CHAPTER 3

THE EMPIRICAL LAWS OF
SENSATIONAND PERCEPTION

In this chapter we setdownthe weighty ballastof philosophyandinformationtheory, andexamine
the somewhaltighter matterof the empiricalrules of sensatiorand perception By empirical laws we
mean (Webstets dictionary) laws “making use of, or basedon, experience trial and error, or
experiment rather than theory or systematizecknowledge’” For somewhatmore than one hundred
years beginning(probably with the work of Weber empiricallaws of sensatiorhavebeenformulated
Thesealgebraicrules basedessentiallyon laboratoryobservationsrelatingonly occasionallyto each
other, and not derived theoretically from laws in other sciences have dominatedthe scientific
literature Eachempiricallaw standsas a universeunto itself: it is neitherderivedfrom any simpler
principle, nor doesit leadto the generatiorof otherlaws Eachlaw hasabsolutedominionoverits own
territory. Suchis the stateof scientific polytheismthatwe now describe

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 agroup ratherthanlaterastheyareinvoked

Someof the empirical laws carry the namesof their originator, some suchas “the exponential
decay of this or thatquantityarejust rulesof thumh We arenot concernedvith all of theserules but
only a subsetof them In particular we shall be interestedin thoseempirical laws that governthe
relationshipbetweenthreefundamentavariables I, the steadyintensityof a stimulus t, the time since
onsetof the stimulus or, occasionally the duration of this stimulus and F, the perceptualvariable
relatedto the stimulus F, youwill recall wasdefinedin Chapter2. As mentionedn theIntroductionto
Chapterl, all stimuli with which we shall be concernechereare steady or constantstimuli, givenin
the form of a stepfunction (Figure 1.1). While stimuli that vary with time are of very definite interest
for examplethosethat may vary sinusoidally their formal treatmentis more difficult within this
informationalor entropictheory, and such progressas hasbeenmadewith thesestimuli will not be
reportedhere Neitherdo we grapplewith the effectsof multiple stimuli thatare appliedconcurrently
Sowe shallnot deal for example with the sweetnessf a solution of two typesof sugar or with the
effectof amaskingsoundon a 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 equations of
sensationin eachcasein which the perceptualariable F, occurs recallfrom Chapter2 thatit canbe
interpretedboth psychophysicallyasa subjectivemagnitude(e.g. brightnesy andphysiologically asa
rate of impulsepropagationn a neuron In Chapterl3, we shall beginto distinguishmathematically
betweerthesetwo interpretations

THE LAW OF SENSATION

WhenF is interpretedpsychophysicallythis law is sometimegeferredto as“the psychophysical
law.”

Ernst Heinrich Weber (1795 — 1878) (pronounceVayber) was a Germanphysiologistwho was
professorof anatomyand later of physiology at Leipzig (Gregory and Zangwill, 1987). He drew
attentionto theratio DI /1, whereDlI is the smallestdifferencebetweenwo stimulusintensitiesthatcan
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be discriminated Wrote Weber (in translation:! 2..in observing the difference between two
magnitudes what we perceiveis the ratio of the differenceto the magnitudescompare8 (Drever,
1952). Togethemwith Fechnerheassertedaftermuchexperimentatioron lifting weights

Di/1 = constant (3.1

wherethe constanis knownasWebets constant We call theempiricallaw (3.1) @Webeis Law.°

Gustav TheodorFechner(1801 — 1887) (pronounceFech’- ner, ch asin loch) was a German
physicist who is rememberedlargely for his work Elementeder Psychophysik(1860). Fechner
augmentecequation(3.1) by equatingthe constanton the right-handside with DF, a just noticeable
differencein sensatior(The F is my symbol not Fechners). More specifically, the equationattributed
to himis

DI/I = DF/a (3.2)

whereboth a and DF areconstantsimplicit in Equation(3.2) is thata variable F, canlegitimatelybe
definedto quantify humansensatioror feeling Assigningnumericalmeasurdo a sensations ratheran
audacioussuggestion Equation (3.2) then assertsthat if the physical magnitudeof a stimulus is
changedoy DI, whereDl is the smallestchangedetectableoy a humansubject thenthe corresponding
changein sensationDF, will alwaysbe constant The just noticeabledifferenceis abbreviatedo jnd.
Fechne'rs arguments often statedasfollows.

If DI andDF aresmallchangesn | andF respectivelythey may be replacedn Equation(3.2) by
dl anddF respectively

di/l = dF/a. (3.3)
Integratingboth sidesof Equation(3.3),
F =alnl +b, b constant (3.9
or
F =aYgl +b, (3.4a)

whereaVis constantandthe logarithmmay be takento any convenientbase say 10. Thatis, whenF is
plotted againstthe logarithm of 1, the resultexpecteds a straightline. This is Fechnets law, or the
WeberFechnerlaw. A discussiorof @Fechnerianntegratio? andrelatedtopicsis given by Baird and
Noma (1978, Chapter4). The problemof measuringhe quantity, F, is very taxing and hasoccupied
psychophysicistéor manyyears This problemis discussedn an introductorymannerby Coren and
Ward (1989), andin more detail by Baird and Noma (1978). More aboutearly attemptsto quantify
sensationand aboutthe legitimacy of Fechnerianntegrationis given in the first chapterof Marks

book (1974).

Theresultof Fechne'slaw is thatif 2suitabl@ measurdor F canbefound, a graphof F againstthe
logarithmof | (to anybaseg is expectedo producea straightline. Thatis, for a given modality, plotting
experimentalaluesof F againstthe correspondingaluesfor the logarithmof | shouldgive the result
that the datapointslie on a straightline whoseslopeis a¥andwhosey-interceptis b. Fechners law
might be calleda semilogarithmidaw, becausalataarraylinearly whenF is plottedon a linear scale
while | is plotted on a logarithmic scale There are many examplesin the publishedliterature of
measurediatathatconformto Fechne'rs law.

While F wasinterpretedpsychophysicallyy Fechnerwe 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
(omatidiun) from the horseshoecrab (Limulug was dissectedout togetherwith its primary afferent
neuron The receptorcould be stimulatedwith light of varying intensity, 1, and the resultingimpulse
frequency F, in the attachedneuron measuredThe authorsshowedthat Fechners law was obeyed
Thereis evidence therefore that Fechne'rs law, a form of 2the law of sensatiof is valid to a degree
usingeitherinterpretatiorof the perceptuatariable F.

