
CHAPTER 13

SIMPLEREACTIONTIMES AND THE
BLONDEL-REY LAW Q

INTRODUCTION

The processof deriving empirical sensorylaws from an entropicor information theoreticalbase,
namelyEquation(9.19), will be continued. However, I now deal with thoseprocessesthat lie at the
limits of my understanding. I presentmattershere as well as I am able, but there are gapsin my
comprehension.

We recall that reaction time is the time betweenthe onsetof a stimulusand the beginningof an
overt response. Simplereaction time requiresthat a subjectpressa key or button immediatelyupon
detectionof a stimulus. An excellentintroductionto reactiontimesis givenby P. Rabbit(1987). Simple
reactiontime with Piéron’s empirical laws havebeenintroducedin Chapter3, and the Blondel-Rey
(-Hughes) law, togetherwith theBloch-Charpentierlaw, wereintroducedin thesamechapter. Now is a
goodtime to review thesevariousexperimentallydiscoveredlaws, aswell asthe approximatelaw of
Laffort, Patte, Etchetoand Wright on olfactory thresholds, and the Ferry-Porter law. Thesevarious
empiricalor phenomenologicallawsmayseemto bestrangebedfellows, unlikely to bedirectly related
to one another. However, it transpiresthat the laws are, indeed, closely linked theoretically and
mathematically. The samefundamentalequationof entropyseemscapableof generatingall of them
with somedegreeof success.

Therehavebeenat leasttwo full bookspublishedin theEnglishlanguagethatarededicatedto the
study of reactiontimes, one authoredby Welford (1980) and the other by Luce (1986). The present
chapterhasvery little in commonwith thoseworks, emphasizing, asit does, theunificationof reaction
time phenomenawith othersensoryeffects, and the derivationof generallaws of perception, not yet
takinginto accountthematterof interindividualdifferences.

Cattell (1886) perceivedthat simple reactiontime decreaseswith increasingstimulus intensity.
Thus, for example, it requireslesstime to reactto a bright light thanto a dim one. Piéroncapturedthis
idea by using a host of empirical equations, one of which is given by Equation(3.26). It might be
thought that this phenomenon(decreasedreactiontime with increasedstimulus intensity) could be
accountedfor by theprincipleof energysummationor temporalsummation/ integration. For example,
the intensityof light canbe expressedaspower, measuredin wattswhich arejoulesper second. Then
theproductof intensitywith time is equalto thelight energypropagatedin 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 thecorrectform. It will not,
for example, allow a derivationof thePiéronlawsfor simplereactiontime (or, at least, I amnot aware
of sucha derivation). Moreover, energysummationdoesnot seemto generalizeeasilyto thechemical
senses. It doesleadto a crispexplanationfor theBloch-Charpentierlaw, Equation(3.22), for light and
sound, but runsinto difficulty with stimuli abovethreshold.

In thepresentchapterwe replacetheprincipleof energysummationby theprincipleof information
summation, an idea which we have begunto developin the previouschapter. After exposureto a
stimulus, informationbeginsto accumulatewithin the perceptualunit (a structurewe shall formulate
progressively). Whensummatedinformationreachesthethresholdvalueof DH, reactioncantakeplace
and conscioussensationcan occur. This conceptof an informational differential threshold, DH, is
extendedfrom Chapter12, whereit wasutilized asthe quantityof informationneededto discriminate
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betweentwo stimuli of different intensities. Now it is to beusedasthequantityof informationneeded
to react. Many of theseideaswereintroducedby Norwich et al. (1989). As in Chapter12, we shallnot
really requiretheF = kH relation. Two newconceptsof a fundamentalnaturewill beintroducedin this
chapter: the time delay factor, x, and the informationaldistinction betweenneuronaland behavioral
adaptationprocesses.

DERIVATION OFAN EQUATION GIVING SIMPLEREACTIONTIME AS A
FUNCTIONOFSTIMULUS INTENSITY

We makeuseof thenow-familiar concept, thatafterpresentationof a steadystimulusthereensues
an adaptationprocess, and that as adaptationproceeds, entropy (“potential information” ) falls, and
information is gained. Adaptation registersneurally in the afferent neurons, and adaptationto a
stimuluswith constantintensityis describedby theH-function(9.19),

H = 1
2

ln(1 + bIn/ t ) = H(I, t ) .     (13.1)

As always, to is definedas the time at which H reachesits maximumvalue, andH decreasesfor
t > to. Let DH bethedecreasein entropybetweenthetimesto andtr > to. Thatis,

DH = H(I, to) - H(I, tr) .     (13.2)

If DH is theminimumquantityof informationrequiredto makea simplereactionto thestimulusof
intensity, I, then tr is equal to or lessthan the simple reactiontime. We shall speaklater about the
neuromusculartime lagswhich effectively guaranteethat tr is lessthansimplereactiontime, but, for
themoment, let usignorethis time lag.

IntroducingEquation(13.1) into (13.2),

DH = 1
2

ln(1 + bIn/ to) - 1
2

ln(1 + bIn/ tr) .     (13.3)

Solvingfor tr ,

tr = 1
to e2DH - 1 - e- 2DH

bIn

- 1

.     (13.4)

tr is takenasa functionof I ; DH is takenasa constantthresholdinformation.
Interestingly, while tr looks as if it dependson 4 independentparameters, b, to, n, and DH, it

depends, in fact, on only 3 independentparameters, which may be seenas follows. Let tr min be the
minimumpossiblevalueof tr . This minimumvaluewill occurwhenthedenominatoron theright-hand
sideof Equation(13.4) is maximum, which will , in turn, occurwhenI is maximum. Letting I ® ¥ in
(13.4),

tr min = to e2DH .     (13.5)

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

1
to e2DH - 1 - e- 2DH

bImin
n = 0 .

Solvingfor Imin,

Imin =
to(e2DH - 1)

b

1/n

,     (13.6)
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or, equivalently,

to e2DH (1 - e- 2DH )
b

= Imin
n ,     (13.6a)

or, introducingEquation(13.5),

(1 - e- 2DH )
b

= Imin
n

tr min
.     (13.6b)

IntroducingEquations(13.5) and(13.6b) into (13.4),

tr = 1
tr min

- 1
tr min

Imin
I

n - 1

,

or

tr = tr min

1 - (Imin / I )n .     (13.7)

Equations(13.4) and (13.7) are mathematicallyequivalent, but from (13.7) we can seethat tr

dependsonly on3 independentparameters, tr min, Imin, andn.
We note, again, the appearanceof the power function exponent, n. The ubiquitousn seemsto

pervadeall equationsgoverningsensoryfunction.
Equation(13.7), then, is put forwardastheequationof entropygiving simplereactiontime, tr , asa

functionof stimulusintensity, I. We seethatasI increasesin value, tr becomessmaller, theuniversally
observedrelationshipbetweenstimulusintensityandreactiontime.

Let us return, now, to the thorny issueof the claim that the quantity tr hasupon simple reaction
time. Is tr thesimplereactiontime? tr is, by definition, thetime takenfor theH-function, measurablein
an appropriateafferent neuron, to decline through a range, DH, natural units of information. This
adaptationprocessoccurs 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 her/his response. It would seem reasonable,
therefore, to definetR asthe simplereactiontime (from stimulusonsetto the motor act of pressinga
button), andto set

tR = tr + t lag .     (13.8)

tr is, then, the time for the adaptationcurve to register(in sensoryneurons) a decline, DH, in
entropy, and t lag is the delay time taking accountof conductiontime to the cerebralcortex, through
motorneuronsandsynapsesto muscle, andthecontractionof muscle. Welford (1980) dividestR further
into four divisions, andHalpern(1986) further analyzestr into componentsthat aresignificantfor the
humansenseof taste. It wouldseemthatt lag is anappreciableintervalof time, sothat

tR > tr .     (13.9)

