CHAPTER 13

SIMPLEREACTION TIMES AND THE
BLONDEL-REY LAW®

INTRODUCTION

The processof deriving empirical sensorylaws from an entropicor information theoreticalbase
namely Equation(9.19), will be continued However | now deal with thoseprocesseshat lie at the
limits of my understandingl presentmattershereaswell as| am able but there are gapsin my
comprehension

We recall that reactiontime is the time betweenthe onsetof a stimulusand the beginningof an
overt responseSimplereaction time requiresthat a subjectpressa key or buttonimmediatelyupon
detectionof a stimulus An excellentintroductionto reactiontimesis givenby P. Rabbit(1987). Simple
reactiontime with Piéroris empirical laws have beenintroducedin Chapter3, andthe BlondelRey
(-Hughe$ law, togethemwith the Bloch-Charpentietaw, wereintroducedn the samechapter Now is a
goodtime to review thesevariousexperimentallydiscoveredaws, aswell asthe approximatdaw of
Laffort, Patte Etchetoand Wright on olfactory thresholds and the Ferry-Porterlaw. Thesevarious
empiricalor phenomenologicdhws may seemto be strangebedfellows unlikely to be directly related
to one another However it transpiresthat the laws arg indeed closely linked theoretically and
mathematically The samefundamentalequationof entropy seemscapableof generatingall of them
with somedegreeof success

Therehavebeenat leasttwo full bookspublishedin the Englishlanguagethatarededicatedo the
study of reactiontimes one authoredby Welford (1980) and the otherby Luce (1986). The present
chapterhasvery little in commonwith thoseworks, emphasizingasit does the unification of reaction
time phenomenavith other sensoryeffects andthe derivationof generallaws of perception not yet
takinginto accounthe matterof interindividualdifferences

Cattell (1886) perceivedthat simple reactiontime decreasesvith increasingstimulus intensity.
Thus for example it requireslesstime to reactto a bright light thanto a dim one Piéroncapturedhis
idea by using a host of empirical equations one of which is given by Equation(3.26). It might be
thoughtthat this phenomenor(decreasedeactiontime with increasedstimulus intensity) could be
accountedor by the principle of energysummatioror temporalsummatior! integration For example
the intensity of light canbe expressedspower, measuredn wattswhich are joulesper second Then
the productof intensitywith time is equalto the light energypropagatedn thattime. Thelight receptor
may summatethis energy permitting a reactionwhen the summatedenergyreachessomethreshold
value There are however problemswith the energy summationhypothesis It does not, to my
knowledge leadto graphsof simplereactiontime vs. stimulusintensityof the correctform. It will not,
for example allow a derivationof the Piéronlaws for simplereactiontime (or, atleast | amnot aware
of sucha derivatior). Moreover energysummationdoesnot seemto generalizezasilyto the chemical
senseslt doesleadto a crisp explanatiorfor the Bloch-Charpentietaw, Equation(3.22), for light and
sound but runsinto difficulty with stimuli abovethreshold

In the presenthaptemwe replacethe principle of energysummatiorby the principle of information
summation an idea which we have begunto developin the previouschapter After exposureto a
stimulus information beginsto accumulatewithin the perceptualunit (a structurewe shall formulate
progressively. Whensummatednformationreacheshe thresholdvalueof DH, reactioncantakeplace
and conscioussensationcan occur. This conceptof an informational differential threshold DH, is
extendedrom Chapterl2, whereit wasutilized asthe quantity of informationneededo discriminate
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betweentwo stimuli of differentintensities Now it is to be usedasthe quantity of informationneeded
to react Many of theseideaswereintroducedby Norwich et al. (1989). As in Chapterl2, we shallnot
really requirethe F = kH relation Two newconceptf a fundamentahaturewill beintroducedn this
chapter the time delay factor, x, and the informationaldistinction betweenneuronaland behavioral
adaptatiorprocesses

DERIVATION OF AN EQUATION GIVING SIMPLEREACTIONTIME AS A
FUNCTION OF STIMULUS INTENSITY

We makeuseof the now-familiar concept that after presentatiorof a steadystimulusthereensues
an adaptationprocess and that as adaptationproceeds entropy (“potential informatiori’) falls, and
information is gained Adaptation registersneurally in the afferent neurons and adaptationto a
stimuluswith constanintensityis describedy the H-function (9.19),

= %In(1+ bIM/t) = H(l, 1) . (13.1)

As always t, is definedasthe time at which H reachests maximumvalug andH decrease$or
t > t,. Let DH bethedecreasén entropybetweerthetimest, andt; > t,. Thatis,

DH = H(l, to) - H(l, t,) . (13.2)

If DH is the minimum quantityof informationrequiredto makea simplereactionto the stimulusof
intensity, 1, thent, is equalto or lessthanthe simple reactiontime. We shall speaklater aboutthe
neuromusculatime lagswhich effectively guaranteghatt; is lessthansimplereactiontime, but, for
themoment let usignorethistime lag.

IntroducingEquation(13.1) into (13.2),

DH = %In(1+ b1"/to) - %In(1+ bIn/t,) . (13.3)
Solvingfor t;,
-1
_ 1 1-eg2™H
te = ( o o ) : (13.4)

t is takenasafunctionof | ; DH is takenasa constanthresholdnformation

Interestingly while t; looks as if it dependson 4 independenparametersb, to,, n, and DH, it
dependsin fact on only 3 independenparameterswhich may be seenas follows. Let t, ., be the
minimum possiblevalueof t;. This minimumvaluewill occurwhenthe denominatoon theright-hand
sideof Equation(13.4) is maximum which will, in turn, occurwhenl is maximum Lettingl ® ¥ in
(13.4),

trmin = to eZDH . (135)

Let Imin be the minimum value of | for which a responsds possible(thresholdvalue of 1). As
| ® Imin, tr ® ¥. That is, for | = Imin, the denominatorof the fraction on the right-hand side of
Equation(13.4) approachegera

1 _4d- g 2 =0.
to?H b1fin

Solvingfor I min,

b

e ()" wa
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or, equivalently

to e2DH (1 - e 2DH )

b = Inmin , (1368.)
or, introducingEquation(13.5),
1-¢ 2DH n.

IntroducingEquationg13.5) and(13.6b) into (13.4),

-1
- 1 1 | min n:|
tr=| - +— :

' |:trmin trmin( I )

or

— trmin
b= T DR (13.7)

Equations(13.4) and (13.7) are mathematicallyequivalent but from (13.7) we can seethat t,
depend®nly on 3 independenparameters; min, | min, andn.

We note again the appearancef the power function exponent n. The ubiquitousn seemsto
pervadeall equationggoverningsensoryfunction

Equation(13.7), then is put forward asthe equationof entropygiving simplereactiontime, t;, asa
function of stimulusintensity, |. We seethatasl increasesn value t, becomesmaller the universally
observedelationshipbetweerstimulusintensityandreactiontime.