Plateauvasa Belgianphysicist contemporaryvith FechnerHe is oftengivencreditfor conceiving
the powerlaw of sensationan alternativeto the semilogarithmidaw of Fechner(Plateay 1872). This

Information SensatiorandPerceptionO KennethH. Norwich, 2003.



3. TheEmpirical Lawsof Sensatiorand Perception 17

power law is given explicitly by Equation(3.7) below. F. Brentano(1874) attemptedto derive this
powerlaw beginningfrom Webets law. In the twentiethcentury this powerlaw of sensatiorfoundits
mostenthusiasti@xponenin the personof S. S. StevensWhile | did stateabove admittedly thateach
of theseempirical laws remainedindependenbf all other suchlaws, there have nonethelessbeen
attemptsmadeoverthe yearsto link themtogether | think thattheseattemptsat deriving the laws are
laudableand| presentsomeof themin thesepages Usually, howevey it wasfound necessaryo add
otherempiricalrelationsin orderto completethe derivation

The derivationof the PlateauBrentaneStevenspower law of sensatiorbeginningfrom Webets
law is attributedto Brentano(Stevens1961) and proceedsasfollows. Supposehat both the physical
magnitudeof the stimulus I, andthe subjectivemagnitudeof the stimulus F, both obeyWebefts law.
Thenfrom Equation(3.1),

DI/l =cp,
and
DF/F = ¢,

wherec; andc; arebothconstantsThenby combiningtheseequations

DI/ = (1/n)DF/F, (35)

wheren = cz/cy .
Equations(3.1) and (3.5) are of course quite different Again replacingthe finite differencesby
their correspondinglifferentials

di/l = (1/n)dF/F.
Assumingthelegitimacyof Fechnerianntegration we obtain
InF = ninl +Ink, (3.6)
whereln kis a constanof integration This equationcanbe convertedmmediatelyinto the form
F=KI". (3.7)

This powerlaw of sensatiorstandsin contrastto Fechners semilogarithmidaw. It is importantto
observehatby takinglogarithmsto any baseof both sidesof Equation(3.7) we obtain

logF = nlogl +B, (3.8

whereB is constantThatis, the PlateauBrentaneStevendaw might be describedasa full logarithmic
law (cf. Fechners semilogarithmidaw) becausealataare expectedo arraythemselveslonga straight
line whenboth F and| are plotted on logarithmic scales The slopeof this straightline is the power
functionexponentn.

Many modalities of sensationhave been analyzed by meansof the power law (3.7), and
characteristicvaluesof the exponent n (or rather characteristicangesof valuesfor n), have been
tabulatedfor eachmodality. For example for the intensityof sound n S 0.3 for tonesof 1000 Hz. For
acompletelist of exponentgoverningthe variousmodalitiesthe readeris referredto the texts suchas
Corenand Ward (1989). Stevensspentmany yearsdemonstratinghat when F was measuredy the
procesof @magnitudeestimation (a free-wheelingassignmenodf numberso matchthe magnitudeof
humansensationsthe power law (3.7) was the law of bestfit. To capturethe day, Stevens(1970)
re-plottedthe Limulusdataof Hartline and Grahamof 1932 on a log-log graph(thatis, he madea full
logarithmic plot rather than a semilogarithmicplot as Hartline and Grahamhad dong, and what
emergedwas a straightline asimpressiveasthat obtainedby Hartline and Graham Surely, then the
power law of sensationwas @the correc® law of sensationand could lay claim to the title of the
psychophysicadaw!

Sq indeed it may be, but feeling that Fechnermight desirea posthumouseply, | played the
inversegame | selecteddatameasuredy 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. Stevenq1969). Magnitudeestimationof the tasteof saltiness
of solutionsof sodiumchlorideof differentconcentrationdn this log-log plot, the dataareseen
to fall nearlyon a straightline, exceptfor the two or threemostconcentrategolutions whose
magnitudeestimategall belowthestraightline. This is thetype of graphpreferredby Stevens
(b) The samedatashownin Figure 3.1a are plotted herein a semilogplot. Note that the data
againfall very nearlyon a straightline, exceptfor the two or threeleastconcentratedolutions
whosemagnitudeestimatedall abovethe straightline. This is the type of graphpreferredby
Fechner

logarithmof concentratiorof solutionthatthesedatastrongly supported¢he powerlaw of sensationin

Figure3.1 the samedataareplottedin a Fechnersemilogarithmiagraph magnitudeestimation(not its

logarithm) is plottedagainstthe logarithmof concentratiorof the solution Theresultis quite a decent
straightline, therebyaffirming Fechne'rs law!

Is it possiblethat the two forms of the law of sensationgiven by Equations(3.4) and (3.8),
Fechners law and the PlateauBrentaneStevendaw, are really mathematicallyequivalentover some
range of |-value® To this questionwe shall certainly return In the interim, the readerinterestedn
pursuingFechnervs. Stevensis referredto the very scholarly review of the subjectby L. Krueger
(1989), or to Kruegets morecondensedeview (1990).

We havebeenusingthe perceptualariable F, with boththe psychophysicaandthe physiological
interpretationsin this regard one must take note of the papersof G. Borg and his colleaguedfor
exampleBorg et al., 1967). Taking advantagef the fact thatin the humanbeing sensorynervefibers
mediatingtastefrom the anteriortwo-thirds of the surfaceof the tonguepassbackwardstoward the
brain in the nervecalled the chordatympanj and that this nerveis surgically accessibleasit passes
throughthe middle ear, Borg et al. carriedout a seriesof experimentsTwo daysbeforesurgerywasto
be performedon the ear, psychophysicakxperimentswere carried out with solutionsof citric acid
(soun, sodiumchloride (sal) andsucrosgsweej, aswell aswith variousothersolutionsThe method
of magnitudeestimationwasusedandthe resultswereplottedon log-log scales|In this way the power
function exponentswere obtainedas the slopesof the observedstraightlines. During the courseof
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surgeryperformedon the middle ear, the investigatorsvereableto measurehe electricalresponsef
the exposedibers of the chordatympanito the applicationof thesesamesolutionsto the surfaceof the
tongue Thesedatg alsq were plottedon log-log scales The powerfunction exponentsvere found to
bevery similar to the correspondingxponentsneasuredhn the psychophysicaéxperimentsTherefore
Borg et al. demonstratedat leastfor the senseof taste the legitimacy of usingthe samevariable F,
with boththe psychophysicahndthe neurophysiologicahterpretations