If we introduceEquation(13.8) into (13.7),

tR = tr min

1 - (Imin / I )n + t lag ,     (13.10)

giving tR, a measurablequantity, asa function of I, with 4 independentparameters, the previousthree
plus t lag. However, all attemptsto curve-fit Equation(13.10) to simplereactiontime data, usingvalues
of t lag thataregreaterthanzero, havefailed. Variousinvestigatorsin different laboratorieshavetried to
providesucha curve-fit , usingsimplereactiontimesto visual, auditoryandgustatorystimuli, but none
hassucceeded. Valuesobtainedfor the parametersare non-physiological(t lag or n negative) and are
inconsistentbetweendifferent setsof data. On the other hand, when t lag is taken to be zero, as in
Equation(13.7), theresultsareusuallyquitesatisfactory, aswill beshownbelow. It is asif conduction
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BOX 13.1 An approachto theproblemof conductiontime

Supposethat neuronalconductiontime is introducedby meansof a multiplicative factor, rather
thanby anadditivetermasin Equations(13.8) and(13.10):

tR = tr + t lag .     (B1)

Thatis, we let

to (neuronal) = x to (simplereactiontime)     (B2a)

and

b (neuronal) = xb (simplereactiontime),     (B2b)

where0 < x < 1. Thento (s.r.t.) andb (s.r.t.) arethevaluesof to andb obtainedby measuringmotoror
efferent responsesin simple reactiontime (s.r.t.) (Tables13.1 and 13.2), while to (neuronal) and b
(neuronal) are the valuesof theseparametersas they would emergefrom analysisof adaptationdata
obtained from afferent neurons. When I is dimensionless, that is, measuredin units relative to
threshold, both to andb havethedimensionsof time, so thatEquations(B.2a) and(B.2b) suggestthat
thereis a changein timescalebetweentheneuronalstationandthebehavioralstation(afferentneuron
andsimplereactiontime).

Theadvantagesof thetransformation(B.2a) and(B.2b) are
(i) In explainingthat tr min (neuronal), asobtainedby Equation(13.5), becomesxto e2DH, which is

lessthantr min(s.r.t.), whichmakessensedueto conductiondelays.
(ii ) In showingwhy anequationof the form of (13.7) fits simplereactiontime datasowell despite

conductiontime delays. That is, replacingto by xto in Equation(13.5) resultsin tr min beingreplacedby
xtr min in Equation(13.7). x tr min is simply curve-fitted asa singleparameter. The delayis “built into”
theparameter, soto speak.

(iii ) In showing why Imin (neuronal), as obtainedfrom Equation (13.6), remainsthe sameas
Imin(s.r.t.) when to and b are replacedby xto and xb respectively, which makessense, because
minimumintensityfor reactionshouldbeindependentof anytime lags.

Sinceonly tr min andnot Imin changesunderthetransformation, Equation(13.7) is transformedinto

tr(neuronal) =
x tr min

1 - (Imin /I )n = xtr(s.r.t.).     (B3)

Equations(B.2a) and(B.2b) are, then, equationspostulatedpurelyad hoc, in orderto accountfor a
neuralconductiontime lag. They may be of use in convertingtime-dependentparametersto and b
measuredin anexperimenton simplereactiontime for usein a situationwhereconductionlag doesnot
evidentlyoccur.

The value of x will vary dependingon which station is usedto determineto and b. For simple
reactiontime, I am guessingthat x S 0.5. That is, about50% of the minimum reactiontime is dueto
neuromuscularconductiontime and 50% is due to the neuronaladaptationprocess. This value of x
seemsto give tolerableresultswhen usedwith simple reactiontimes to visual stimuli and sodium
chloridetastestimuli. Psychophysicalor behavioraladaptation(decreasein subjectivemagnitude) also
lags considerablybehind neuronaladaptation. I put it to the reader to suggesta value for x for
behavioraladaptationrelativeto neuronaladaptation.

Thedisadvantageto theuseof Equation(B.2a) and(B.2b) is thattheresultingEquation(B.3) is not
readily interpretablein terms of current understandingof the physiology of the nervoussystem.
Moreover, sinceb is increasedfor reactiontime by Equation(B.2b), therefore, apparentsamplingrate
is slowed. If fact, all time-dependentprocessesareslowedaswe go from receptorto behavior, resulting
in a spreadingout of thecurveof simplereactiontime alongthe time-axis– a kind of relativistic time
dilatation. RosenblithandVidale (1962, Figure14) observedthis phenomenonin responsesto auditory
stimuli. Behavioralresponsetimes(reactiontimes) spannedat least100 to 300 milliseconds, cortical
responsetimesspannedabout10 milliseconds(seetext aswell asFigure14), while earliestelectrical
responsesin the auditory nerve spannedonly about 2 milliseconds. There is a mystery here, and
Equations(B.2a) and (B.2b) only transcribethe mystery into mathematicallanguage. This “ time
dilatation” with approximatepreservationof the amountof information transmittedis demonstrated
explicitly in Figures14.1a and14.1b.
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in motor neuronsoccurredwith infinite speed, which is, of course, absurd. It is particularly bizarre
becauseHelmholtzintroducedthe measurementof reactiontime specificallyasa meansof measuring
neuronalconductiontime, preciselytheelementthat is herebeingignored. Themysterymaybelinked
to thefindingsof Libet (1985), asdiscussedby Norwichet al. (1989).

Equation(13.7) fits simple reactiontime data very well (the readermay wish to look aheadat
Figures13.1 and 13.2). Becauseit is highly unlikely that neuronalconductiontime can really be
ignored, andbecausean additivet lag asin Equation(13.10) just doesnot agreewith measureddata, I
suggest, tentatively, themodificationshownin Box 13.1. This modificationwould allow for a time lag
dueto conductiontime, while preservingthealgebraicform of Equation(13.7). The“true” or neuronal
values of to and b are diminished from their values as measuredin reaction time data, using a
multiplicative reductionor diminution factor, but the diminution factors are identical. The true or
neuronalvaluesaregiven by Equation(B.2) and(B.2a). All is not roseswith this alteredformulation,
but it is thebestI cansuggestat themoment.

In the analysisthat follows, we shall use Equation(13.7) with tr identified with the measured
simple reactiontime. However, if we attemptto obtain from reactiontime dataa value for to that is
compatiblewith datafrom sensoryneurons, we shall probablyhaveto usea diminution factor, x, as
suggestedin Box 13.1.

DERIVATION OFONEOFTHE EMPIRICAL EQUATIONSOFH. PIÉRON

Pi�ron carriedout extensiveexperimentationon simplereactiontimesfor manysensorymodalities.
He fitted his data to many equationsof convenience(Pi�ron, 1914, 1920). Frankly, I haven’ t even
attemptedto derivemostof thesealgebraicforms from the informationalequation. However, the one
empiricalequationthathepresentedin his text (Pi�ron, 1952) is easilyderivedfrom Equation(13.7), so
I presentthederivationhere.

Pi�ron’sempiricalequationfor simplereactiontime is (Equation(3.26))

tr = CI - n + tr min ,     (13.11)

whereC is constant. To deriveit, weconsiderthecasewhere

(Imin/ I )n << 1 .     (13.12)

Thedenominatorof thefractionon theright-handsideof Equation(13.7) canthenbeexpandedin a
binomialseries:

[1 - (Imin / I )n] - 1 S 1 + (Imin / I )n + .. .     (13.13)

retainingonly thefirst orderterm. Hence, Equation(13.7) becomes

tr S tr min[1 + (Imin / I )n] .

Thatis,

tr = (tr min. Imin
n ) I - n + tr min ,     (13.14)

which is identicalwith Pi�ron’s Equation(3.26)/(13.11). Moreover, we canidentify Pi�ron’s constant,
C, with the constanttr min � Imin

n . However, we mustnot forget that the derivationwasbaseduponthe
approximation(13.12).