Let usreturn now, to the thorny issueof the claim that the quantityt, hasupon simple reaction
time. Is t, thesimplereactiontime? t; is, by definition, the time takenfor the H-function measurablén
an appropriateafferent neuron to decline through a range DH, natural units of information This
adaptation processoccurs before reaction to a stimulus can occur But, presumably after the
information DH, hasbeentransmittedto the brain, a signalmustbe sentvia the motor neuronsfrom
brain to muscle after which the subject can signal herhis response It would seemreasonable
therefore to definetr asthe simplereactiontime (from stimulusonsetto the motor act of pressinga
buttor), andto set

tR = tr + t|ag . (138)

tr is, then the time for the adaptationcurve to register(in sensoryneuron$ a decling DH, in
entropy andt, is the delay time taking accountof conductiontime to the cerebralcortex through

motorneuronsandsynapseso muscle andthe contractionof muscle Welford (1980) dividestg further
into four divisions and Halpern(1986) further analyzed, into componentghat are significantfor the
humansenseof taste It would seenthattsg is anappreciablenterval of time, sothat

If weintroduceEquation(13.8) into (13.7),

— 1:r min
R= T (a/myr i (1310)

giving tr, a measurabl@uantity, asa function of I, with 4 independenparametersthe previousthree
plust,,,. However all attemptsto curvefit Equation(13.10) to simplereactiontime datg usingvalues

of t,,4 thataregreaterthanzerq havefailed. Variousinvestigatorsn differentlaboratorieshavetried to

providesucha curvefit, usingsimplereactiontimesto visual auditoryandgustatorystimuli, but none
hassucceededValuesobtainedfor the parametersre nonphysiological(t,,q or n negativg and are

inconsistentbetweendifferent setsof data On the other hand whent,,, is takento be zerg asin
Equation(13.7), theresultsareusuallyquite satisfactoryaswill be shownbelow: It is asif conduction
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BOX 13.1 An approactto the problemof conductiorntime

Supposethat neuronalconductiontime is introducedby meansof a multiplicative factor, rather
thanby anadditivetermasin Equationg13.8) and(13.10):

trR =t + . (B1)
Thatis, we let
to (neuronal = xt, (simplereactiontime) (B2a)
and
b (neuronal = xb (simplereactiontime), (B2b)

where0 < x < 1. Thent, (sr.t.) andb (sr.t.) arethevaluesof t, andb obtainedby measuringnotoror
efferentresponsesn simple reactiontime (s.r.t.) (Tables13.1 and 13.2), while t, (neurona andb
(neurona) are the valuesof theseparameterssthey would emergefrom analysisof adaptationdata
obtained from afferent neurons When | is dimensionlessthat is, measuredin units relative to
threshold botht, andb havethe dimensionsof time, sothat EquationgB.2a) and(B.2b) suggesthat
thereis a changean time scalebetweerthe neuronalstationandthe behavioralstation (afferentneuron
andsimplereactiontime).

Theadvantagesf thetransformation(B.2a) and(B.2b) are

(i) In explainingthatt, min (Neurona), asobtainedby Equation(13.5), becomesct,e?™, which is
lessthant, min(s.r.t.), which makessenselueto conductiondelays

(i) In showingwhy an equationof the form of (13.7) fits simplereactiontime datasowell despite
conductiontime delays Thatis, replacingt, by xt, in Equation(13.5) resultsin t; min beingreplacedy
Xty min iIN Equation(13.7). xtr min is Simply curvefitted asa single parameterThe delayis “built into”
theparametersoto speak

(iit) In showing why Imin (neurona), as obtainedfrom Equation (13.6), remainsthe sameas
Imin(s.r.t.) whent, and b are replacedby xt, and xb respectively which makessense because
minimumintensityfor reactionshouldbeindependenof anytime lags

Sinceonly t; min @andnot I min changesinderthetransformationEquation(13.7) is transformednto

X tr min
1 = (Imin/l )n

EquationgB.2a) and(B.2b) are then equationgostulatedourely ad hoc in orderto accountfor a
neural conductiontime lag. They may be of usein convertingtime-dependenparameters, and b
measuredn anexperimenbn simplereactiontime for usein a situationwhereconductionag doesnot
evidentlyoccur.

The value of x will vary dependingon which stationis usedto determinet, and b. For simple
reactiontime, | am guessinghatx S 0.5. Thatis, about50% of the minimum reactiontime is dueto
neuromusculaconductiontime and 50% is due to the neuronaladaptationprocess This value of x
seemsto give tolerableresultswhen usedwith simple reactiontimes to visual stimuli and sodium
chloridetastestimuli. Psychophysicabr behavioraladaptationdecreasén subjectivemagnitudé also
lags considerablybehind neuronaladaptation | put it to the readerto suggesta value for x for
behavioraldaptatiorrelativeto neuronaladaptation

Thedisadvantagéo the useof Equation(B.2a) and(B.2b) is thatthe resultingEquation(B.3) is not
readily interpretablein terms of current understandingof the physiology of the nervoussystem
Moreover sinceb is increasedor reactiontime by Equation(B.2b), therefore apparensamplingrate
is slowed If fact, all time-dependenprocesseareslowedaswe go from receptorto behavior resulting
in a spreadingout of the curve of simplereactiontime alongthe time-axis— a kind of relativistictime
dilatation RosenblithandVidale (1962, Figure 14) observedhis phenomenoin response$o auditory
stimuli. Behavioralresponsdimes (reactiontimes spannedat least100 to 300 milliseconds cortical
responsdimes spannecdabout10 milliseconds(seetext aswell asFigure 14), while earliestelectrical
responsesn the auditory nerve spannedonly about2 milliseconds Thereis a mystery here and
Equations(B.2a) and (B.2b) only transcribethe mystery into mathematicallanguage This “time
dilatatior’ with approximatepreservationof the amountof information transmittedis demonstrated
explicitly in Figuresl4.1laand14.1b.

tr(neuronal = = xt(sr.t). (B3)
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in motor neuronsoccurredwith infinite speed which is, of course absurd It is particularly bizarre
becauséHelmholtzintroducedthe measurementf reactiontime specificallyasa meansof measuring
neuronalconductiontime, preciselythe elementthatis herebeingignored The mysterymay be linked
to thefindingsof Libet (1985), asdiscussedby Norwich etal. (1989).

Equation(13.7) fits simple reactiontime datavery well (the readermay wish to look aheadat
Figures13.1 and 13.2). Becauseit is highly unlikely that neuronalconductiontime can really be
ignored andbecausean additivet,,, asin Equation(13.10) just doesnot agreewith measurediatg |
suggesttentatively the modificationshownin Box 13.1. This modificationwould allow for atime lag
dueto conductiontime, while preservinghe algebraicform of Equation(13.7). The“true’ or neuronal
values of t, and b are diminished from their values as measuredin reactiontime datg using a
multiplicative reductionor diminution factor, but the diminution factors are identical The true or
neuronalvaluesaregiven by Equation(B.2) and(B.2d). All is not roseswith this alteredformulation
butit is thebestl cansuggesatthe moment

In the analysisthat follows, we shall use Equation(13.7) with t; identified with the measured
simple reactiontime. However if we attemptto obtainfrom reactiontime dataa valuefor t, thatis
compatiblewith datafrom sensoryneurons we shall probablyhaveto usea diminution factor, x, as
suggestedh Box 13.1.

DERIVATION OF ONE OF THE EMPIRICAL EQUATIONSOFH. PIERON

Pi ron carriedout extensiveexperimentatioron simplereactiontimesfor manysensorymodalities
He fitted his datato many equationsof conveniencgPiron, 1914, 1920). Frankly, I havent even
attemptedo derive mostof thesealgebraicforms from the informationalequation However the one
empiricalequationthathe presentedn histext (Pi ron, 1952) is easilyderivedfrom Equation(13.7), so
| presenthederivationhere

Pi ron’s empiricalequationfor simplereactiontime is (Equation(3.26))

tr = CI-I’] + tr min (1311)
whereC is constantTo deriveit, we considerthe casewhere
(Tmin/ " << 1. (13.12)

Thedenominatoof thefractionontheright-handsideof Equation(13.7) canthenbeexpandedn a
binomialseries

[1‘ (Imin/l)n]_l Sl+(|min/|)n+ (1313)
retainingonly thefirst orderterm Hence Equation(13.7) becomes
tr S tr min[l + (Imin/l)n] .