We cannot of course generalizehe aboveconclusiongo includeall othersensorymodalities For
example in the caseof audition the loudnesf a tonecannotbe mappedonto, or associateavith the
impulseratein a singleauditoryneuron We alsoseelater thatthe time scaleof neuronalkeventsdiffers
markedlyfrom thetime scaleof psychophysicaévents

We proceed in the mathematicaldevelopmenthat follows, asif eachprimary sensoryafferent
neuronfunctionsindependentlyandin 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
assumptionsbut we understandhat in the final analysisfuller recognition must be made of the
distinctionbetweermpsychophysicendneurophysiologyin the comingchapterswe usuallytreatF asa
psychophysicalvariable becausethe experimentaldata available for testing the validity of our
equationsaaremuchmorenumerousl do, however confessmy uneasineswiith the generalprocessof
assigningnumbers subjectively to oné s sensationsl usethe resultsof theseexperimentanvolving
subjectivemagnitudedecauseat leastat the beginningof our studies they providea convenientway
of testingthetheory. As thetheorydevelopgurther, however we shallwork with experimentsn which
subjectivemagnitudeplaysa lesserrole or norole atall.

Finally, let me stresghatin theaboveanalysisof the law of sensatiorwe haveignoredthevariable
t, the time since onsetof the stimulus Timeis a poor relative in papersdescribingexperimentson
subjectivemagnitudesit is a variablethatis alwaysprominentin the conductof the experimentsbutis
often not reportedby the investigators We treatt as a constantin theseexperiments That is, we
assuman all experimentsthatthe sameperiod of time haselapsedetweenthe onsetof the stimulus
andthe measuremerf F. If this werenot the case the effectsof adaptationseebelow) would wreak
havoc We alsoassumeéhatnew stimuli havebeenappliedonly afterthe sensoryeceptorhashadtime
to recover completely from previous stimuli; that is, we presumethat the sensoryreceptorsare
aunadapted Pleasenote therefore that the law of sensationis obtainedfrom the three cardinal
variablesF, | andt, by holdingt constaneandrelatingF to I.

We have also assumedtacitly, in the above discussion that a unique algebraicform of the
psychophysicalaw exists and governsmany of the modalities of sensation There are those who
maintainthat a uniquepsychophysicalaw is chimericaj that noneexists For examplge Weiss(1981)
arguesquite properly, thatthe algebraicform of any psychophysicalaw mustdependon the mannetin
which the physicalintensities |, aremeasuredlf we decidedto measurehe concentration®f odorants
usingthe pC scale(the negativelogarithmof the concentratiorof the odoranj, thenthe psychophysical
law, boththe Fechnerandthe Stevendorms would be patentlywrong Weissis quite right. However
we shall show later on that thereis a condition with which all measuref stimulusintensity must
comply if they areto give rise to a universalpsychophysicalaw: namelythe logarithm of stimulus
variancemustbe a linear function of the logarithmof stimulusmagnitude thatis, s? p 1". This rule
will be compliedwith (approximately whenconcentration®f odorantsor solutionsare measuredn
linear scales but not if they aremeasureadn logarithmicor otherscales My reasondor affirming its
existencewill becomecleareraswe proceedWe shallreturnto Weiss objectionin ChapterlO.

ADAPTATION

The term adaptationseemsto meandifferent things to different people | usethe term in two
sensesthefirst of which is bestintroducedby example Supposeyou walk into a room dominatedoy
the pungentodor of fresh paint or perhapsinto a kitchen envelopedby the heavy odor of cabbage
cooking In either casethe odor is very prominentwhenyou first enterthe room, but weakenswith
time, andafterafew momentanaybecomevirtually undetectabléWe saythatyou haveadaptedto the
olfactory stimulus The phenomenoris often quite dramatic Whenyou first experiencedhe adaptation
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effectasa child did you not think that the stimulusitself had vanishe@ Certainly someadults| have
spokenwith still believethis to be true 2After a few minutes the paint doesnt smell any more® a
housepainteroncetold me. However the stimulusis certainlystill presentonly our sensatiorof it has
diminished This type of adaptatiormight be calledpsychophysicahdaptation

It is importantto observethat not all modalitiesof sensatiorseemto adapt or if they do adapt do
soincompletely The rate of adaptationrmay alsovary considerablyOlfactory receptorsof course do
adaptandoften adaptcompletelyor to extinction Thatis, odor simply disappearsfter a shortperiod
Tastereceptorsadapt but not necessarilyto extinction thatis, the sweettastefrom the sugarsolution
in your mouth may becomelessintense but will not disappearcompletely Temperaturereceptors
behavan muchthe samefashion Mechanoreceptorareclassifiedby the speedwith which they adapt
andtheir speedof adaptatiorspecializeshemasvelocity receptorsvibration receptorsetc. (Schmidt
1978). Painreceptorsio adaptto someextent As you canimagineg alot of work hasbeendoneon this
subject However often pain persistsandthe suffererrequireschemicalanalgesialLight receptoramay
not seemto adaptundernormal circumstancesFor example the pageyou are readingis not fading
However whenyou stepfrom a darkroominto bright sunlight you may be temporarilyblinded After
a few momentsthe eyedoeslight adaptandthe world seemdessbright (in a very literal sensé). Of
course we do not stay adaptedforever, after the stimulushasbeenremovedfor a period of time, we
ade-adapt sothat for example we mayre-enjoythe scentof hydrogensulphidegas

The secondmeaningwhich | importto thetermadaptationis increasein threshold A thresholdfor
sensationis the stimulus of least intensity which one can detect Thresholdstend to increaseas
adaptatiorproceedsandto decreas@asde-adaptatioroccurs For example if youwish to detectvisual
stimuli of very low intensity, flashesof light consistingof only a few photons a good strategyis to
remainin a very dark room for about 30 minutes The eye de-adapts(usually referredto as dark
adaptatior) sothattheretinal photodetectorsalledrods candecreaseheir thresholdof detection The
changein light intensity threshold (luminance threshold, DI, has been related to the adapting
luminance |, by Webetslaw (Dowling, 1987):

Dl /1 = constant (3.1

So the two meaningso be associatedvith adaptationare psychophysicaand thresholdshift By
andlarge | shallbedealingwith psychophysicahdaptationl shallregardadaptatiorasa 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
onseft. By andlarge the psychophysicahdaptatiorcurvehasthe shapdllustratedin Figure3.2.