THE CONSTANTDH FORSIMPLEREACTIONTIME

We do not know from a priori considerationthevalueof DH, theminimumquantityof information
necessaryto react. However, I am preparedto put forward a conjecturebasedon a suggestionmade
severalyearsagoby L. M. Wardin a personalcommunication. Theconjectureis thatDH, theminimum
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quantityof informationrequiredto reactto a stimulus, and, hence, theabsoluteinformationalthreshold
for detectionof thestimulus, is equalto Hmax, thechannelcapacityfor that stimulus, asmeasuredin a
neuronaladaptationprocess. That is, DH for reaction= (magicalnumber) S ln(6) = 1.75 naturalunits,
or about2.5 bits. I ammakingthis conjecturebecause, aswe shall seein thecomingpages, it permits
usto makeaccuratepredictionsfor thesensesof taste, vision andhearing. However, theconjecturewill
force us, for the first time, to makea definite distinctionbetweenneuronalandbehavioraladaptation
processes.1

EVALUATION OFTHE INFORMATIONAL EQUATION FORSIMPLE
REACTIONTIME

We proceednow to evaluateEquation(13.7) for two modalities: audition and vision. Later (see
“Compiling a CommonSet of Parametersfor Tasteof Sodium Chloride” ) we shall also evaluate
Equation(13.7) for thesenseof tasteof sodiumchloride.

(i) Audition.

The dataof Chocholle(1940) wereanalyzed. Subjectswererequestedto pressa buttonassoonas
possibleaftera tonewassounded.2 Thesubjectsweretestedovera largerangeof soundintensitiesand
over a wide rangeof frequencies. For a given frequency, reactiontime, of course, was observedto
decreasewith increasingstimulus intensity. Chocholle' s datafor a 1000 Hz tone are listed in Table
13.1. I is givenin relativeunitsof soundpressure(lowestpressure= 1.00).

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

tr min = 0.117 s

Imin = 0.449

n = 0.439

    (13.15)

    (13.16)

    (13.17)

Table 13.1 Dataof Chocholle, SubjectI, 1000 Hz tone

SoundPressureReactiontime(s) measuredReactiontime(s) theoretical

1.00 x 105 0.110 0.117

3.20 x 104 0.110 0.118

1.00 x 104 0.112 0.118

3.20 x 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

2.51 0.218 0.220

2.00 0.248 0.243

1.58 0.276 0.275

1.26 0.312 0.320

1.00 0.398 0.394

Note: Theoreticalvalueswerecalculatedfrom Equation(131.8).
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With theseparametervaluesin place, Equation(13.7) becomes

tr = 0.117

1 - 0.4490.439

I 0.439

= 1
8.55 - 6.01I - 0.439 .     (13.18)

Chocholle' s datatogetherwith the fitted function, (13.18), areshownin Figure13.1. We notethat
thevaluesfor tr min andImin arenominal, falling a little belowthesmallestmeasuredvaluesfor tr andI
respectively. Thevalueobtainedfor n, thepowerfunctionexponent, is 0.439, closeto, but lessthan, the
valueof about0.6 expectedfrom psychophysicalexperiments. A similar resultwasreportedby Marks
(1974).

Usingtheconductivedelayfactorsuggestedin Box 13.1, x = 0.5,

tr min (neuronal) = x tr min(s.r.t.) = (0.5) (0.117) = 0.059 s,     (13.19)

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

tr min (neuronal) = to e2DH = (0.002)e(2)(1.75) = 0.066 s.     (13.20)

(ii ) Vision

The dataof DomaandHallett (1988) wereused. Subjectswererequiredto track a targetvisually.
The latencybetweenthe time the targetmovedandthe time theeyemovedwastakenasa measureof
reactiontime. Subjectsweretestedover a rangeof light intensities,3 for light of variouswavelengths.
DomaandHallett' s datafor yellow-greenlight (654 nm) aregivenin Table13.2. Again, the intensities
arein relativeunits.

Thedatawerefitted to Equation(13.7), whichprovidedthefollowing parametervalues:

tr min = 0.149 s

Imin = 0.0332

n = 0.288 .

    (13.21)

    (13.22)

    (13.23)

Figure 13.1 Dataof Chocholle(1940) (Subject1, 1000 Hz tone). 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) measuredReactiontime(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 0.411

0.126 0.475 0.476

0.100 0.543 0.547

Note: Theoreticalvalueswerecalculatedfrom Equation(13.24).

Whentheseparametervaluesareinsertedinto Equation(13.7), weobtain

tr = 1
6.71 - 2.52I - 0.288 .     (13.24)

DomaandHallett' sdataandthefitted function(13.22) areshownin Figure13.2.
Again, the parameterstr min andImin takeon propervalues, just below the correspondingsmallest

measuredvaluesfor t andI respectively. The valueof 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, Pi�ron' s equation(13.11) and (13.14). Peoplehaveoften musedaboutthe enigmatic
appearanceof anexponentof aboutthemagnitudeof the “Stevens” exponentappearingin anequation
for simplereactiontime. Wecannowunderstandwhy it appearsin this position.

Figure 13.2 Dataof DomaandHallett (1988) (Yellow-greenlight at 564 nm). Simplereaction
time to a visualstimulus. Thedataarelisted in Table13.2. Thesmoothcurvewasgeneratedby
Equation(13.24).
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THE INFORMATIONAL BASISOFREACTIONTIMES

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
parameters, tr min andImin, doesnot permit us to solvefor uniquevaluesof the threeparameters, b, to,
andDH. Nonetheless, aswe shallseein our forthcominganalysisof theBlondel-Reylaw, thereis good
evidencethat the samesetof parameterswill describeboth typesof experiment. We alsofind below,
that at leastfor the senseof tasteof sodiumchloride, we seemfairly closeto havinga single set of
parametervaluesthatwill describeandpredictall experimentalfindings.

Here, asis thecasewith themanyothersensoryequationsdevelopedin this book, no allowanceis
madefor interindividual differences. Rather, a single equationis derived to representa typical, or
perhapsaveraged, result.

Pleaserecall that here, aselsewhere, we areutilizing a kind of conservationlaw for information.
WhenDH units of informationhavebeencollected, a responseis possible, etc. No mechanismfor the
mediationof reaction is provided. The shorter reactiontime observedfor a more intensestimulus
follows from thepropertiesof theH-function. Referringto Equation(13.1),

¶H
¶t

=
- b / (2t2)

1 / In + b / t
,     (13.25)

sothat for a givent, the largerI becomes, thegreateris thevalueof thederivative|¶H/¶t|, and, hence,
the morerapidly doesH decline. That is, stimuli of greaterintensitytransmit informationat a greater
rate thanstimuli of lower intensity.

The history of information theory as a meansof explaining reactiontime begansometime ago
wheninformationtheorywasyoung. Hick (1952) analyzedthechoicereactiontime(cf. simplereaction
time). A subjectis requiredto makeoneselectionfrom amongm choices, for exampleby pressingone
lit key from among10 keys. The choicereactiontime wasfound to 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 complextask is 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 attributed to J.C.R. Licklider. A simpler
experimentis suggestedby CorenandWard(1989), DemonstrationBox 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), demonstratingHick' s law. Choicereactiontime is plotted
againstnumberof alternatives. Thesmoothcurveis the logarithmicfunctiongivenby Equation
(13.26): if m is thenumberof alternatives, choicereactiontimevariesaslog(1 + m).
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alternativesincreases. Thesmoothcurvewasgeneratedby thefitted function

choicereactiontime = 270.74 ln(1 + m) ,     (13.26)

wherem is thenumberof responsealternatives.
An interestingapplicationof information theory is found in the papersof E.T. Klemmer (1956,

1957). Klemmershowedthat simplereactiontime varieswith the subject' s uncertaintyaboutthe time
of stimulusoccurrence.

Our presentuseof informationin theanalysisof simplereactiontimesdiffers from theabove. We
generatesimplereactiontime curvesbasedon theassumptionthatDH unitsof informationarerequired
for a reaction, whereH is a function purely of stimulusintensity. In the quantizedview of stimulus
signals, more intensesignalsnot only presentgreateruncertaintyaboutthe meanvalueof the signal,
but yield or give up their uncertaintymorerapidly uponsamplingthando lessintensesignals(Equation
(13.25)). In summary,

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

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

COMPILING A COMMON SETOFPARAMETERSFORTASTEOFSODIUM
CHLORIDE

Let us examinethe constant, b, asit appearsin Equation(9.19)/(13.1). The term bIn/ t is addedto
unity, so that it is a dimensionlessquantity. That is, b hasthedimensionsof t / In. Whenintensity, I, is
measuredin relativeunits, it, too, is dimensionless, andin this caseb will havethedimensionsof time.
However, whenI is measuredin morecommonlaboratoryunits, suchasmolesperliter, thedimensions
of b becomemorecomplicated(Appendix). In this section, we shallwork with simple, relativeunitsof
concentrationof sodiumchloride, so that b will havethe dimensionsof time, and, specifically, be in
units of seconds. Thereis no curve-fitting in this section. We aretrying to establisha plausiblesetof
parametervalues.