Thatis,
tr = (tr min. Ihin) 17" + tr min (13.149)
which is identicalwith Pi ron’s Equation(3.26)/(13.11). Moreovet we canidentify Pi ron’s constant

C, with the constantt, min |, However we mustnot forget that the derivationwas baseduponthe
approximation(13.12).

THE CONSTANTDH FORSIMPLE REACTION TIME

We do notknow from a priori consideratiorthe valueof DH, the minimum quantityof information
necessaryo react However | am preparedo put forward a conjecturebasedon a suggestiormade
severalyearsagoby L. M. Wardin a personatommunicationThe conjecturds that DH, the minimum
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guantityof informationrequiredto reactto a stimulus and hence the absolutenformationalthreshold
for detectionof the stimulus is equalto Hmax, the channelcapacityfor that stimulus asmeasuredn a
neuronaladaptatiorprocessThatis, DH for reaction= (magicalnumbe} S In(6) = 1.75 naturalunits
or about2.5 bits. I am makingthis conjecturebecausgaswe shall seein the comingpagesit permits
usto makeaccuratepredictionsfor the sense®f taste vision andhearing However the conjecturewill
force us for thefirst time, to makea definite distinction betweenneuronaland behavioraladaptation
processes

EVALUATION OF THE INFORMATIONAL EQUATION FORSIMPLE
REACTIONTIME

We proceednow to evaluateEquation(13.7) for two modalities audition and vision. Later (see
“Compiling a Common Set of Parameterdor Taste of Sodium Chlorid€’) we shall also evaluate
Equation(13.7) for the senseof tasteof sodiumchloride

(i) Audition

The dataof Chocholle(1940) were analyzed Subjectswererequestedo pressa buttonassoonas
possibleafteratonewassounded The subjectsweretestedoveralargerangeof soundintensitiesand
over a wide rangeof frequenciesFor a given frequency reactiontime, of course was observedto
decreasavith increasingstimulusintensity. Chocholles datafor a 1000 Hz tone are listed in Table
13.1. I is givenin relativeunits of soundpressurdlowestpressure= 1.00).

The data were fitted to Equation (13.7) using the least squarescriterion, and the following
parametevalueswereobtained

tr min = O 117 S (1315)
Imin = 0.449 (13.16)
n=0.439 (13.17)

Table 13.1 Dataof Chocholle Subjectl, 1000 Hz tone

SoundPressure Reactiontime(s) measured Reactiontime(s) theoretical

1.00 x 10° 0.110 0.117
3.20x 10* 0.110 0.118
1.00 x 10% 0.112 0.118
3.20x 103 0.118 0.119
1.00 x 103 0.124 0.121
320 0.129 0.124
100 0.139 0.129
31.6 0.148 0.138
10.0 0.161 0.157
3.16 0.192 0.203
251 0.218 0.220
2.00 0.248 0.243
158 0.276 0.275
1.26 0.312 0.320
1.00 0.398 0.394

Note Theoreticalvalueswerecalculatedrom Equation(131.8).
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With theseparametewaluesin place Equation(13.7) becomes

_ 0.117 _ 1
= 0.44994% ~ 855- 6.01]-0%9 (1318)
1- | 0.439

Chocholles datatogetherwith the fitted function, (13.18), areshownin Figure13.1. We notethat
the valuesfor t; min andlmin arenominal falling a little belowthe smallestmeasuredialuesfor t, andl
respectively Thevalueobtainedfor n, the powerfunctionexponentis 0.439, closeto, butlessthan the
valueof about0.6 expectedrom psychophysicaéxperimentsA similar resultwasreportedoy Marks
(1974).

Usingthe conductivedelayfactorsuggestedh Box 13.1, x = 0.5,

tr min (neurond = X ty min(s.r.t.) = (0.5)(0.117) = 0.059 s, (13.19)

using Equation(B.3). Alternatively, we can write from purely neuronalconsiderationst, = 0.002 s
(from Yates et al., 1985, Figure 5), and DH = 1.75 natural units using the “channelcapacity
conjecturesothat

tr min (Nneurona) = t,e®® = (0.002) e = 0.066 s. (13.20)

(i) Vision

The dataof DomaandHallett (1988) were used Subjectswererequiredto track a targetvisually.
The latencybetweerthe time the targetmovedandthe time the eye movedwastakenasa measureof
reactiontime. Subjectsweretestedover a rangeof light intensities® for light of variouswavelengths
DomaandHallett s datafor yellow-greenlight (654 nm) aregivenin Table13.2. Again, the intensities
arein relativeunits

The datawerefitted to Equation(13.7), which providedthefollowing parameteralues

tr min = O 149 S (1321)
Imin = 0.0332 (13.22)
n=0.288. (13.23)

Figure 13.1 Dataof Chocholle(1940) (Subjectl, 1000 Hz tong. Simplereactiontime to an
auditory stimulus The data are listed in Table 13.1. The smooth curve was generatedby
Equation(13.18).
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Table 13.2 Dataof DomaandHallett, Yellow-greenlight, 564 nm.

Intensityof light Reactiontime (s) measured Reactiontime (s) theoretical

100 0.163 0.165
31.6 0.173 0.173
10.0 0.185 0.184
3.16 0.208 0.203
1.00 0.239 0.238
0.794 0.244 0.248
0.631 0.262 0.260
0.501 0.277 0.274
0.398 0.291 0.291
0.316 0.305 0.312
0.251 0.335 0.337
0.200 0.364 0.369
0.158 0.414 0411
0.126 0.475 0.476
0.100 0.543 0.547

Note Theoreticalvalueswerecalculatedrom Equation(13.24).

Whentheseparametewvaluesareinsertednto Equation(13.7), we obtain

_ 1
t, = . 13.24
" 6.71- 2.52|-0288 ( )

DomaandHallett s dataandthefitted function (13.22) areshownin Figure13.2.

Again, the parameters, min and | min take on propervalues just below the correspondingmallest
measuredraluesfor t and| respectively The value of n is 0.288, very closeto the commonlyquoted
valueof 0.3.