We recallthatthe law of sensatiorwasregardedasthe mathematicatelationshipbetweenF andl
with t held constant Now, taking the effects of adaptationinto account we see that for many
modalities F will be be smallerwhent is larger Therefore in a full logarithmic plot (powerlaw of
sensatiohof F vs. I, the straightline obtainedwill shift downwardon the graphwhent is greater For

PERCEPTUAL VARIABLE

TIME

Figure 3.2 Psychophysicaladaptation curve (schemati A perceptual variable (e.g.
magnitude estimat¢ declines monotonically with the time since stimulus onset Stimulus
intensityis held constant
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Figure 3.3 After Schmidt 1978. Neuralrespons®f a pressureeceptoron alog-log plot. Each
straightline representghe®law of sensatiof for areceptorat a specifiedtime of adaptatior(1 s,
255, ...). Clearly, the greaterthe adaptatiortime, the greaterthe downwardshift of the straight
line. We shallunderstandaterwhy thelinesarenearlyparallel

example the neuralresponsef a pressureeceptor(impulsesper second to a constarfforce stimulus
(newton$ resultsin a seriesof nearly parallel straightlines (Schmidt 1978, page88). This effectis
illustratedin Figure 3.3. The reasonwhy the straightlines are parallelwill emergeaswe conductour
theoreticakanalysis

The subject of auditory adaptationrequires some further remarks While there seemsto be
nearuniversalagreementhat psychophysicaadaptatiordoesoccur (for example apparentlypulsating
tonesare more easily detectedthan are steadytoneg, the extentof this adaptationis not completely
clear (to me). However therearetwo representationsf auditory adaptatiorthat are quite clear The
first is very rapid neurophysiologicabdaptationn the guineapig auditory nervereportedby Yateset
al. (1985) for the guineapig auditory nerve Theseinvestigatorsecordedthe responseof guineapig
ganglioncellsto 100 mstonebursts in the form of peristimulusandpoststimulugime histogramsThe
resultwasa rapid declinein the frequencyof actionpotentialsduring the first 50 msfollowing the start
of thetonestimulus Thereis alsoa classicalpaperby GalambosandDavis (1943) purportingto show
pronouncedadaptationn single auditory nervefibers of the cat However in a later note (1948), the
authorsqueriedtheir own work suggestinghat the electricaleffectsmeasurednay haveissuedfrom
otherneurons

Figure 3.4 SDLB (simultaneouglichotic loudnesshalancg dataof Small and Minifie (1961,
Figure 3c, p. 1030). One ear, stimulatedby meansof a steadytone adaptswith respectto the
otherear, whichis stimulatedonly intermittently.
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A secondvery clear manifestationof auditory adaptation this time in the humanbeing was
discoveredoy Hood?in 1950. Hood s methodinvolvesthe comparingof loudnessn oneear, which is
beingadaptedo a tone with the oppositeear, which is receivingvery little sound Specifically, this is
how the effectis measuredA toneof constanintensityis presentedo the adaptingear. It is this ear
which is being testedfor a decreasen loudnesssensationAn intermittenttone is presentedo the
oppositeor testear. The subjectmust adjustthe intensity of the tone in the testearto balancethe
loudnessbetweenboth ears It is found that the adaptingear adaptswith respectto the testear Note
thatin this clevermeasureof adaptationthe investigatordoesnot recordthe subjectivemagnitude or
loudnessof the tone but ratherrecordsthe objectiveor physicalmagnitudeof the adaptatiorprocess
Thatis, he or sherecordsthe decreasén intensityof soundin decibel$ requiredto producea balance
betweerears A graphof dB adaptationvs. time, usingthe dataof SmallandMinifie (1961) is givenin
Figure 3.4. It may be seenthat about30 dB of adaptationare recordedwhen one earis testedwith
respecto the other This procesds calledthe techniqueof simultaneouslichotic loudnessalance or
SDLB. Notethatit, too, relatestwo of the threecardinalvariables |, the physicalintensity of the tone
(giving rise to dB of adaptatioh andt, the time sinceonsetof the tone We shall studythe adaptation
procesgheoreticallyin Chapterll.

Figure 3.5 a&b (a) Dataof Lemberger(1908) for differential thresholdof tasteof sucrose
Weberfraction plotted againstconcentratiorof tastedsolution Note the featuresof the curve
fall in Weberfractionfor low intensitiesto a plateauregionthatextendsfrom about2% to 16%
solution followed by a terminalrise asthe physiologicalmaximumis approachedLemberger
actually providedthreeadditionaldatapoints showingthat for very high concentrationVeber
fractionsbecomevery great(discriminationis poorasmaximumconcentrations approached
(b) Samedataasin (a). InverseWeberfractionis plottedagainstn (concentration The number
of rectangledeneaththe curve betweenconcentrations andb is equalto the numberof jnd's
betweera andb.
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THE WEBERFRACTION

We havealreadyencounteredVebets fraction DI/l, whichis usuallymeasuredasthe ratio of the
smallestdetectablalifferencebetweentwo stimuli, to the lower of the two stimuli. DI hasalso been
called the differential thresholdor limen for intensity discrimination We saw in the formulation of
Equation(3.1) thatWeberandFechnelbelievedthat DI /| wasconstanbverthe physiologicalrangeof
perceptibld. However laterwork by otherinvestigatorshowedhis not to bethe case For most if not
all, modalities of sensationthe Weber fraction is maximum for the lowest intensities and falls
progressivelyas| increasesFor the middle rangeof intensities DI /| is nearlyconstantapproximating
Webets law (3.1). For high valuesof I, approachinghe maximum(non-painful) level of stimulation
Dl /1 againrisesfor manymodalities This terminalrisein the Weberfractionis certainlyfoundfor the
senseof taste(Lemberger 1908; seeFigure 3.58), and the senseof vision (Kénig and Brodhun as
reportedby Nutting, 1907, Table1; andHecht 1934, Figure3.6), andpossiblyalsofor the sensatiorof
temperaturgPutter 1922). High-intensityrise in the Weberfraction may alsobe a featureof auditory
intensitydiscrimination(McConville etal. 1991), althoughthisis far from certain