Thereis evidencethatthe“ time scale” or “ time range” of adaptation-dependentprocessesincreases
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 completion in an auditory ganglion cell, may require 60 secondsto go to
completionbehaviorally. Such a changein time scale is allowed for the the x-factor (0 < x < 1)
introducedin Box 13.1. That is, to andb, asmeasured, say, in anadaptationprocessin a ganglioncell,
becometo/ x and b/x respectivelyin a behavioral(psychophysical) adaptationprocess(decreasing
subjectivemagnitudewith increasingtime). Conversely, we canusethex-factor to convertthevalueof
to foundin a (behavioral) experimentonsimplereactiontime to a neuronalto-value

to(neuronal) = x to(behavioral)     (13.27a)

and

b(neuronal) = x b(behavioral).     (13.27b)

For time in general,

t(neuronalprocess) = x t(behavioralprocess)     (13.28)

The result of sucha transformationof variablesis to leaveinvariant the quantity of information
transmittedby an adaptationprocessmeasuredat any station betweenprimary afferent neuronand
muscle effector (e.g. vocal activity providing psychophysical report), which may be seen
mathematicallyasfollows. Betweentime, to, andanytime, t,

H(neuronal) = 1
2

ln(1 + b In/ to) - 1
2

ln(1 + b In/ t ) .     (13.29a)
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UsingEquations(13.27) and(13.28)

H(behavioral) = 1
2

ln(1 + xbIn/ (x to)) - 1
2

ln(1 + xbIn/ (x t )) .     (13.29b)

Thelattertwo equationsareidenticalsincex cancelsin Equation(13.29b), therefore,

H(neuronal) = H(behavioral).     (13.30)

That is, we measurethesamequantityof informationfrom a neuronalprocessasfrom a behavioral
(psychophysical) one. Moreover, from Equations(13.27a) and(13.27b),

b(neuronal) / to(neuronal) = b(behavioral) / to(behavioral).     (13.27c)

That is, the ratio b:to, whethermeasuredneuronallyor behaviorally, will be constant. The above
approachwill suffice for currentpurposes, but for furtherwork we mustseriouslyregardthematterof
note1, whereintheinformationalcontentof thetwo adaptationprocessescandiffer.

Let usturn our attentionnow to DH, which is aninformationalthreshold. We learnedin Chapter12
that DH = DF/k correspondedto that constantquantity of information transmittedwith a changein
subjectivemagnitudeof onejnd. While DH wasconstantfor eachsubject, themagnitudeof 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 valueof DH requiredfor reactionto a stimulus, or the absolutedetectionof a stimulus, need
not beequalto a quantityof arbitrarymagnitudedeterminedby themethodof theinvestigator. Ratherit
can be determinedby an averageor mean, independentof any criterion imposedby the investigator
(otherthanpressingthe button). We postulatedabovethat DH for absolutedetectionis approximately
equalto the entireinformationcapacityof the modality, or the channelcapacity, representedby Hmax.
As wehaveseen, this valuehasbeencitedasabout2.0 bits for taste, 2.5 bits for audition, etc.4

Finally, then, theproposeduniversalvaluesfor tasteof sodiumchloride.
Thereis very wide variation in the valuesof n cited for tasteof sodiumchloride, extendingfrom

about0.5 to 1.4. I haveselectedheren = 1.0, but I encouragethereaderto experimentwith othervalues
of n. Otherparametervalueswill changeasn is changed.

Accordingly, DH (absolutedetection) S 2.0 bits ® 2ln 2 = 1.39 naturalunits of information. DH
for discriminationof the jnd wastakenas0.126 naturalunits, the valuewe usedin Chapter12. There
is, of course, anarbitraryelementto DH(jnd), asdiscussedearlier.

Theproblemis, then, to find a valuefor to(neuronal), 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: ªThe activity of the chordatympani initiated by applying tastesolutionsto the tongueis
typically anasynchronousdischargeof impulses. For anelectrolytelike sodiumchloride, thelatencyof
the dischargeis of the order of 30 msec; ...º This value, however, is too great to permit the
informationalcalculationof simplereactiontimesthatarein accordancewith themeasurementsmade
by Bujasfor humanbeingsin 1935. A valueof to = 0.015 s or smallerwasnecessary; to = 0.015 s was
adopted.

By inspection, becauseit tendsto give the right answers, I selectedb/ to = 15, whenintensity, I, is
measuredin unitsrelativeto threshold= 1. Therefore, b = 0.225 s.

A proposeduniversalsetof parametersfor thetasteof sodiumchlorideis, then

n = 1.0 b = 0.225 s to = 0.015 s.

DH(absolutedetection) = 1.39 n.u.

DH(discriminationof jnd) = 0.126 n.u.     (13.31)

Using this parameterset, I submit, we can generatemost, if not all, of the sensoryfunctionsof
tastedsodiumchloridesolutions. Let' s checkit out.
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(i) Computingthevalueof theWeberconstant:

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 comparesfavorablywith the approximatevalue obtainedfrom Holway and Hurvich' s
data, asshownin Figure12.3.

(ii ) Computingtheequationrelating simplereactiontimeto stimulusintensity:

FromEquation(13.5), dividing by x to go from neuronalto behavioral,

tr min = (to/ x)e2DH = (0.015/0.5)e(2)(1.39) = 0.48 s.     (13.33)

FromEquation(13.6),

Imin =
(to/ x) (e2DH - 1)

b /x

1/n

.

x cancels, sothat

Imin =
0.015(e(2)(1.39) - 1)

0.225

1/1.0

= 1.0 relativeunits.     (13.34)

Whenthe abovevaluesfor tr min andImin areinsertedinto Equation(13.7), the resultingcurvecan
becomparedwith theexperimentaldataof Bujas(1935). Thepredictedcurveis not badat all. A better
fit to the datais obtainedby making a small adjustmentin the valuesof the parameters(bestmade
manuallyratherthanby leastsquares) sothat

tr min = 0.342 s,

Imin = 0.98 relativeunits.

    (13.33a)

    (13.34a)

Figure 13.4 Data of Bujas (1935). Simple reaction time to a gustatorystimulus (sodium
chloridesolution). Intensityof thestimulusis plottedin concentrationunits relativeto threshold
= 1. The smoothcurve is plotted using Equation(13.7) with tr min = 0.342 s and Imin = 0.98
units, very close to the valuesobtainedfrom the universalparameterset for tasteof sodium
chloride, Equation(13.31). The smoothcurve hasnot beencurve-fitted to the databy a least
squaresmethod(pleaseseemaintext).
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Theresultingcurve, togetherwith thedataof Bujasareplottedin Figure13.4. NoticethatEquation
(13.7) cannotbeproperlyfitted to thedataby a leastsquarescriterionappliedto theordinateonly (that
is, computingsumsof squaresof errors using ªerrorsº in simple reactiontime only, and ignoring
ªerrorsº in stimulusintensity), becauseof theextremesensitivityof thecurve-fit to thedatapoint with
the lowest intensity. Tiny errors in the abscissaof this data point changedthe parametersof the
curve-fit greatly.

Furtheranalysesof Bujas' datahavebeengivenby Norwich (1991).

