAW

In a well-knownpaperpublishedin 1971, R. Teghtsoonian, working with dataassembledby E. C.
Poulton (1967), madean extraordinaryobservation. He observeda relationshipbetweenthe power
function exponents, n (Equation 3.7), for different sensorymodalities and the logarithm of the
physiologicalrangespannedby thesemodalities. Forexample, auditionhastheexponentvalueof about
0.3 (soundintensityat 1000 Hz.), andauditoryintensityspansa rangeof about109, sothat log10(range)
S 9. Thesenseof tastegivesriseto anexponentmuchcloserto 1.0, while it spansonly about2 decades
of concentrations(intensities), sothat log10(range) S 2. Higherexponentsareassociatedwith a smaller
range and vice versa.4 In fact, when Teghtsoonianplotted a graph of n vs. log(range) (shown
schematicallyin Figure3.9), hefoundthatthedatalay ona rectangularhyperbolawhoseequationwas

(n)(log10range) = 1.53 .     (3.27)

Weshallsee, in ourexplorations, thatwecanderiveEquation(3.27) in thecourseof our theoretical
studiesof theWeberfraction.

Figure 3.10 Schematicdemonstrationof the Ferry-Porterlaw. Critical fusion frequencyfor a
flickering light sourceis related linearly to the logarithm of the intensity of the light, to a
saturablelimit . The curvedrawnis characteristicof the type obtainedwhenthe observedlight
falls on thefovea.
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A VERY APPROXIMATELAW OFOLFACTORYTHRESHOLDS

The final empirical equationwe shall discussherewas discoveredby Laffort et al. (1974), and
elaboratedby Wright (1982). It is a law that holds only very approximately, but may be worth
mentioninghereanyway.

Let I¥ bethelowestdetectableconcentrationof anodorant. Now define

pol = - log10I¥ .     (3.28)

Laffort et al. discovereda hyperbolic relationshipbetweenn and pol quite similar to Equation
(3.27):

(n)(pol) = constant.     (3.29)

This relationshiphasnot alwaysbeenconfirmedby otherinvestigators.

THE FERRY-PORTERLAW AND TALBOT' SLAW

Thefinal empiricallaw weshalldiscussherewasformulatedby Ferry(1882) andPorter(1902) and
dealswith flashinglights. It refersto anexperimentin which a subjectis observinga flashinglight, or a
rotatingdisk with black andwhite sectors. The frequencyof the flashinglight is held constant. Let us
supposethat the on-time of the light is equal to the off-time. The frequencyof flashing is slowly
increased. At a certainfrequencythe subjectreportsthat the light no longer appearsintermittentbut
ratherappearsto be steady. The frequencyof flashing may then be slowly decreaseduntil the light
againappearsintermittent. In this way, a critical fusionfrequencyor critical flicker frequency(CFF)
for the light of a given wavelengthfor a given intensity is established. The experimentmay then be
repeatedfor a numberof differentintensitiesof light, keepingthewavelengthconstant.

It is found that thecritical fusion frequencyincreaseswith increasingintensityof the light, up to a
certainmaximumintensity. The shapeof the graphof CFF vs. I is influencedby the regionsof the
retina on which the image of the light falls, and also showsthe effects of the two types of light
receptors, rods and cones, that are found in the humanretina. However, CFF, over a wide rangeof
intensities, is foundto increaselinearlywith thelogarithmof theintensity(Figure3.10). Thatis,

CFF = alogI + b, a, b constant.     (3.30)

This semilogarithmiclaw is calledtheFerry-Porter law.
Oneshouldnoticehereagainthat, aswith somanyof theprecedingempiricallawsof sensation, we

dealwith a relationshipbetweenthe intensityof the stimulus, andthe durationof time over which the
stimulusis applied(theon-time of thelight in eachcycle).

At frequenciesthat exceedthe critical fusion frequency, the effective luminance(intensity) of a
flashinglight is independentof frequencyandis equalto the averageover time of the real luminance.
This phenomenonis calledTalbot' s law.

With this law we concludeour tour of theempiricallawsof sensation. We havenot, by anymeans,
exhaustedthe stockof suchlaws; many, manymoreof themexist. However, all eight laws aredealt
with in a theoreticalsensein thecourseof this book.

NOTES
1. A word to the wise... What Weberactuallywrote in Latin is ªin observandodiscriminererum

inter secomparatarum, nondifferentiamrerum, sedrationemdifferentiaeadmagnitudinemreruminter
secomparatarum, percipimusº (citedby Drever, 1952).

2. Decibels(dB):
Let x andx0 beanytwo numbers. We canusex0 asa referencewith respectto which x is reported.

Forexample, wecouldreportall valuesof x asmultiplesof x0:

q1 = x1 / x0, q2 = x2 / x0 . . .
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Thedecibelsystemreportsx asa logarithmof theq' s. Forexample,

dB1 = 10log10q1 = 10log10x1 / x0 ;

dB2 = 10log10q2 = 10log10x2 / x0 ; ...

In general

dB = 10log10 x/x0 .

Why do we use the dB-system? Why not just report x as x? Sometimesthe valuesof x we are
interestedin becomevery largeor very small; for examplex1 = 10- 7, or x2 = 108. It is thenconvenient
to choosea handyvalueof x0 (sayx0 = 1) andusethedB-system. Then

x1 = 10log1010- 7 = - 70 dB

x2 = 10log10108 = 80 dB.

Notice thatyou canalwaysusethedB-valueto solvebackwardsto obtaintheoriginal x-value. For
example, whatx-valuecorrespondsto y dB?

y = 10log10x

log10x = y/10

x = 10y/10 .

3. Modern signal detectiontheory addressesthe problemof thresholddetectionprobabilistically,
but weshallnot introduceSDT in this book.

4. The valuesgiven for ªrangeº are low. Thereis an arbitraryelementinvolved in specifyingthe
upperlimit of therange.

Q(2003 ed. note) I had not realized, at the time of writing, that von Bekesy had suggested
essentiallythesametestmanyyearsbeforeHood. Thereaderis referredto Experimentsin Hearingby
Georgvon Bekesy, publishedby theAcousticalSocietyof America, throughtheAmericanInstituteof
Physics, by arrangementwith McGraw-Hill Book Company, which publishedthe book originally in
1960. Bekesy' s experimentappearson page357 of the book. Moreover, Bekesywasprescientin his
useof thelog-scalefor time, which is suggestednowby theentropytheory(Equation(11.45)).
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