Again, although most authorsdo not report the duration of stimuli usedin measurementef
intensity discrimination it will be assumedhat the durationis kept constantfor all stimuli. Thus the
graphof DI/1 vs. | is obtainedby holdingt, one of the threecardinalvariables constant and plotting
therelationshipbetweerthe othertwo variables The reademay objectthat only oneof the remaining
two variablesis evident namelyl; the othervariable F, is not present Actually, the variable F, is
presentoutis just notvisible. RecallthatDl refersto the changen intensity |, thatcorresponds$o one
just noticeabledifferencein sensationThis jnd in sensatiorcanbe written in the form DF. Therefore
theexpressiorior Weberfraction if written out morefully would be

o
DF”’

thechangen stimulusintensityperjnd divided by the lower of thetwo intensities

The experimentaprocessavherebythe Weberfractionis measureds of interestto us Thereis not
onesingledefinitive valueof DI for which a distinctionbetweersignalintensitiescanbe made Rathey
DI must be inferred statistically from the experimentaldata The experimentalprotocol might be as
follows. The subjectmight be presentedvith two stimulussignalssequentiallyandrequiredto indicate
which of the two was more intense The difference betweenintensitiescan be designateddl. This
proceduremight be repeatednanytimeswith the sametwo stimuli, sometimeswith the moreintense
stimulus presentedfirst and sometimeswith the lessintense first. The proportion of correct
discriminations C, canthenbe computed But C is a function of the differencein intensities dl. That
is, Cis C(dl). In orderto defineC(dl ) overarangeof valuesof dI, the experimentanberepeatedvith

Figure3.6 Dataof Konig for differentialthresholdof light intensities Weberfractionis plotted
againstintensity of light. Manifeststhe samefeaturesas the correspondingcurve for taste
(Figure3.5a).
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Figure 3.7 Statistical measuremenbf the differential threshold DI Proportion of correct
discriminations C(dl ), plotted againstintensity difference dl. Define DI asthe value of dI for
which C(dl ) equals0.75.

thelower of the two stimulussignalsat the samevalueasbefore but with dl changedC(dl ) canagain
becomputedThis processs repeateduntil the function C(dl ) hasbeendefinedfor a rangeof valuesof
di. Thegraphof C vs. dI oftenobtaineds sigmoidin shapeasshownin Figure3.7.

Thevalueof dl to betakenasDl, 2the® limen for intensity discrimination is largely arbitrary, but
DI is commonly taken as the value of dl for which C is equalto 0.75; thatis, DI is the stimulus
incrementhatwill permita correctdiscriminationbetweernintensities’5% of thetime. DI is, of course
afunctionof I, soit mustbe determinedat all requisitestimulusintensitylevels As you canseg there
is a lot of experimentalvork involvedin the determinatiorof one Weberfraction curvewith | ranging
from thresholdto maximumphysiologicalintensity. A methodfor measuringhe differencelimen that
is, perhapsmoreclassicais describedy CorenandWard (1989, p33 - 35).

The purposeof including the aboveexperimentaprotocolin this bookis primarily to demonstrate
the arbitrariness of the function DI(I) (DI as a function of ). If the criterion for discriminationis
changedrom 0.75 to 0.5, for example thefunctionDI(1) will changeaccordingly Therefore- andthis
is a featurewe shall draw upon later — DI, the limen for intensity discrimination is not a unique
guantity If DI is to appearasa variablein atheoreticallyderivedequation its lack of uniquenessnust
becompensatetbr. We shallhaveto dealwith this problemwhenit arises

Let usturn our attentionnow backto the graphof DI vs. I, wherel extendsoverthe full rangeof
physiologicalvalues from thresholdto the vergeof pain The extentof thefull physiologicalrangewill
vary considerablydependingon the modality of sensation For example for the senseof taste
| max/ Imin S 102, while for the senseof hearing I max/ Imin S 10* (or greate). The valueof DI/I may
approach(or excee®) unity for valuesof | closeto threshold anddescendo valuesnominally in the
range0.1 — 0.5 in themiddlerangeof I. If DI /1 tendstowarda plateauor constantvaluein this middle
region theconstanwill bereferredto asWebels constantwith referencego Equation(3.1).

It is rare but always noteworthy when peoplesucceedn deriving a sensorylaw from anothey
morebasiclaw, without the additionof major assumptionsthe apparentomplexity of the universeis
demonstrablydiminished In this regard it is worthwhile to seehow Ekman(1959) wasableto derive
an expressiorfor the Weberfraction from a variantof the powerlaw of sensationEkmanaddedone
additionalconstanta, to the powerlaw, Equation(3.7), to obtainthe equation

F=k(l+a)". (3.9)

It transpireghatthe constanta mustbe greaterthanzero(seeEquation(3.10) below), which makes
theinterpretatiorof Equation(3.9) somewhadifficult. If we differentiateF with respecto I, we find

dF nF

| l+a’
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Introducinganapproximatiorusingfinite differencesandsolvingfor the Weberfraction,

aDF / nF + DF

D/I = I nE -

At this point, Ekmanfoundit necessaryo introduceanadditionalequation
DF = cF,

which we haveseenbeforein the derivationof the power law of sensationCombiningthe last two
equationsve obtain

DI/l = %’” +c/n, (3.10)

or simply
DI/l = A/l +B, (3.10a)

whereA andB areconstantgreaterthanzera More of the history of this equationis givenin Chapter
12.