We observethat the power function exponent n, appearsboth in Equation(13.7) and in its
approximation Piron's equation(13.11) and (13.14). Peoplehave often musedaboutthe enigmatic
appearancef anexponeniof aboutthe magnitudeof the “ Steven$ exponentappearingn anequation
for simplereactiontime. We cannow understanavhy it appearsn this position

Figure 13.2 Dataof DomaandHallett (1988) (Yellow-greenlight at 564 nm). Simplereaction
time to a visual stimulus The dataarelistedin Table13.2. The smoothcurvewasgeneratedy
Equation(13.24).
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THE INFORMATIONAL BASIS OF REACTIONTIMES

The above discussionis, of course predicatedon the assumptionthat a fixed quantity of
information DH, must be transmitted before a subject can react Note that evaluation of two
parameterst; min andlmin, doesnot permitusto solvefor uniquevaluesof the threeparametersb, to,
andDH. Nonethelessaswe shallseein our forthcominganalysisof the BlondelRey law, thereis good
evidencethat the samesetof parametersvill describeboth typesof experimentWe alsofind below,
that at leastfor the senseof tasteof sodiumchloride we seemfairly closeto havinga single set of
parametewvaluesthatwill describeandpredictall experimentafindings

Here asis the casewith the manyothersensoryequationgdevelopedn this book no allowanceis
madefor interindividual differences Rather a single equationis derivedto representa typical, or
perhapsaveragedresult

Pleaserecall that here aselsewherewe are utilizing a kind of conservatioraw for information
WhenDH units of informationhavebeencollected a responses possible etc. No mechanisnfor the
mediation of reactionis provided The shorterreactiontime observedfor a more intensestimulus
follows from the propertiesof the H-function Referringto Equation(13.1),

™ - -b/(2t?)
it 1/1"+b/t’ (13.29)

sothatfor agivent, thelargerl becomesthe greateris the valueof the derivative|H/1t| and hence
the morerapidly doesH decline Thatis, stimuli of greaterintensitytransmitinformationat a greater
rate thanstimuli of lower intensity

The history of information theory as a meansof explainingreactiontime begansometime ago
wheninformationtheorywasyoung Hick (1952) analyzedhe choicereactiontime (cf. simplereaction
time). A subjectis requiredto makeoneselectionfrom amongm choices for exampleby pressingone
lit key from among10 keys The choicereactiontime wasfoundto be proportionalto log(m + 1), or,
approximately to the informationrequiredto pressthe correctkey, giving rise to Hick's law. Hyman
(1953) andHellyer (1963) showedthat the time requiredfor a subjectto reactto a complextaskis a
linear function of the number of bits of information involved in the task Colin Cherry, in his
fascinatingbook (1957) describesand illustratesan experimentdemonstratingHick's law that the
readercan try for herself/ himself The experimentis attributedto J.C.R. Licklider. A simpler
experimenis suggestedy CorenandWard (1989), DemonstratiorBox 2-3. We canwatchHick's law
at work by analyzingthe dataof Merkel (1885), asreportedby CorenandWard p. 39. Merkel s data
are plotted in Figure 13.3. It is seenthat choice reactiontime increasesas the numberof response

Figure 13.3 Dataor Merkel (1885), demonstratingdick's law. Choicereactiontime is plotted
againstnumberof alternatives The smoothcurveis the logarithmicfunction given by Equation
(13.26): if mis thenumberof alternativeschoicereactiontime variesaslog(1 + m).
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alternativesncreasesThe smoothcurvewasgeneratedby thefitted function
choicereactiontime = 270.74 In(1 + m) , (13.26)

wheremis thenumberof responseilternatives

An interestingapplicationof information theory is found in the papersof E.T. Klemmer (1956,
1957). Klemmer showedthat simplereactiontime varieswith the subjects uncertaintyaboutthe time
of stimulusoccurrence

Our presentuseof informationin the analysisof simplereactiontimesdiffers from the above We
generatesimplereactiontime curvesbasedon the assumptiorthatDH units of informationarerequired
for a reaction whereH is a function purely of stimulusintensity. In the quantizedview of stimulus
signals more intensesignalsnot only presentgreateruncertaintyaboutthe meanvalue of the signal
butyield or give up their uncertaintymorerapidly uponsamplingthando lessintensesignals(Equation
(13.25)). In summary

Hick: Subjectsreact more rapidly to simpler tasksbecausdess information is requiredto
makea decision

Norwich: Subjectsreact more rapidly to more intense stimuli becauseinformation can be
collectedmorerapidly.

COMPILING A COMMON SETOF PARAMETERSFORTASTE OF SODIUM
CHLORIDE

Let us examinethe constantb, asit appearsn Equation(9.19)/(13.1). Thetermb1"/t is addedto
unity, sothatit is a dimensionlesgjuantity. Thatis, b hasthe dimensionsf t/1". Whenintensity; I, is
measuredn relativeunits it, too, is dimensionlessandin this caseb will havethe dimensionf time.
However whenl is measuredn morecommonlaboratoryunits suchasmolesperliter, the dimensions
of b becomemorecomplicated Appendi¥. In this section we shallwork with simple relativeunits of
concentratiorof sodiumchloride sothatb will havethe dimensionsof time, and specifically, bein
units of secondsThereis no curvefitting in this section We aretrying to establisha plausiblesetof
parametevalues

Thereis evidencehatthe“time scalé or “time rangé of adaptatiordependenprocessesicreases
as one proceedsfrom the primary sensoryafferents through cortical events to the behavioralor
psychophysicalreport of the subject For example an adaptationprocessthat requires say 60
millisecondsto go to completionin an auditory ganglion cell, may require 60 secondsto go to
completion behaviorally Such a changein time scaleis allowed for the the x-factor (0 < x < 1)
introducedin Box 13.1. Thatis, t, andb, asmeasuredsay, in anadaptatiorprocessn a ganglioncell,
becomet,/x and b/x respectivelyin a behavioral(psychophysical adaptationprocess(decreasing
subjectivemagnitudewith increasingime). Converselywe canusethe x-factorto convertthe value of
to foundin a (behavioral experimenbn simplereactiontime to a neuronak,-value

to(neurondl = x to(behavioral (13.279)
and
b(neuronal = x b(behaviora). (13.27b)
Fortimein genera|
t(neuronabproces} = x t(behavioralprocesy (13.28)

The resultof sucha transformationof variablesis to leaveinvariantthe quantity of information
transmittedby an adaptationprocessmeasuredat any station betweenprimary afferentneuronand
muscle effector (e.g. vocal activity providing psychophysicalrepor), which may be seen
mathematicallyasfollows. Betweentime, t,, andanytime, t,

H(neurona) = % In(L+ b 1"t) - % In(L+bI1"t) . (13.293)
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Using Equationg13.27) and(13.28)

H(behaviora) = % In(1+xblI"(xty)) - % In(1+xblI"/(xt)) . (13.29b)

Thelattertwo equationsareidenticalsincex cancelsn Equation(13.29b), therefore

H(neuronal = H(behaviora). (13.30)

Thatis, we measurehe sameguantityof informationfrom a neuronalprocessasfrom a behavioral
(psychophysicalone Moreover from Equationg13.27a) and(13.27b),

b(neuronal / to(neuronal = b(behavioral / to(behaviora). (13.27¢)

Thatis, the ratio b:t,, whethermeasuredeuronallyor behaviorally will be constant The above
approachwill sufficefor currentpurposesbut for further work we mustseriouslyregardthe matterof
notel, whereintheinformationalcontentof the two adaptatiorprocessesandiffer.