(iii ) CalculatingtheWeberfraction asa functionof stimulusintensity:

FromEquation(12.6),

DI / I = (2DH/n) 1 + 1
(b / t ) In .     (13.35)

SubstitutingHolwayandHurvich' s t = 10 s, aswell asvaluesfor b, DH andn from (13.31),

DI / I =
(2) (0.126)

1.0
1 + 1

(0.225/10) I 1.0 .     (13.35a)

If theabovefunction is evaluatedfor I = 1 (threshold) to I = 160 (about4 M solution), theresultis
anapproximationto thefindingsof Holway andHurvich. Thetheoreticalcurveactuallyfalls somewhat
more rapidly than Holway and Hurvich' s curve (Fig. 12.2), similar to the curve of DI / I for sucrose
observedby Lemberger(Fig 3.5a). If the readerwishesto checkthe matchof the theoreticalcurveto
Holway andHurvich' s data, I recommendchangingconcentrationto molarunits in themannershown
in theAppendix. ThresholdS 0.025 M sothat l = 40. However, we arelucky, indeed, to evenhavean
approximationhere. We haveusedtheneuronalvalueof b (Whatvalueof x shouldbeused?), andhave
utilized Equation(12.6), a mode II equation, to describeHolway and Hurvich' s experimentswhich
were, in fact, conductedaccordingto modeI (referto Chapter12, ªOn thephysicalmeaningof DI º).

(iv) Calculatingtheinformationtransmittedby anadaptationprocessovert seconds:

Transmittedinformationfor a hypotheticalneuronaladaptationprocessis givenby

H = 1
2

ln(1 + bIn/ to) - Hmin .     (9.19) / (13.1)

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

H = 1
2

ln(1 + (0.225) (10)1.0/ 0.015) - Hmin

= 2.51 - Hmin naturalunits.

I do not know, a priori , thevalueof Hmin for neuronaladaptationto a sodiumchloridesolution, soI
cango no further. A valueof Hmin S 1.3 n.u. would leaveH at abouttheright value. That is, onewould
expectthatthesteadystatefiring rateof theneuronwouldbeaboutone-half of its maximumfiring rate.

(v) Calculatingthesubjectivemagnitudeasa functionof timein anadaptationprocess:

Let us re-cast the adaptationdataof Gent and McBurney, that we analyzedin Chapter11, into
relativeconcentrationunits. The 0.32 M solutionbecomes12.8 in units relativeto threshold(S 0.025
M). The value of n obtainedby Gent and McBurney for sodiumchloride for their subjectswas 0.5.
Then we must selectthe value of 12.86 secondsfor b, so that b In becomes(12.86)(12.8)0.5 = 46.s,
which is the value we obtainedby curve-fitting (seeChapter11). If b = 15to (seeaboveEquation
(13.31)), then to S 1 secondfor the tasteof sodiumchloride. Psychophysically, tasteintensitycurves
tendto risefor a few seconds(i.e. tasteintensitybuildsfor this time interval), sothecalculatedvalueof
to is, perhaps, tolerable.
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Again, we arenot curve-fitting in this section. Ratherwe aretrying to establisha plausiblesetof
values characterizingthe senseof taste of sodium chloride in all its manifestations, and the set
suggestedby Equation(13.31), with allowancemadefor the rangeof measuredvaluesof n, doesseem
to merit consideration.

THE LAWS OFBLONDEL AND REY, OFHUGHES, AND OFBLOCH AND
CHARPENTIERQQ

While the intensitiesof stimuli for reactiontime are at and abovethreshold, the intensitiesof
stimuli usedto demonstratethe law of Blondel andRey, etc. arepreciselyat threshold. ªHow long,º
theyasked, ªmusta stimulusof intensityIUbeheldso that thestimulusis just perceptible?º However,
despitethis shift in the scaleof intensity values, from the point of view of the entropy theory, the
Blondel-Rey andits associatedlaws utilize the samevariablesandparametersasthoseusedto define
simple reactiontime: stimulusintensity, I, durationof stimulus, t, as well as b and n, to and DH. It
seemsreasonablethat DH, the minimum quantityof information requiredto perceivea stimulusin a
Blondel-Rey experiment, would be the samequantity, DH, neededto reactin a simple reactiontime
experiment, sinceif you candetectthestimulusyou canreactto it. However, thereis roomfor error in
reasoninghere.

Anyway, algebraically, the Blondel-Rey equationshouldbe exactly the sameas the equationfor
simplereactiontime, with the termsrearranged, sinceall variablesandparametersarethe same. Here
the unifying capacityof the entropyequationis in clear evidence. Let us just rearrangethe termsin
Equation(13.7) while introducing(13.5):

(Imin / I )n = 1 - toe2DH / tr .     (13.36)

In keepingwith thenomenclatureof Equation(3.25), let usreplacetr by t, andImin by I¥ (which has
thesamemeaning), andI by I thresh. Then

I¥ / I thresh = (1 - to e2DH / t )1/n     (13.37)

or

I thresh/ I¥ = 1 - to e2DH / t
- 1/n

.     (13.38)

When

t >> to e2DH ,     (13.39)

we can expandthe right-handside of Equation(13.38) in a binomial seriesand drop termsof order
higherthanthefirst:5

I thresh/ I¥ = 1 + to e2DH / (nt) .     (13.40)

If wenowsettheconstant, to e2DH / n equalto a, wehave

I thresh/ I¥ = 1 + a/ t ,     (13.41)

which is thealgebraicform of theBlondel-Reylaw, Equation(3.25).
We havenot really completedthederivationof theBlondel-Reylaw (andits auditoryanalogwhich

we havecalledªHughes' lawº), becausethe variable, t, which appearsin Equation(13.41) represents
time sincestimulusonset, while t in Equation(3.25) representsthe 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
Blondel-Reyconstanthasbeenderivedto benot lessthan

a = to e2DH / n

= tr min / powerfunctionexponent.

    (13.42)

    (13.43)
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Thatis, theBlondel-Reyconstant, in our unifiedsystemof equationsfor sensation, is approximately
equal to the ratio of the minimumreaction time to a visual signal to the power function exponent
(“ Stevensexponent” ) for vision. We cantestthe theorypartially for at leastonesetof data, thesimple
reactiontime dataof DomaandHallett (Table13.2). Using the valueof tr min = 0.149 from Equation
(13.21) multiplied by theconductionfactor, x = 0.5 (takingusfrom behavioralto neuronaladaptation),
and power function exponentfor a point sourceon dark background= 0.5 (Corenand Ward, Table
2.11), wehavefrom Equation(13.43)

a = (0.5) (0.149) /0.5 = 0.149 s,     (13.44)

or, from first principles, to(neuronal) S0.002 s (valuefrom audition6,QQQ); DH = 1.75 n.u.;

a = to e2DH / n = 0.13 s.     (13.45)

Sincet (stimulusduration) < t (sinceonset) = bt, whereb < 1, ªtrue aº = a / b > a, referring to
Equation(13.41). Therangeof valuesmeasuredfor theBlondel-Reyconstantis givenby Williams and
Allen (1977, p. 43) as0.055 to 0.35, so the valuescalculatedby Equations(13.44) and(13.45) arein
accordwith themeasuredvalues.

Now, we mayrecall from Chapter3 thatBlondelandReyobservedthattheir law containedthelaw
of Bloch andCharpentier. That is, in Equation(13.41), when t is very small, the secondterm on the
right-handsidedominates, sothat

Imin / I¥ = a/ t ,

which is theBloch-Charpentierlaw. Therefore, sincewe havederivedEquation(13.41), we cando the
samething, therebyalsoderivingtheBloch-Charpentierlaw. Right?

Well, almostright. Don' t forget that we haveusedinequality(13.39) in orderto derive(13.41). If
we let t becometoo small, that is, if we usestimulusdurationsthat aretoo brief, we shall violate this
inequality. Again, takingto S 0.002 s. andDH = 1.75 n.u., we haveto e2DH = 0.066 s, sothatby (13.39)
we must have t > 0.066 s, and preferably t >> 0.066 s for validity of our derivation, while the
Bloch-Charpentierlaw is, apparentlyvalid experimentallyfor flashesmuchbriefer than0.066 s. Again,
wemustmakeallowancefor thefact thatt > tflash.

THE BLONDEL-REY LAW AND THE FERRY-PORTERLAW

We have seenin the previoussectionhow we were able to transformthe equationfor simple
reactiontime into the Blondel-Rey law by simplealgebraicmanipulation. Whenthe variablesarethe
sameand the parametersare the same, the laws must be mathematicallyidentical. We shall try the
sametrick with the Ferry-Porterlaw, but we are in deepwater– perhapstoo deep. We dealherenot
with a single stimulus, but with multiple, sequentialstimuli (flashes), which the entropy equation,
(13.1), wasnot constructedto handle. Betweenflashes, thereis a processof dark adaptation, which is
beyondour theoreticalgraspat this moment. We mustcontinueto dealwith thevariable, t, which is the
time sincestimulusonsetratherthan the flash duration. And we shall attemptto derive the curve for
pureconevision in thecentralfovea, althoughwe lack definitive knowledgeof therelevantDH-values.
However, thegamecanbe fun anyway. If you would like to follow mewhereangelswould, no doubt,
fearto tread, pleasereadon.