Equation(3.10) does indeed describethe shapeof the Weberfraction, showingthatit haslarge
valuesfor small valuesof the intensity, |, andthatit descendsowarda constaniplateauvalueof B for
largervaluesof |. Apparently Fechnemimself proposeda modificationof Equation(3.1) to Equation
(3.20). NoticethatEquation(3.10) doesnot allow a high-intensityrisein the Weberfraction

Fromthe graphof DI /I vs. I, canwe calculatethe total numberof jnd's, N, which, whenstacked
oneon the other, would extendfrom thresholdto maximumphysiologicalintensity? In principle, N can
be measuredlirectly (seeLemberger 1908) by makingN measuremenidiowever in practice this is
oftenimpossibleandonemustcalculateN from fewerthanN measurement®N may be calculatedrom
theequation

_ Jmax ﬂ
N = chresh D - (3.11)

Theideais thatdl/Dl is the numberof jnd's that2fit into® a smallintensityrange dl. If we then
integratefrom the valueof intensityat threshold I ;,.,, to the maximumphysiologicalvalueof I, | max,
we shallobtainN, 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 equalto the areaof the curve formed by plotting 1/DI
againstl for the full rangeof I. Onecanthenplot the graphandfind the areaby numericalintegration
using for example thetrapezoidatule or Simpsons rule (see for example Pressetal., 1986). If | has
alargerangeof values suchasin the sense®f vision andhearing Equation(3.11) may be difficult to
employ, andl recommendh minor modification Since

din1) = di/1,
dant)

andEquation(3.11) maybewrittenin theform

N Imax d(ln [ )

N=Q,. D

(3.12)

Thatis, N is equalto the areaof the curveobtainedby plotting the reciprocalof the Weberfraction,
(DI/1)-1, againstthe naturallogarithm of 1. Sucha graphhasbeenmadefrom Lembergers datain
Figure 3.5b, and the readercan easily estimatethe areaby counting the number of large squares
beneaththe curve(about21 jnd's).

If a plateauregionexistsin the Weberfractioncurve saybetweertheintensitylevelsl,, andl g,

thenEquation(3.12) canbe usedto calculate in a very simpleway, the total numberof jnd's, Npaeay,
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betweentheselimits. Since Dl / | = Webets constantin this plateauregion this quantity may be
removedrom undertheintegralsign

N, = 1 3 Gn (3.13)
Plateau ™ \nreberconstant ™ o '
— 1
N = In(l,,../1 ,
plateau Weberconstant ( high Iow)
or
In 10
Nplateau = Weberconstantloglo(lhigh”Iow) ' (3-14)

For example referringto Figure3.5b, if we approximatehe plateauregionin Lemberge'rs dataas
extendingoetweersucroseconcentrationsf 1 to 16, then sincethe WeberconstantS 0. 14,

_In(16/2)

Nplateau - W

=19.8jnd's.

One final word on Weberfractions When dealingwith the senseof hearing the variable I, is
sometimesusedto representneansoundpressure p, andsometimeso representmeansoundintensity
which variesas p2. Therefore

DI/l = Dp?/p? S2pDp/p? =2Dp/p. (3.15)
Noticealsothe powerlaw for soundintensity.
F=kI"® kp™, (3.16)

sothatthe powerfunctionexponenfor soundpressures twice thatfor soundintensity.

THE ANALOGS

Let usdigressbriefly from our review of sensoryexperimento consideragainthe ideal gasanalog
introducedin Chapterl. Recallthe threestatevariables P, V and T andthe threeequationgnvolving
thesevariablesderivedfrom theidealgaslaw, Equation(1.1):

PuT Charleslaw
Pu 1/V Boyléslaw (1.3)
DT/Tp 1/T. (1.4

To obtain Equation(1.2) we held V constantto obtain Equation(1.3) we held T constantandto
obtainEquation(1.4) we againheldV constanandconsideredheresultwhenDP wasalsoconstant

Compare the ideal gas equationswith the psychophysicalexperimentsthat we have been
discussing Our threevariablesare now t (time sincestimulusonse}, | (intensity of stimulug andF
(perceptualariablg. To obtainthe law of sensationwe heldt constantand obtaineda graphwhereF
increasesnonotonicallywith | (Figure3.1; cf. Equation(1.2)). To studyadaptatiorphenomenave held
| constantand obtaineda graphwhere F decreasednonotonicallywith t (Figure 3.2; cf. Equation
(1.3)). To studydifferencediscriminationwe againheldt constantandfoundfor constanDF thatDl /|
variedasafunctionof | (Figure3.5; cf. Equation(1.4)).

VTP

5 5 5

t I F
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The primary reasonfor introducing the PVT analogsis to aid (psychophysicistsand biologists
primarily) in regardingthe threesensoryexperimentsiot asindependenentitiesbut ratherasdifferent
experimentgerformedwith the samethreevariables I, t and F. Oncethis conceptualeap hasbeen
made onehaslessdifficulty understandindnow a singleequation analogougo PV = RT, canserveto
unitethethreetypesof experimentAnd unificationis basicallywhatthis bookis about

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

F=F(d1t), (3.17)

wherethe explicit form of thefunction F(l, t), hasyetto be developedWhent is held constan{thatis,
t = tY=constan}, then

F=F(,1tY (3.18)
will describethe law of sensation(presumablyin both the full logarithmic and the semilogarithmic
forms). Whenl is heldconstan(thatis, | = IY= constany, then

F=F(Yt) (3.19)

will describeadaptationphenomenaWhen both t and DF are held constant(that is, t = tY and
DF = DFY, then

DI/l = g(tY DFY I) (3.20)

will describethe Weberfraction g is somefunctionyetto be defined In thecomingchapterave work
towardthe derivationof the critical function F(1, t). We can actually, be a little more explicit evenat
thepresentime. Sincewe haveintroducedtherelationship

F =kH, (2.6)
k constantin Chapter2, we know, therefore thatthecritical function F, canbeexpressedh theform
F(I,t) = kH(,t). (3.21)

Our problemis, then to derivethe algebraidorm of thefunctionsH(l, t).

THRESHOLDEFFECTS THE LAWS OF BLONDEL AND REY, OF HUGHES OF
BLOCH AND CHARPENTIER

We moveforwardin time, now, from the mid-nineteenthcentury(Weberand Fechney to the late
nineteenthand early twentiethcentury In 1885, Bloch and Charpentierstatedtheir law governingthe
minimum quantityof light energyrequiredfor detectionby anobserverin separat@apergublishedn
ComptesRendusde la Sociétéde Biologie, they arguedthat |y, the minimum perceptiblelight

intensity, is a function of the duration t, of the light signal In fact, for valuesof t lessthanabout0.1
second

liesn T = COnstant (3.22)

Thatis, the simple arithmeticproductof I, With t is constant Sincely, ., canbe measuredn

units of power (e.g. joules per second, the Bloch-Charpentierconstantrepresentsa minimum energy
for signal detection However whent exceedssome upper bound the law is violated Thereis a
minimumvaluefor |,...,belowwhich nolight stimulusis perceptible® Let uscall thisvaluely. Then

lthresn ® 1% - (3.23)
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The samelaw seemsto hold for the senseof hearing althoughl am not quite sure who first
observedit. A graph publishedrecently in the Handbookof Perceptionand Human Performance
(ScharfandBuus 1986) containsthe collectivedataof Garner(1947), FeldtkellerandOetinger(1956),
andZwislocki and Pirodda(1965). This graphshowsthat the thresholdshift (in decibel$? of 1000 Hz
toneburstsis alinearly decreasindgunctionof the logarithmof time, for t lessthan0.3 secondsThatis,

10109,o(l estf 1¥) = -Kklog,gt +constant k> 0.