Let usturn our attentionnow to DH, which is aninformationalthreshold We learnedin Chapterl2
that DH = DF/k correspondedo that constantquantity of information transmittedwith a changein
subjectivemagnitudeof onejnd. While DH wasconstanfor eachsubject the magnitudeof DH wasnot
fixed, but variedwith the criterion usedby the investigatorto definethe jnd. In the caseof the Weber
fraction for the taste of sodium chloride solution measuredby Holway and Hurvich, we found
DH = 0.126 naturalunits

The value of DH requiredfor reactionto a stimulus or the absolutedetectionof a stimulus need
not be equalto a quantityof arbitrarymagnitudedeterminedy the methodof theinvestigator Ratherit
can be determinedby an averageor mean independenbf any criterion imposedby the investigator
(otherthanpressingthe buttor). We postulatedabovethat DH for absolutedetectionis approximately
equalto the entireinformation capacityof the modality, or the channelcapacity representedy Hmax.
As we haveseenthis valuehasbeencited asabout2.0 bits for taste 2.5 bits for audition etc.*

Finally, then the proposediniversalvaluesfor tasteof sodiumchloride

Thereis very wide variationin the valuesof n cited for tasteof sodiumchloride extendingfrom
about0.5to 1.4. | haveselectedcheren = 1.0, butl encourageéhereaderto experimenwith othervalues
of n. Otherparametewalueswill changeasn is changed

Accordingly, DH (absolutedetection S 2.0 bits ® 2In 2 = 1.39 naturalunits of information DH
for discriminationof the jnd wastakenas0.126 naturalunits the valuewe usedin Chapterl2. There
is, of course anarbitraryelemento DH(jnd), asdiscusseearlier.

The problemis, then to find a valuefor to(neurona), which is thetime following stimulusonsetat
which a neuronaladaptationcurve will haveits maximumamplitude (action potentialsper second.
Pfaffmann(1955) studiedthe responseof neuronsin the chordatympaniof the cat dog andrat, and
reported 2The activity of the chordatympaniinitiated by applying taste solutionsto the tongueis
typically anasynchronouslischargeof impulses For anelectrolytelike sodiumchloride the latencyof
the dischargeis of the order of 30 mse¢ ...° This valug however is too greatto permit the
informationalcalculationof simplereactiontimesthatarein accordancevith the measurementsiade
by Bujasfor humanbeingsin 1935. A valueof t, = 0.015 s or smallerwasnecessarnyt, = 0.015 swas
adopted

By inspection becauseat tendsto give theright answersl selectedo/t, = 15, whenintensity I, is
measuredn unitsrelativeto threshold= 1. Thereforeb = 0.225s.

A proposediniversalsetof parametersor thetasteof sodiumchlorideis, then

n=10 b=0.225s t,=0.015s
DH(absolutedetection = 1.39 n.u.
DH(discriminationof jnd) = 0.126 n.u. (13.31)

Using this parameterset | submit we can generatemost if not all, of the sensoryfunctions of
tastedsodiumchloridesolutions Let' s checkit out
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(i) Computingthe valueof the Weberconstant

From Equation (12.6), the value of the Weber constantis given by 2DH/n. Substitutingfrom
(13.31) valuesfor DH andn,

Weberconstant= (2) (0.126)/1.0 = 0.25. (13.32)

This value comparedavorably with the approximatevalue obtainedfrom Holway and Hurvich's
datg asshownin Figure12.3.

(if) Computingthe equationrelating simplereactiontimeto stimulusintensity

FromEquation(13.5), dividing by x to go from neuronako behavioral
trmin = (to/X)€?™ = (0.015/0.5) @39 = 0.48 s, (13.33)

FromEquation(13.6),

A O (T v
e (DY

x cancelssothat

0.015 (€239 -
['min = (

1) | Y0 _ _
0,555 ) = 1.0relativeunits (13.34)

Whenthe abovevaluesfor t; min andlmin areinsertedinto Equation(13.7), the resultingcurvecan
be comparedwith the experimentatlataof Bujas(1935). The predictedcurveis notbadatall. A better
fit to the datais obtainedby making a small adjustmentn the valuesof the parametergbestmade
manuallyratherthanby leastsquarepsothat

tr min = 0 342 S, (13338.)
Imin = 0.98 relativeunits (13.34a)

Figure 13.4 Data of Bujas (1935). Simple reactiontime to a gustatory stimulus (sodium
chloridesolution). Intensityof the stimulusis plottedin concentratiorunitsrelativeto threshold
= 1. The smoothcurveis plotted using Equation(13.7) with t; mn = 0.342 s and | i, = 0.98
units, very closeto the valuesobtainedfrom the universalparameterset for tasteof sodium
chloride Equation(13.31). The smoothcurve hasnot beencurvefitted to the databy a least
squaresnethod(pleaseseemaintext).
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Theresultingcurve togetherwith the dataof Bujasareplottedin Figure13.4. Notice that Equation
(13.7) cannotbe properlyfitted to the databy a leastsquaresriterionappliedto the ordinateonly (that
is, computingsumsof squaresof errors using 2error$ in simple reactiontime only, and ignoring
aerrorg® in stimulusintensity), becausef the extremesensitivity of the curvefit to the datapoint with
the lowest intensity. Tiny errorsin the abscissaof this data point changedthe parametersof the
curvefit greatly.

Furtheranalyse®f Bujas datahavebeengivenby Norwich (1991).

(iif) Calculatingthe Weberfraction asa functionof stimulusintensity
FromEquation(12.6),
- 1
DI/l = (2DH/n)(1+ OO ) : (13.35)

SubstitutingHolway andHurvich' st = 10 s, aswell asvaluesfor b, DH andn from (13.31),

_ (2(0.126) 1
DI/l = 10 (1+ (0.225/10) 110 ) . (13.359)

If the abovefunctionis evaluatedor | = 1 (threshold to | = 160 (about4 M solution), theresultis
anapproximatiorto thefindings of Holway andHurvich. Thetheoreticalcurveactuallyfalls somewhat
more rapidly than Holway and Hurvich's curve (Fig. 12.2), similar to the curve of DI/I for sucrose
observedoy Lemberger(Fig 3.5a). If the readerwishesto checkthe matchof the theoreticalcurveto
Holway andHurvich's datg | recommendhangingconcentratiorto molar units in the mannershown
in the Appendix ThresholdS 0.025 M sothat! = 40. However we arelucky, indeed to evenhavean
approximatiorhere We haveusedthe neuronalalueof b (Whatvalueof x shouldbe use®), andhave
utilized Equation(12.6), a modell equation to describeHolway and Hurvich's experimentswhich
were in fact, conductedaccordingto model (referto Chapterl2, 20n the physicalmeaningof DI ©).

(iv) Calculatingthe informationtransmittedoy an adaptationprocessovert seconds
Transmittednformationfor a hypotheticaheuronaladaptatiorprocesss givenby
H= %In(1+ b1"to) - Humin - (9.19) / (13.1)

Setting | = some intermediatevalue for concentration say 10 relative units (corresponding
approximatelyto 0.1 M), andselectingvaluesfor b andn from (13.31),

H

% In(1 + (0.225) (10)~/0.015) - Humin

2.51 - Huin naturalunits.

| donotknow, a priori, the valueof Hnin for neuronaladaptatiorto a sodiumchloridesolution sol
cango nofurther. A valueof Hmin S 1.3 n.u. would leaveH atabouttheright value Thatis, onewould
expectthatthe steadystatefiring rateof the neuronwould be aboutone half of its maximumfiring rate