Again, a changein nomenclature. Let usrepresentI threshsimplyasI.
Then, Equation(13.40) becomes

I / I¥ = 1 + to e2DH / (nt) .     (13.46)

When

to e2DH/ (nt) << 1     (13.47)

(cf. Equation(13.39)), then, usinga Taylor series, we canapproximatetheright-handsideof Equation

Information, SensationandPerception. Ó KennethH. Norwich, 2003.



13. SimpleReactionTimesandtheBlondel-ReyLaw 158

(13.46) by anexponentialfunction:

I / I¥ = exp to e2DH

n
1
t .     (13.48)

Takinglogsof bothsides,

ln I - ln I¥ = to e2DH

n
1
t ,

or

(1/ t ) = (n/ to e2DH ) ln I - (n/ to e2DH ) ln I¥ .     (13.49)

Ignoring, for themoment, thedistinctionbetweent andflashduration, we write, for a flashinglight
with equaltimesfor ªonº andªoff,º

frequency= 1/ (2t )     (13.50)

critical fusionfrequency[CCF] = (n/2to e2DH )(1/ log10e) log10I

- (n/2to e2DH ) ln I¥ .     (13.51)

This equation, then, doesgive thecorrectalgebraicform of theFerry-Porterlaw,

CFF = c1 logI + c2,     (3.30)

andprovidestheoreticalvaluesfor theconstants, c1 andc2.
Informationally, Equation(13.51) statesthat a minimum time, t, mustpassin orderthat a flash of

intensity, I, may transmit a quantity of information, DH. If this criterion is met, the flash can be
discriminated, or seenªcrisply.º If the duration of time is less than t, the minimum ªquantumº of
information, DH, will not be transmitted, andthe flasheitherwill not bevisible or will mergewith the
next flash. A completeinformationaltreatmentof the Ferry-Porterlaw musttakeaccountnot just of a
single flash, but of the repetitive sequenceof flashesand the processof dark adaptationbetween
flashes. Suchanalysisis beyondthecurrentscopeof the theory. A completetheorymustalsotakeinto
accountthedistinctionbetweendurationandtime sinceonset.

Theslopeof thestraightline definedby Equation(13.51), obtainedby plotting CFFagainstlog10I,
can be evaluatedin one of two ways: to e2DH can be evaluatedfrom reactiontime data, or from first
principles.

(i) Usingdatafrom simplereactiontime with Equations(13.5) and(13.21),

to e2DH = xtr min = (0.5) (0.149) = 0.0745 s.

Thex carriesusfrom behavioralto neuronal. Again takingn = 0.5, theslope

(n / 2to e2DH )(1/ log10e) = 7.73 s
- 1

(s.r.t.)     (13.52a)

(ii ) Fromfirst principles, to e2DH = 0.002e(2)(1.75) = 0.066 s.
sothat

(n / 2to e2DH ) (1/ log10e) = 8.72 s
- 1

(first principles).     (13.52b)

Hecht(1934) suggestedthattheobservedvaluesfor slopetendto clusterabout11 s- 1 for imageson
thecentralfovea(nostatisticsweregiven), sothetheoreticalvaluesarequiteclose.

Wenoticethat, in theoryaswell asby experiment, theslopeof thestraight line in theFerry-Porter
law plottedusingcommonlogs is approximatelyequal to the reciprocal of the Blondel-Reyconstant
(comparingEquations(13.40) and(13.51) andnotingthat2 log10e S 1).

Again, hereas elsewhere, we are plaguedby the necessityof mergingthe resultsof experiments
that arenot quite compatible. We shouldvaluethe resultsof a studyon simplereactiontimesto light
restrictedto a narrowbeamon the fovea, or 5 degreesperipheralto the fovea, in orderto calculatethe
slopesof Ferry-Porterplotsmadefor thesameretinallocus.
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We observethat Equation(13.51) is valid, strictly speaking, only for valuesof t permittedby
inequality(13.47); that is, t of theorderof 0.13 s or greater(Equation(13.45)), correspondingat most
to 3 Hz (!?). However, the Ferry-Porterlaw is observedexperimentallyto be valid for frequenciesas
high asabout50 Hz. That is, thetheoreticalequation, (13.51) is valid overa rangeof frequenciesmuch
greaterthan we had any legitimatereasonto expect. The theoretician' s problemis usually quite the
oppositeof this: onecanoftennot find experimentalverificationover the rangeof valuesfor which an
equation was derived. Resolution of this paradox may lie in the same quarters as before:
tflash < t = tneuronal.

Theabovetheoreticalderivationof theFerry-Porterlaw is very brief, requiringonly aboutonepage
of developmentbeyondthe Blondel-Rey law. The readeris reminded, however, that this a kind of
conservationalderivation, dealingwith limits uponthe rateat which informationfrom a photonbeam
canbe transmittedto a photoreceptor. A gooddealof studyhasbeenmade, andis beingmade, of the
excellentpapersof E. Hisdal, in an effort to improvethe theoryasit is presentedhere. The brevity of
the theory, as put forth above, may be been taken to imply that the author is ignoring the truly
prodigiousnumberof scientific papersdealing with flickering lights and the mechanismof flicker
fusion phenomena. Thesepapershave not been ignored: the diffusion theory of Ives (1922), the
photochemicaltheory of Hecht and Verrijp (Hecht and Verrijp, 1933; Hecht, 1934, 1937), the
multiple-stagemodelsof Kelly (1961), andmanymorerecentefforts. The readeris remindedthat the
informationalapproachdoesnot competewith thesemodelsof mechanism; it complementsthemodels
of mechanism. The informational approach provides restrictions or guidelines governing the
developmentof mechanismsof any perceivingsystem. Mechanismsof perceptionandsensationmust
develop(evolve?) within thelimitationsimposedby informationtransfer.

BRIGHTNESSENHANCEMENT

ªBrightnessenhancementº refersto ªan increasein thebrightnessof an intermittentlight over that
of a steadylight of the the sameluminanceº (Graham, 1965). I havenot evenattemptedto treat this
phenomenonmathematically. Let me just remind the readerthat within the informationalor entropy
theory, varianceof light samples, ratherthantheir mean, is thedeterminantof brightness. Therefore, a
flickering light should, at appropriatefrequenciesof flicker, indeed, appearbrighterthana steadylight
of thesameluminance, sincetheflicker canin principleincreasethevarianceof samplesfrom thelight
beam.

OLFACTORYTHRESHOLDS

To concludethis chapter, we make a very approximatederivation of what is, in fact, a very
approximatelaw, givenby Equation(3.29). Takingcommonlogsof bothsidesof Equation(13.6) and
multiplying throughby n, gives

nlog10Imin = log10[to (e2DH - 1) /b] .     (13.53)

Is thereanyreasonto think, now, that thequantityof theright-handsideof this equationshouldbe
approximatelyconstantfor all odorants? We couldarguethematteron theoreticalterms, but I think the
resultwould be inconclusive. The bestonecansayat the momentis that if to(e2DH - 1)/b is constant
andequalto K, then

- nlog10Imin = K .     (13.54)

Usingthedefinitionof pol from Equation(3.28), wehave

(n)(pol) = K ,     (13.55)

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

In this chapter, we have pushedthe entropy theory to its current limits to derive, amongother
sensoryphenomena, simplereactiontime asa function of stimulusintensity, the Blondel-Rey-Hughes
law, theBloch-Charpentierlaw, andtheFerry-Porterlaw (in partonly).