If onemeasureshe valueof k from the graph it is foundthatk is very nearlyequalto 10. Thatis,
representinghe constanton the right-handside of the aboveequationby 10 log,,a, we obtainto a
goodapproximation

Ithresh/ Iy = alt
or

Ithresh t = a|¥ y (324)

Which is, again the Bloch-Charpentiedaw. a can be estimatedfrom the datato be about0.16
second

Moving forward a little in time to 1912, Blondel and Rey addressethe issueof the mathematical
relationshipbetween ., andt for largervaluesof t; thatis, for valuesof t greaterthanthatfor which
the Bloch-Charpentierlaw was valid. The empirical relationshipthey discovered which has been
confirmedby manyotherstudiesis thefollowing:

I
thresh =1+
lv

(3.25)

Theconstang, usuallynow knownasthe BlondelRey constanthasa valueof about0.21 seconds
As BlondelandRey pointedout, whent, the durationof the stimulus is small the secondterm on the
right-handsideof Equation(3.25) becomesnuchgreaterthanong andconsequently

Ithr
esh a
S ]
Iy t

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

| havefoundthe proceeding®f a symposiumon flashinglights chairedby J. G. Holmes(1971) to
be avaluablesourceof informationon this subject

Not to be outdoneby the vision researchers). W. Hughes(1946) publishedhis researchon the
auditorythresholdof brief tones andshowedthatthe BlondelRey equationwasvalid alsofor tonesof
variousfrequenciesbetween250 and 4000 Hz. Hughesdrew the readers attentionto the similarity
betweerEquation(3.25) andthe equationgiving thethresholdelectricalcurrentwhich passeshrougha
nervecell membrangasa function of the time neededo achievethresholdor firing of the neuron(the
achronaxieequationof Lapicqué). Hughesdoesnot seemto give sufficient datain his paperfor the
evaluationof the constant a, for audition However since again the equationgoesover into the
Bloch-Charpentiedaw for brief t, one might estimatea to havethe value of about0.16 second(see
Equation3.24).

| am not aware of Hughe$ work having beenreplicated but Plomp and Bouman (1959) have
extendedHughes studies

SIMPLEREACTIONTIME

The subjects finger is poisedabovea buttonthat will registerthe exacttime it is pressedOn her
earsareheadphonesTheinstantshehearsa tonethroughthe headphoneshewill pressthebutton The
time betweerthe beginningof thetoneandthe pressingof the buttonis calledthe simplereactiontime.
In general(Corenand Ward 1989), the reactiontime is the time betweenthe onsetof a stimulus
(auditory; visual gustatory...) andthe subjects overtresponse
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Figure 3.8 Data of Chocholle (1940). Reactiontime plotted againstsound pressure The
smoothcurveis discussedaterin thetext

A featurethat makesthe simplereactiontime particularlyinterestingis its peculiarrelationshipto
the intensity of the stimulus The more intensethe stimulus the shorter the reactiontime. This
relationshipbetweerreactiontime, t;, andstimulusintensityis shownin Figure3.8 (Chocholle 1940).
Thereis, of course athresholdntensitybelowwhich the stimuluscannotbe detected

Thereare various physiologicaleventsthat transpireduring the reactiontime. A neuronalsignal
musttravel from the sensoryrecepto(s) to the brain passingopneor moresynapsesa motor signalmust
proceeddown to muscle and muscle must contract to actuatethe finger. The study of these
componentglatesback at leastto the time of Helmholtz We shall returnlater to muse briefly, over
this sequencef events

We seeg though that on the whole, the relation betweenreactiontime and stimulus intensity is,
again arelationshipbetweerthetwo variables |, andt. However t = t, is not necessarilyhe duration
of the stimulus(the sensan whicht hasbeenusedbeforg, but ratheris thetime takenby the subjectto
reactto thestimulus Thiswill leaduslaterinto somewhatarkerwaters

Simple reactiontime, too, hasits associatecempirical equations the bestknown of which are
probablythoseof Piéron Although Piéronformulatedseveralempiricalrelationsbetweent, andl, the
onewith which we shallbe mostconcerneds thefollowing (Piéron 1914, 1952):

tr = trmin +CI°" (3.26)

whereC andn are constantghat are greaterthan zerg andt, min is the smallestpossiblevalue of t;,
obtainedfor the maximumphysiologicalvalue of I. It canbe seenthat Equation(3.26) describeghe
type of curve depictedin Figure 3.8. Moreover an extraordinary observationhas been made
particularly for simple reactiontimesto auditory and visual stimuli: the value of the exponentn, in
Equation(3.26) is closeto, but usuallylessthan valueof n foundin the powerlaw of sensation

F=kK". (3.7)

Why in theworld shouldthis besa? Is it purecoincidenc@

We demonstratdater, using the unifying equation(3.21) in its explicit form, that both Equation
(3.7) andEquation(3.26) canbe derivedfrom the same?parent equationandthatthe exponentn, can
beexpectedo besimilarin magnitudan bothequations

However despiteall that we shall attemptto do, 2simple® reactiontime will retain somesecrets
thatwe arenotableto fathom

Justa generalremark here before proceeding It should be recognizedthat all of the preceding
empiricalequationgepresentmeansor averagesakenon many, manytrials involving manyindividual
subjects There are large inter-subjectdifferencesand no attempthasbeenmade in thesepages to
tabulatethem Neithershallwe be ablg in the theoreticalexpositionthat follows, to makeallowance
for thesedifferencesRather we arecontentustto be ableto derivethe equationdor the means
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Figure 3.9 Schematicof graph by Teghtsoonianusing data assembledcoy Poulton Power
functionexponenplottedagainsiog,, stimulusrange= 1.53. The dataarraythemselveslonga
rectangulahyperbola