(v) Calculatingthe subjectivemagnitudeasa functionof timein an adaptationprocess

Let us re-castthe adaptationdataof Gentand McBurney, that we analyzedin Chapterl1, into
relative concentratiorunits The 0.32 M solutionbecomesl2.8 in units relativeto threshold(S 0.025
M). The value of n obtainedby Gentand McBurney for sodiumchloride for their subjectswas 0.5.
Thenwe must selectthe value of 12.86 secondsfor b, sothatbl" becomeg12.86)(12.8)%° = 46.s,
which is the value we obtainedby curvefitting (seeChapter1l). If b = 15t, (seeaboveEquation
(13.31)), thent, S 1 secondfor the tasteof sodiumchloride Psychophysicallytasteintensity curves
tendto risefor a few secondgi.e. tasteintensitybuildsfor this time interval), sothe calculatedvalueof
to is, perhapstolerable
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Again, we are not curvefitting in this section Ratherwe aretrying to establisha plausibleset of
values characterizingthe senseof taste of sodium chloride in all its manifestations and the set
suggestedby Equation(13.31), with allowancemadefor the rangeof measuredraluesof n, doesseem
to meritconsideration

THE LAWS OF BLONDEL AND REY, OFHUGHES AND OFBLOCH AND
CHARPENTIER®

While the intensitiesof stimuli for reactiontime are at and abovethreshold the intensitiesof
stimuli usedto demonstratehe law of Blondel and Rey, etc are preciselyat threshold @How long,°
they asked 2musta stimulusof intensity | Ybe held so that the stimulusis just perceptiblé® However
despitethis shift in the scaleof intensity values from the point of view of the entropytheory, the
BlondelRey andits associatedaws utilize the samevariablesand parametersasthoseusedto define
simple reactiontime: stimulusintensity, |, durationof stimulus t, aswell asb andn, t, and DH. It
seemgeasonableéhat DH, the minimum quantity of informationrequiredto perceivea stimulusin a
BlondelRey experiment would be the samequantity, DH, neededto reactin a simple reactiontime
experimentsinceif you candetectthe stimulusyou canreactto it. However thereis roomfor errorin
reasonindhere

Anyway, algebraically the BlondelRey equationshould be exactly the sameas the equationfor
simplereactiontime, with the termsrearrangegsinceall variablesand parametersrethe same Here
the unifying capacityof the entropyequationis in clear evidence Let us just rearrangethe termsin
Equation(13.7) while introducing(13.5):

(I min/l )n = 1 = terDH /tr . (1336)

In keepingwith the nomenclaturef Equation(3.25), let usreplacet, by t, andlmin by ¢ (which has
thesamemeaning, andl by |y, ., Then

Ly [ e = (1- to€2H /)77 (13.37)
or
livest/ 1 = (1- to€/t)7". (13.38)
When
t >>t,e?™M (13.39)

we can expandthe right-handside of Equation(13.38) in a binomial seriesand drop termsof order
higherthanthefirst:®

Liresr/ 1¥ = 1+ o€/ (nt) . (13.40)

If we now setthe constantt, e’®/n equalto a, we have
livest 1¥ = 1+ alt, (13.41)

whichis thealgebraidorm of the BlondelReylaw, Equation(3.25).

We havenot really completedhe derivationof the BlondelReylaw (andits auditoryanalogwhich
we havecalled2Hughes law®), becausehe variable t, which appearsn Equation(13.41) represents
time since stimulusonset while t in Equation(3.25) representshe durationof the flash Thesetwo
timesarenot equal theformer, time sincestimulusonsetat which information DH, is transmittedvia a
neuronaladaptationfunction, will be greaterthan the latter, the durationof the flash Therefore the
BlondelReyconstanhasbeenderivedto be notlessthan

a=t,e®™/n (13.42)
= t; min/ powerfunctionexponent (13.43)
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Thatis, the BlondetReyconstantin our unified systenof equationgor sensationis approximately
equal to the ratio of the minimumreaction time to a visual signal to the power function exponent
(“ Stevengxponerit) for vision We cantestthe theorypartially for at leastonesetof datg the simple
reactiontime dataof DomaandHallett (Table 13.2). Using the value of t; min = 0.149 from Equation
(13.21) multiplied by the conductionfactor, x = 0.5 (taking usfrom behaviorakto neuronaladaptatioi,
and power function exponentfor a point sourceon dark background= 0.5 (Corenand Ward, Table
2.11), we havefrom Equation(13.43)

a=(0.5)(0.149)/0.5 = 0.149 s, (13.44)
or, from first principles to(neurona) S 0.002 s (valuefrom auditior?®); DH = 1.75 n.u;
a=t,e®/n=0.13s (13.45)

Sincet (stimulusduratior) < t (sinceonse} = bt, whereb < 1, 2@true& = a/ b > a, referringto
Equation(13.41). Therangeof valuesmeasuredor the BlondelRey constanis given by Williams and
Allen (1977, p. 43) as0.055 to 0.35, sothe valuescalculatedby Equations(13.44) and (13.45) arein
accordwith themeasuredalues

Now, we mayrecallfrom Chapter3 thatBlondelandReyobservedhattheir law containedthe law
of Bloch and Charpentier Thatis, in Equation(13.41), whent is very small the secondterm on the
right-handsidedominatessothat

Imin/|¥ = a/t,

which is the Bloch-Charpentietaw. Therefore sincewe havederivedEquation(13.41), we cando the
samething, therebyalsoderivingthe Bloch-Charpentietaw. Right?

Well, almostright. Don't forget that we haveusedinequality (13.39) in orderto derive (13.41). If
we let t becometoo small thatis, if we usestimulusdurationsthataretoo brief, we shall violate this
inequality Again, takingt, S0.002 s. andDH = 1.75 n.u., we havet, e’™ = 0.066 s, sothatby (13.39)
we must havet > 0.066 s, and preferablyt >> 0.066 s for validity of our derivation while the
Bloch-Charpentiefaw is, apparentlyalid experimentallyfor flashesmuchbrieferthan0.066 s. Again,
we mustmakeallowancefor thefactthatt > t; .

THE BLONDEL-REY LAW AND THE FERRY-PORTERLAW

We have seenin the previoussectionhow we were able to transformthe equationfor simple
reactiontime into the BlondelRey law by simple algebraicmanipulation Whenthe variablesare the
sameand the parametersare the same the laws must be mathematicallyidentical We shall try the
sametrick with the Ferry-Porterlaw, but we arein deepwater— perhapsoo deep We dealherenot
with a single stimulus but with multiple, sequentialstimuli (flashe3, which the entropy equation
(13.1), wasnot constructedo handle Betweenflashes thereis a procesof dark adaptationwhich is
beyondour theoreticalgraspat this moment We mustcontinueto dealwith the variable t, whichis the
time sincestimulusonsetratherthanthe flash duration And we shall attemptto derive the curve for
pureconevision in the centralfovea althoughwe lack definitive knowledgeof the relevantDH-values
However the gamecanbe fun anyway If you would like to follow me whereangelswould, no doubt
fearto tread pleasereadon.

Again, achangan nomenclatureLet usrepresent, ., Simply asl.

Then Equation(13.40) becomes
/1y = 1+t,e®®™/(nt). (13.46)
When
toe?™/(nt) << 1 (13.47)

(cf. Equation(13.39)), then usinga Taylor series we canapproximatehe right-handside of Equation
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(13.46) by anexponentiafunction

2DH
ly = exp[(tf’?, )%} (13.48)
Takinglogsof bothsides
2DH
Inl- Inly = (t"% )%
or
(U/t) = (n/toe®)Inl - (n/toe®)Inly . (13.49)

Ignoring for the moment the distinctionbetweent andflashduration we write, for a flashinglight
with equaltimesfor 2or® and?off,°

frequency= 1/(2t) (13.50)
critical fusionfrequency{CCH = (n/2t,e*)(1/1og,,€) log,,|
- (n/2t,€®)Inly . (13.51)

This equationthen doesgive the correctalgebraidorm of the Ferry-Porterlaw,
CFF = cilogl + ¢z, (3.30)

andprovidestheoreticalvaluesfor the constantsc, andcs.