Oneof thepromisingresultsof this chapter, I think, is thesetof parameterscharacterizingthetaste
of sodium chloride (Equation(13.31)). A time-lag factor, x, may have to be employed(or a more
cleverly formulateddevicethat will allow for conductiondelays), but, by andlarge, this parameterset
haspermittedus to account, in a quantitativeway, for the resultsof nearly all sodiumchloride taste
experimentsknownto this authorthat involve a single, pureNaCl stimulus. It will be instructiveto see
if this datasetwill becapableof predictingtheresultsof experimentsnot yet performedor unknownto
this author. The theory presenteddoesnot seemto be capableof explaining the increasein simple
reactiontime with increasingtastestimulusdurationreportedby Kelling andHalpern(1983).

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

(i) Relatingthe time scaleof behavioralevents(suchassimplereactiontimes) to the time scaleof
neuronalevents(suchas the adaptationin impulse rate at a ganglioncell). Thesescaleshavebeen
relatedby meansof the factor x, introducedin Box 13.1. The use of this factor is not completely
satisfactoryfrom thetheoreticalpoint of view, but it doesseemto work.

(ii ) Relatingthe time scaleof neuronaleventsto the time scaleof stimulusevents(that is, time
sinceonsetto durationof stimulus). Onemustbemindful of the lessonstaughtin this regardby Ward
(1991) psychophysically, andby WassermanandKong (1974) neurophysiologically. Nonetheless, the
algebraic forms of the laws of Blondel-Rey, Bloch-Charpentier, and Ferry-Porter have emerged,
completewith theoreticalderivationsof their respectiveconstants, when ªtime sinceonsetº replaces
ªdurationof stimulusº in therespectiveequations.

As we pressthevariablesI andt throughtheir completephysiologicalrangeof values, thequestion
of the constancyof the parametersmust 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 have to be
reexamined. Whetherto is a function of I is a moot point. Burke et al. (1987) found psychophysically
for sodium chloride, quinine sulfate and citric acid stimulation of the anterior tonguethat ªHigher
intensity ratings were associatedwith faster onsettimes ...,º while Traversand Norgren, recording
electrophysiologicallyin the nucleusof the solitary tract in rats(1989, Figure2), seemedto showthe
oppositefor sodiumchloridestimulationof theanteriortongueandnasoincisorducts.

We areapproachingtheendof our experimentalevaluationof theentropytheory. Only somebrief
remarkson the exponent, n, remainfor the next chapter. Although we haveencounteredthe current
limits to the theory in this chapter, one shouldnot forget the extraordinarilywide rangeof observed
sensoryeffectsthathavebeencapturedby the theory: Generalsensoryprinciplesexpressedby the law
of sensation, the principle of adaptation, the Weber fraction and simple reaction time; and the
derivationof a hostof specialempiricallaws, whichweshallnot enumeratehere.

APPENDIX: CHANGING THE UNITS OFTHE PARAMETERb

Sinceb occursalwaysin the combinationb In/ t, andbIn/ t is dimensionless[occurring, asit does,
in log(1 + bIn/ t )], thedimensionsof b arethoseof t / In. That is, if we alter theunits in which eitherI
or t aremeasured, wemustalterthevalueof theconstant, b, accordingly.

Considerparticularlya changein theunitsof I from I to IU. Supposethechangein unitsis governed
by theconstant, l , sothat

IU = l I .

Then,

b In = bU(IU)n = bU(l I)n = (bUl n) In .

Thatis,

bU = b / l n .
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For example, for tasteof sodiumchloride, with n chosenas1.3, if I is measuredin molarunits, and
IU is measuredin units relative to threshold= 1 unit, then l S 100 (sincethresholdis approximately
0.01 M). Thus,

bU = b / 1001.3 .

Thatis

b (with I in relativeunits) = 0.0025 b (with I in molarunits).

b (with I in relativeunits) will havethedimensionsof time.

NOTES

1. Theadoptionof DH for reaction= Hmax compelsus to makea distinctionbetweentheneuronal
and behavioraladaptationprocesses, which we havehitherto regardedas ªequivalent,º adoptingthe
symbolF to representboth. Whenwe analyzebehavioraladaptationdata, suchas thoseof Gentand
McBurney (1978), we find examplesof perceptiblestimuli that transmit fewer than Hmax bits of
information, which would not bepossibleif Hmax werethe thresholdfor absolutedetection. Hencemy
insistencethat Hmax units of information be transmittedby the correspondingneuronal adaptation
curve. Thuswe havepostulateda distinctionbetweenthetwo typesof adaptationprocess: theneuronal
processtransmitsa minimumof Hmax unitsof information, while thebehavioralprocessmayreflectthe
transmissionof lessinformation. Evidencein supportof this positionmaybefoundin Figures11.6 and
11.7, which eachdepictneuronaladaptationcurvesfor stimuli of 3 different intensities. In eachof the
threecurvesof Figure 11.6, (Fmax - Fmin) hasabout the samevalue. Similarly, in eachof the three
curvesof Figure 11.7, (Fmax - Fmin) has about the samevalue. That is, the curvesdo not adaptto
extinction. Since information, DH, is equal to (Fmax - Fmin) / k, therefore, approximatelythe same
quantityof informationis transmittedby thethreestimuli of different intensitiesthatgeneratedeachof
the threecurves. The threecurveshavedifferent amplitudes, signifying different stimulusintensities,
but transmitnearlythesamequantityof information.

2. Therearemanyvariationsin the way experimentsto measuresimple reactiontime arecarried
out. For example, readysignalsmy indicatean impendingstimulus (Kohfeld, 1969; Botwinick and
Storandt, 1972).

3. Thetermªlight intensityº is beingusedratherglibly here, whereproperphotometricunitsshould
be used. Preferablein most instanceswould be illuminance (millilamberts) or, perhapsretinal
illuminance(Trolands).

4. Thereareat leasttwo problemsthat issuefrom the useof the absoluteinformationalthreshold,
DH. One is that the thresholdintensity, I¥ , cannot, strictly speaking, be determinedby eliciting an
infinite reactiontime. It canbe determined, classically(e.g. Galanter, 1982), as the weakeststimulus
that canstill be detected(ªreactedtoº) 50 percentof the time. Modulatingfactorscanbe allowedfor
usingsignaldetectiontheory. Alternatively, onecanuseneural-quantumtheory(e.g. Stevens, 1961, pp
806-813). Thesecondproblemdeals, perhaps, with evenmoreprofoundissues. The two informational
thresholds, DH (discrimination of jnd), and DH (absolutedetection), have been found to differ
substantiallyin magnitudeof information. However, we canarguethatDH (absolutedetection) is, in a
sense, the first or lowest jnd – that is, it is the amountof information neededto discriminatethe
smallestperceptiblesignal from the zero signal. Why should this jnd require a greaterquantity of
informationthansubsequentjnd' s? Thereis somethinguniqueaboutthe ªfirstº jnd which I cannot, at
this moment, understand.

5. We notethatEquations(13.40) and(13.41) areindependentof theparameterb, dependingonly
on theparametersn, to andDH.

6. We notethat in writing Equations(13.44) and(13.45) no distinctionhasbeenmadebetweenthe
parameterscharacterizingphotopicandthosecharacterizingscotopicvision.

2003 ed. notes:
Q. Simple reactiontime, has, perhaps, undergonethe greatestmodification during the 11 years,

1992 to 2003. While maintaining the samegeneral form for tr , the parameter, b, has vanished,
permitting us to evaluatethe critical information ªquantumº, DH, in severalways. The new value
differs from the old, so that the set of parameterscharacterizingthe tasteof sodium chloride will
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changeaccordingly. However, the philosophyof approachto simplereactiontime remainsintact: one
canreactwhenhe/shehasreceivedat leastDH unitsof information.

QQ. Thederivationof the lawsof BlondelandReyandof FerryandPortercannow becarriedout
somewhatmore simply and briefly. The extent and effects of approximationcan be shown more
clearly. The derivationof the Ferry-Porter law hasbeenimprovedconsiderably, and insight into the
meaningof this law hasbeenenhanced. The new derivationleadsto a somewhatdifferent algebraic
form for thelaw. However, again, I retaintheoriginal derivationsin this secondeditionof ISP.