THE POULTON-TEGHTSOONIANLAW

In awell-known paperpublishedin 1971, R. Teghtsoonianworking with dataassembledby E. C.
Poulton (1967), made an extraordinaryobservation He observeda relationshipbetweenthe power
function exponents n (Equation 3.7), for different sensory modalities and the logarithm of the
physiologicalrangespannedy thesemodalities For example auditionhasthe exponentalueof about
0.3 (soundintensityat 1000 Hz.), andauditoryintensityspansa rangeof about10°, sothatlog,,(range
S 9. Thesenseof tastegivesriseto anexponeninuchcloserto 1.0, while it spansonly about2 decades
of concentrationgintensitieg, sothatlog,,(rangg S 2. Higherexponentsireassociateavith a smaller
range and vice versa* In fact, when Teghtsoonianplotted a graph of n vs. log(range (shown
schematicallyn Figure3.9), hefoundthatthe datalay on arectangulahyperbolawhoseequationwas

(n)(log,grangg = 1.53. (3.27)

We shallseg in our explorationsthatwe canderiveEquation(3.27) in the courseof our theoretical
studiesof the Weberfraction

Figure 3.10 Schematicdemonstratiorof the Ferry-Porterlaw. Critical fusion frequencyfor a
flickering light sourceis relatedlinearly to the logarithm of the intensity of the light, to a
saturabldimit. The curve drawnis characteristiof the type obtainedwhenthe observedight
falls onthefovea
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A VERY APPROXIMATE LAW OF OLFACTORY THRESHOLDS

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

Letly bethelowestdetectableoncentratiorof anodorant Now define

Por = - 10gy0l¥ . (3.28)

Laffort et al. discovereda hyperbolic relationshipbetweenn and p,, quite similar to Equation
(3.27):
(nN)(p,) = constant (3.29)

This relationshiphasnot alwaysbeenconfirmedby otherinvestigators

THE FERRY-PORTERLAW AND TALBOT'SLAW

Thefinal empiricallaw we shalldiscussherewasformulatedby Ferry (1882) andPorter(1902) and
dealswith flashinglights. It refersto anexperimenin which a subjectis observinga flashinglight, or a
rotating disk with black andwhite sectors The frequencyof the flashinglight is held constantLet us
supposethat the on-time of the light is equalto the off-time. The frequencyof flashing is slowly
increasedAt a certainfrequencythe subjectreportsthat the light no longer appeardntermittentbut
ratherappeardo be steady The frequencyof flashing may then be slowly decreasedintil the light
againappeardntermittent In this way, a critical fusionfrequencyor critical flicker frequency(CFF)
for the light of a given wavelengthfor a given intensity is establishedThe experimentmay then be
repeatedor a numberof differentintensitiesof light, keepingthe wavelengthconstant

It is found thatthe critical fusion frequencyincreasesvith increasingntensityof the light, upto a
certainmaximumintensity. The shapeof the graphof CFF vs. | is influencedby the regionsof the
retina on which the image of the light falls, and also showsthe effects of the two types of light
receptorsrods and cones that are found in the humanretina However CFF, over a wide rangeof
intensitiesis foundto increasdinearly with thelogarithmof theintensity(Figure3.10). Thatis,

CFF = alogl +b, a, bconstant (3.30)

This semilogarithmidaw is calledthe Ferry-Porter law.

Oneshouldnoticehereagainthat aswith somanyof the precedingempiricallaws of sensatiopwe
dealwith arelationshipbetweenthe intensity of the stimulus andthe durationof time over which the
stimulusis applied(theon-time of thelight in eachcycle).

At frequencieghat exceedthe critical fusion frequency the effective luminance(intensity) of a
flashinglight is independenbf frequencyandis equalto the averageover time of the real luminance
This phenomenoiis calledTalbot s law.

With this law we concludeour tour of the empiricallaws of sensationWe havenot, by any means
exhaustedhe stock of suchlaws many, many more of themexist However all eight laws are dealt
with in atheoreticalsensan the courseof this book

NOTES

1. A word to the wise.. What Weberactuallywrote in Latin is 2in observandaliscriminererum
inter secomparatarupnon differentiamrerum sedrationemdifferentiaead magnitudinenreruminter
secomparatarunpercipimu$ (citedby Drever, 1952).

2. Decibels(dB):

Let x andxo beanytwo numbersWe canusexo asareferencewith respecto which x is reported
Forexample we couldreportall valuesof x asmultiplesof xo:

g1 = X1/Xo, Q2 = X2/Xo ...
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Thedecibelsystemreportsx asalogarithmof theq's. Forexample

dB, = 10log,,0: = 10log;oX1/ Xo ;
dB, = 10log,,02 = 10log;oX2/ Xo ; ...
In general
dB = 10log,, X/ Xo .

Why do we usethe dB-systen? Why not just reportx as x? Sometimeshe valuesof x we are
interestedn becomevery largeor very smalt for examplex; = 10"/, or x, = 108. It is thenconvenient
to choosea handyvalueof xp (sayxo = 1) andusethedB-system Then

x1 = 10log,,10°7 = - 70 dB
X2 = 10log,,10® = 80 dB.

Notice thatyou canalwaysusethe dB-valueto solvebackwarddo obtainthe original x-value For
examplewhatx-valuecorrespondso y dB?

y = 10log, X
log,ox = y/10
x = 10¥10.,

3. Modern signal detectiontheory addresseshe problemof thresholddetectionprobabilistically
butwe shallnotintroduceSDT in this book

4. The valuesgiven for @rangé@ arelow. Thereis an arbitrary elementinvolved in specifyingthe
upperlimit of therange

Q (2003 ed note | had not realized at the time of writing, that von Bekesy had suggested
essentiallythe sametestmanyyearsbeforeHood Thereaders referredto Experimentsn Hearing by
Georgvon Bekesy publishedby the AcousticalSocietyof Americg throughthe Americaninstitute of
Physics by arrangementvith McGraw-Hill Book Company which publishedthe book originally in
1960. Bekesys experimentappearson page357 of thebook Moreover Bekesywasprescientn his
useof thelog-scalefor time, which is suggestedow by the entropytheory(Equation(11.45)).
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