Informationally, Equation(13.51) statesthata minimumtime, t, mustpassin orderthata flash of
intensity, 1, may transmita quantity of information DH. If this criterion is met, the flash can be
discriminated or seen@crisply.® If the durationof time is lessthant, the minimum 2quanturi of
information DH, will not be transmitted andthe flash eitherwill not be visible or will mergewith the
nextflash A completeinformationaltreatmentof the Ferry-Porterlaw musttake accountnot just of a
single flash, but of the repetitive sequenceof flashesand the processof dark adaptationbetween
flashes Suchanalysisis beyondthe currentscopeof thetheory A completetheorymustalsotakeinto
accounthedistinctionbetweerdurationandtime sinceonset

The slopeof the straightline definedby Equation(13.51), obtainedby plotting CFF againstog,!,

can be evaluatedn one of two ways t,e?™ canbe evaluatedrom reactiontime data or from first
principles

(i) Usingdatafrom simplereactiontime with Equationg13.5) and(13.21),
to EZDH = Xtr min = (05) (0149) = 00745 S.

Thex carriesusfrom behaviorato neuronal Againtakingn = 0.5, theslope

(n/ 2t,€2)(1/10g,,€) = 7.735 (SIt) (13.523)

(i) Fromfirst principles to €™ = 0.002e®@(-7 = 0.066 s.
sothat

(n/ 2t,e®)(Vlog,,e) = 8.72 s (first principles. (13.52b)

Hecht(1934) suggestedhatthe observedraluesfor slopetendto clusteraboutll s'! for imageson
the centralfovea(no statisticsweregiven), sothetheoreticalvaluesarequite close

Wenoticethat, in theoryaswell as by experimentthe slopeof the straightline in the Ferry-Porter
law plotted using commonlogs is approximatelyequalto the reciprocal of the BlondelReyconstant
(comparingequationg13.40) and(13.51) andnotingthat2 log,,e S 1).

Again, hereas elsewhergwe are plaguedby the necessityof mergingthe resultsof experiments
that are not quite compatible We shouldvalue the resultsof a studyon simplereactiontimesto light
restrictedto a narrowbeamon the foveg or 5 degreegperipheralto the fovea in orderto calculatethe
slopesof Ferry-Porterplotsmadefor the sameretinallocus
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We observethat Equation (13.51) is valid, strictly speaking only for valuesof t permitted by
inequality (13.47); thatis, t of the orderof 0.13 s or greater(Equation(13.45)), correspondingt most
to 3 Hz (1?). However the Ferry-Porterlaw is observedexperimentallyto be valid for frequenciesas
high asabout50 Hz. Thatis, thetheoreticalequation (13.51) is valid overarangeof frequenciesnuch
greaterthan we had any legitimatereasonto expect The theoreticiahs problemis usually quite the
oppositeof this: onecanoftennot find experimentalerification over the rangeof valuesfor which an
equation was derived Resolution of this paradox may lie in the same quarters as before
1:ﬂash <t= tneuronal

Theabovetheoreticalderivationof the Ferry-Porterlaw is very brief, requiringonly aboutonepage
of developmentbeyondthe BlondelRey law. The readeris reminded however that this a kind of
conservationatlerivation dealingwith limits uponthe rate at which informationfrom a photonbeam
canbe transmittedio a photoreceptarA gooddeal of studyhasbeenmade andis beingmade of the
excellentpapersof E. Hisdal in an effort to improvethe theoryasit is presentedere The brevity of
the theory, as put forth above may be beentakento imply that the authoris ignoring the truly
prodigiousnumberof scientific papersdealing with flickering lights and the mechanismof flicker
fusion phenomenaThese papershave not beenignored the diffusion theory of Ives (1922), the
photochemicaltheory of Hecht and Verrijp (Hecht and Verrijp, 1933; Hecht 1934, 1937), the
multiple-stagemodelsof Kelly (1961), and many morerecentefforts The readeris remindedthat the
informationalapproachdoesnot competewith thesemodelsof mechanismit complementthe models
of mechanism The informational approach provides restrictions or guidelines governing the
developmenbf mechanism®f any perceivingsystem Mechanism®f perceptionand sensatiomrmust
develop(evolve?) within the limitationsimposedoy informationtransfer

BRIGHTNESSENHANCEMENT

aBrightnessenhancemeftrefersto 2anincreasan the brightnesf anintermittentlight over that
of a steadylight of the the sameluminancé@ (Graham 1965). | havenot evenattemptedo treatthis
phenomenomathematically Let me just remind the readerthat within the informationalor entropy
theory, varianceof light samplesratherthantheir mean is the determinanof brightnessTherefore a
flickering light should at appropriatdrequencief flicker, indeed appearbrighterthana steadylight
of the sameluminance sincetheflicker canin principleincreasehe varianceof sampledrom thelight
beam

OLFACTORY THRESHOLDS

To concludethis chapter we make a very approximatederivation of what is, in fact, a very
approximatdaw, given by Equation(3.29). Taking commonlogs of both sidesof Equation(13.6) and
multiplying throughby n, gives

nlog,glmin = l0gyo[to (€™ - 1)/b] . (13.53)

Is thereanyreasorto think, now, thatthe quantityof the right-handsideof this equationshouldbe
approximatelyconstanfor all odorant® We could arguethe matteron theoreticakerms but| think the
resultwould be inconclusive The bestone can say at the momentis thatif to(e’® - 1)/b is constant
andequalto K, then

- nlog,olmin = K. (13.54)
Usingthedefinition of po from Equation(3.28), we have

(M(Pa) = K, (13.55)

which providesa derivation of Equation(3.29), the approximatelaw discoveredexperimentallyby
Laffort, PatteandEtchetq with supportby Wright.
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CONCLUSIONS

In this chapter we have pushedthe entropytheory to its currentlimits to derive amongother
sensoryphenomenasimplereactiontime asa function of stimulusintensity, the BlondeltRey-Hughes
law, the Bloch-Charpentietaw, andthe Ferry-Porterlaw (in partonly).

Oneof the promisingresultsof this chapter | think, is the setof parametergharacterizinghetaste
of sodiumchloride (Equation(13.31)). A time-lag factor, x, may haveto be employed(or a more
cleverly formulateddevicethatwill allow for conductiondelay$, but, by andlarge this parameteset
haspermittedus to account in a quantitativeway, for the resultsof nearly all sodiumchloride taste
experimentknownto this authorthatinvolve a single pureNaCl stimulus It will beinstructiveto see
if this datasetwill be capableof predictingthe resultsof experimentsiot yet performedor unknownto
this author The theory presenteddoesnot seemto be capableof explainingthe increasein simple
reactiontime with increasingastestimulusdurationreportedoy Kelling andHalpern(1983).

Perhapsthe chief complexity introducedin this chapterrelatesto time scales There were two
distinctproblems

(i) Relatingthe time scaleof behavioralevents(suchassimplereactiontimeg to the time scaleof
neuronalevents(such as the adaptationin impulserate at a ganglioncell). Thesescaleshave been
relatedby meansof the factor x, introducedin Box 13.1. The use of this factor is not completely
satisfactoryfrom thetheoreticalpoint of view, butit doesseento work.