QQQ. Not correct. I discoveredseveralyearsafter ISP hadbeenpublishedthat the valueof t0 for
vision seemedto besomewhatgreaterthan0.002. As mentionedabovein noteQ, thevalueof DH has
alsobeenchanged. So this entirecalculationmustbe corrected. I retainthe original calculationshere,
as the best that could be done in 1992-3. The samecorrectionwill have to be applied to Equation
(13.52b): botht0 andDH will haverevisedvalues.

REFERENCES

Botwinick, J. andStorandt, M.A. Sensationandset in reactiontime. Perceptualand Motor Skills, 34, 103-106,
1972.

Boynton, R.M. 1961. Sometemporalfactorsin vision. In: SensoryCommunication, W.A. Rosenblith, Ed. The
M.I.T. Press, / Wiley, NewYork.

Bujas, Z. 1935. Le temps de r�action aux excitationsgustativesd' intensit� diff�rente. Societéde Biologie,
ComptesRendus, 119, 1360-1364.

Burke, D., Akontidou, A., and Frank, R.A. (1987). Time-intensity analysisof gustatorystimuli: Preliminary
assessmentof anewtechnique. Annalsof theNewYorkAcademyof Sciences, 510, 210-211.

Cattell, J.M. 1886. The influenceof the intensity of the stimuluson the length of the reactiontime. Brain, 8,
512-515.

Cherry, C. 1957. On Human Communication: A Review, A Survey, and a Criticism. The M.I.T. Press,
Cambridge, Mass.

Chocholle, R. 1940. Variationsdestempsde r�action auditifs en fonction de l' intensit� à diversesfr�quences.
l’AnnéePsychologique41, 65-124.

Coren, S., andWard, L. 1989. SensationandPerception(Third Edition). HarcourtBraceJovanovich, SanDiego.
Doma, H. andHallett, P.E. 1988. Rod-conedependenceof saccadiceye-movementlatencyin a foveatingtask.

VisionResearch, 28, 899-913.
Galanter, E. 1962. The detectionproblem. In: NewDirectionsin Psychology, Holt, RinehartandWinston, New

York.
Gent, J.F. andMcBurney, D.H. 1978. Time courseof gustatoryadaptation. Perceptionand Psychophysics, 23,

171-175.
Graham, C.H. (Ed) 1965. VisionandVisualPerception. Wiley, NewYork.
Halpern, B. 1986. Constraintsimposedon tastephysiologyby humantastereactiontime data. Neuroscienceand

BehavioralReviews, 10, 135-151.
Hecht, S. 1934. Vision II . The natureof the photoreceptorprocess. In: A Handbookof GeneralExperimental

Psychology, E. Murchison, ed. ClarkUniversityPress, Worcester, Massachusetts.
Hecht, S. and Verrijp, C.D. 1933-34. Intermittentstimulationby light: III . The relation betweenintensity and

critical fusionfrequencyfor differentretinallocations. Journalof GeneralPhysiology, 17, 251-268.
Hecht, S. 1937. Rods, conesandthechemicalbasisof vision. PhysiologicalReview, 17, 239-290.
Hecht, S. 1943. Vision: II . The natureof the photoreceptorprocess. In: A Handbookof GeneralExperimental

Psychology, C. Murchison, Ed., ClarkUniversityPress, Worcester, Mass.
Hellyer, S. 1963. Stimulus-responsecoding and the amountof information as determinantsof reactiontime.

Journalof ExperimentalPsychology, 65, 521-522.
Hick, W.E. 1952. On therateof gainof information. QuarterlyJournalof ExperimentalPsychology, 4, 11-26.
Hisdal, E. 1965. Information contentof a beamof photons. Journal of the Optical Societyof America, 55,

1446-1454.
Hyman, R. 1953. Stimulusinformationasa determinantof reactiontime. Journal of ExperimentalPsychology,

45, 188-196.
Ives, H.E. 1922. A theoryof intermittentvision. Journalof theOpticalSocietyof America, 6, 343-361.
Kelling, S.T. andHalpern, B.P. 1983. Tasteflashes: Reactiontimes, intensity, andquality. Science, 219, 412-414.
Kelly, D.H. 1961. Visual responsesto time-dependentstimuli. II Single channelmodel of the photopicvisual

system. Journalof theOpticalSocietyof America, 51, 747-754.

Information, SensationandPerception. Ó KennethH. Norwich, 2003.



13. SimpleReactionTimesandtheBlondel-ReyLaw 163

Klemmer, E.T. 1956. Time uncertainty in simple reaction time. Journal of ExperimentalPsychology, 51,
179-184.

Klemmer, E.T. 1957. Simplereactiontimeasa functionof timeuncertainty. Journalof ExperimentalPsychology,
54, 195-200.

Kohfeld, D.L. 1969. Effects of ready-signal intensity and intensity of the precedingresponsesignal on simple
reactiontimes. AmericanJournalof Psychology, 82, 104-110.

Libet, B. 1985. Unconsciouscerebralinitiative andtherole of consciouswill in voluntaryaction. Behavioraland
Brain Sciences, 8, 529-566.

Luce, R.D. 1986. ResponseTimes and their Role in Inferring ElementaryMental Organization. Oxford
UniversityPress, NewYork.

Marks, L. 1974. On scalesof sensation. PerceptionandPsychophysics, 16, 358-376.
Norwich, K.H., Seburn, C.N.L. andAxelrad, E. 1989. An informationalapproachto reactiontimes. Bulletin of

MathematicalBiology, 3, 347-358.
Norwich, K.H. 1991. Toward the unification of the laws of sensation: Somefood for thought. In: Sensory

Science: TheoryandApplicationsin Foods, H. LawlessandB.P. Klein Eds. Dekker, NewYork.
Pfaffmann, C. 1955. Gustatorynerveimpulsesin rat, catandrabbit. Journalof Neurophysiology, 18, 429-440.
Pfaffmann, C., Bartoshuk, L.M. and McBurney, D.H. 1971. The Handbookof SensoryPhysiology, Vol IV,

ChemicalSenses.2: Taste. Lloyd M. Beidler, Ed. Springer, NewYork.
Pi�ron, H. 1914. Recherchessur les lois de variationdestempsde latencesensorielleen fonction desintensit�s

excitatrices. l’Ann�e Psychologique, 20, 17-96.
Pi�ron, H. 1920-1. Nouvellesrecherchessur l' analysedu tempsde latencesensorielleet sur la loi qui relie ce

tempsà l' intensit� del' excitation. l’Ann�e Psychologique, 22, 58-142.
Pi�ron, H. 1952. TheSensations. YaleUniversityPress, NewHaven.
Rabbit, P. 1987. Reactiontimes. In: TheOxfordCompanionto theMind, R.L. Gregorywith O.L. Zangwill, Ed.,

OxfordUniversityPress, Oxford.
Rosenblith, W.A., andVidale, E.B. 1962. Neuroelectriceventsandsensorycommunication. In: Psychology: A

Studyof a Science, Volume4, SigmundKoch, Ed. McGraw-Hill , NewYork.
Stevens, S.S. 1961. Is therea quantalthreshold? In: SensoryCommunication, Ed. Walter A. Rosenblith, John

Wiley & Sons, NewYork.
Travers, S.P. and Norgren, R. 1989. The time courseof solitary nucleusgustatoryresponses: influence of

stimulusandsiteof application. ChemicalSenses, 14, 55-74.
Ward, L.M. 1991. Informationalandneuraladaptationcurvesareasynchronous. Perceptionand Psychophysics,

50, 117-128.
Wasserman, G.S., and Kong, K-L. 1974. Illusory correlationof brightnessenhancementand transientsin the

nervoussystem. Science, 184, 911-913.
Welford, A.T. 1980. ReactionTimes. A.T. Welford, Ed. AcademicPress, London.
Williams, D.H. andAllen, T.M. 1971. Absolutethresholdsasa functionof pulselengthandnull period. In: The

PerceptionandApplicationof FlashingLights. AdamHilger, andTheUniversityof TorontoPress.
Yates, G.K., Robertson, D. andJohnstone, B.M. 1985. Very rapid adaptationin the guineapig auditorynerve.

HearingResearch, 17, 1-12.

Information, SensationandPerception. Ó KennethH. Norwich, 2003.