(i) Relatingthe time scaleof neuronaleventsto the time scaleof stimulusevents(that is, time
sinceonsetto durationof stimulug. One mustbe mindful of the lessongaughtin this regardby Ward
(1991) psychophysicallyand by Wassermarand Kong (1974) neurophysiologicallyNonethelessthe
algebraicforms of the laws of BlondelRey, Bloch-Charpentier and Ferry-Porter have emerged
completewith theoretical derivationsof their respectiveconstants when2time sinceonset replaces
adurationof stimulu® in therespectiveequations

As we pressthevariablesl andt throughtheir completephysiologicalrangeof values the question
of the constancyof the parametersnust be examined If the parametersn, or b were found to be
functions of I, the formulation of the H-function as it was given in Chapter9, would haveto be
reexaminedWhethert, is a function of | is a moot point. Burke et al. (1987) found psychophysically
for sodium chloride quinine sulfate and citric acid stimulation of the anterior tonguethat 2Higher
intensity ratings were associatedvith fasteronsettimes ...,° while Traversand Norgren recording
electrophysiologicallyin the nucleusof the solitary tractin rats (1989, Figure 2), seemedo showthe
oppositefor sodiumchloridestimulationof the anteriortongueandnasoincisoducts

We areapproachinghe endof our experimentakvaluationof the entropytheory. Only somebrief
remarkson the exponentn, remainfor the next chapter Although we have encounteredhe current
limits to the theoryin this chapter one shouldnot forget the extraordinarilywide rangeof observed
sensoryeffectsthathavebeencapturedoy the theory. Generalsensoryprinciplesexpressedby the law
of sensation the principle of adaptation the Weber fraction and simple reaction time; and the
derivationof a hostof specialempiricallaws which we shallnotenumeratdere

APPENDIX: CHANGING THE UNITS OF THE PARAMETERD

Sinceb occursalwaysin the combinationb 1"/t, andb 1"/t is dimensionles$occurring asit does
in log(1 + bl1"/t)], thedimensionof b arethoseof t/1". Thatis, if we alterthe unitsin which eitherl
or t aremeasurepwe mustalterthevalueof the constantb, accordingly

Considerparticularlya changen the unitsof | from | to 1Y Supposehe changen unitsis governed
by theconstantl , sothat

Then
bI" =bY{IY" = byl D" = (b4 MI".
Thatis,
bY=b/I".
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For example for tasteof sodiumchloride with n choseras1.3, if | is measuredn molarunits and
IYis measuredn units relative to threshold= 1 unit, thenl S 100 (sincethresholdis approximately
0.01 M). Thus

bY=b/100%3.
Thatis
b (with I in relativeunits) = 0.0025 b (with | in molarunits).

b (with I in relativeunits) will havethe dimensionf time.

NOTES

1. The adoptionof DH for reaction= Hnax compelsus to makea distinctionbetweenrnthe neuronal
and behavioraladaptationprocesseswhich we have hitherto regardedas 2equivalenf adoptingthe
symbol F to represenboth Whenwe analyzebehavioraladaptationdatg suchasthoseof Gentand
McBurney (1978), we find examplesof perceptiblestimuli that transmit fewer than Hmax bits of
information which would not be possibleif Hmax werethe thresholdfor absolutedetection Hencemy
insistencethat Hmax units of information be transmittedby the correspondingneuronal adaptation
curve Thuswe havepostulateda distinctionbetweerthe two typesof adaptatiorprocessthe neuronal
procesdransmitsa minimumof Hpyax units of information while the behavioralprocessnayreflectthe
transmissiorof lessinformation Evidencein supportof this positionmaybefoundin Figures11.6 and
11.7, which eachdepictneuronaladaptatiorcurvesfor stimuli of 3 differentintensities In eachof the
three curvesof Figure 11.6, (Fmax- Fmin) hasaboutthe samevalue Similarly, in eachof the three
curvesof Figure 11.7, (Fmax- Fmin) hasaboutthe samevalue That is, the curvesdo not adaptto
extinction Since information DH, is equalto (Fmax- Fmin)/k, therefore approximatelythe same
quantityof informationis transmittedoy the threestimuli of differentintensitiesthat generatecachof
the threecurves The three curveshavedifferent amplitudes signifying different stimulusintensities
buttransmitnearlythe samequantityof information

2. Thereare many variationsin the way experimentg¢o measuresimple reactiontime are carried
out. For example ready signalsmy indicate an impendingstimulus (Kohfeld, 1969; Botwinick and
Storand{1972).

3. Theterm?@light intensity is beingusedratherglibly here whereproperphotometricunits should
be used Preferablein most instanceswould be illuminance (milllambertg or, perhapsretinal
illuminance(Trolands.

4. Thereareat leasttwo problemsthatissuefrom the useof the absoluteinformationalthreshold
DH. One s that the thresholdintensity, 1y, cannot strictly speaking be determinedby eliciting an
infinite reactiontime. It canbe determinedclassically(e.g. Galanter 1982), asthe weakeststimulus
that canstill be detected@reactedto®) 50 percentof the time. Modulating factorscan be allowed for
usingsignaldetectiontheory. Alternatively, onecanuseneuralquantumtheory(e.g. Stevens1961, pp
806-813). The secondproblemdeals perhapswith evenmore profoundissues The two informational
thresholds DH (discrimination of jnd), and DH (absolutedetection, have been found to differ
substantiallyin magnitudeof information However we canarguethat DH (absolutedetection is, in a
sense the first or lowestjnd — that is, it is the amountof information neededto discriminatethe
smallestperceptiblesignal from the zero signal Why should this jnd require a greaterquantity of
informationthansubsequenind's? Thereis somethinguniqueaboutthe afirst® jnd which | cannof at
this moment understand

5. We notethat Equations(13.40) and(13.41) areindependenof the parameteb, dependingonly
ontheparameters, t, andDH.

6. We notethatin writing Equationg13.44) and(13.45) no distinctionhasbeenmadebetweerthe
parametersharacterizingphotopicandthosecharacterizingcotopicvision.

2003 ed notes

Q Simple reactiontime, has perhaps undergonethe greatestmodification during the 11 years
1992 to 2003. While maintaining the same generalform for t,, the parameter b, has vanished
permitting us to evaluatethe critical information 2quantuni, DH, in severalways The new value
differs from the old, so that the set of parameterscharacterizingthe taste of sodium chloride will
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changeaccordingly However the philosophyof approachto simplereactiontime remainsintact one
canreactwhenhe/'shehasreceivedatleastDH unitsof information

QQ Thederivationof the laws of Blondeland Rey and of Ferry and Portercannow be carriedout
somewhatmore simply and briefly. The extent and effects of approximationcan be shown more
clearly. The derivationof the Ferry-Porterlaw hasbeenimproved considerably and insight into the
meaningof this law hasbeenenhancedThe new derivationleadsto a somewhatdifferent algebraic
form for thelaw. However again | retainthe original derivationsn this seconcdeditionof ISP.

QX Not correct | discoveredseveralyearsafter ISP had beenpublishedthat the value of to for
vision seemedo be somewhagreaterthan0.002. As mentionedabovein noteQ the valueof DH has
alsobeenchangedSo this entire calculationmustbe corrected| retainthe original calculationshere
as the bestthat could be donein 1992-3. The samecorrectionwill haveto be appliedto Equation
(13.52b): bothto andDH will haverevisedvalues
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