CHAPTER 15

BOLTZMANN AND BERKELEY

BOLTZMANN: F = kKHAND S = - kgHg

We now begin our philosophicalclimb up the left-hand side of the flow diagramin Figure 1.2.
Although the equationsarefew, onerequiressomeunderstandingf the ideaspresentecearlierin the
bookdealingwith statisticalmechanicsinformationtheoryandthe foundationof the entropytheoryof
perception

The H-function we havebeenusingin our sensorystudiesis an H-function of the type introduced
by ShannonH (suitablyconstructeflcanbeinterpretedasthe uncertaintythatprecedesn event or as
the information gainedupon perceivingthe outcomeof the event However the mannerin which we
have utilized the H-function is quite different from the mannerin which it has been used in
communicationscienceandin psychology As we observedn Chapter5, informationtheoryasused
in the latter disciplinesis nonuniquein character— that is, other measureof information are not
interdicted— andextrinsicin its application “Extrinsic’ implied thatthe H-measuras usedasa tag or
label on a given channel which might state for example “This channelhastransmitted100 bits of
information” It wasextrinsicto the physicaloperationof the channelin thatno equationgoverningthe
physicsof the channelcontainedthe labelled H-measureas a variable The extrinsic property of the
H-function asusedin communicationscienceand psychologyis bestunderstoodn contradistinction
to the intrinsic property of the H-function as usedin physics In Chapter6, we studied in very
preliminaryfashion the usemadeby Boltzmannof the H-function If H, denoteghe uncertaintyof the
humanperceiveraboutwhich microstateis assumedy an ensembleof molecules then Boltzmann
couldhavewrittent

S = kgH, . (6.20) / (15.1)

Thatis, physicalor thermodynamientropyis equalto Boltzmanns constant(namedin his honor
after his death) multiplied by the H-function Boltzmanns use of the H-function is both unique (no
otherfunction will do) andintrinsic. It is intrinsic becauseghe H-measuredoesenterdirectly into an
equationgoverningthe physicalstateof matter

Thepointof examiningtheseconceptss to help put our fundamentakquation

F=KH, (2.6) / (15.2)

into somesortof perspectiveThe useof theentropy H, in this equationis intrinsic, in the mannersed
by Boltzmann The mathematicaform of the H-function is unique No mathematicafunction for H
differing substantiallyfrom Equation(9.19) will likely possessts powerto embraceall the sensory
processesxaminedn ChapterslO throughl5. It shouldbe absolutelyclearthattheintrinsic mannetin
which the entropy/ informationconceptentersour equationsn this entropytheoryof perceptiordiffers
radically from the extrinsic useof entropy/ informationin communicationsscienceand psychology
Our use of the information conceptin the analysisof psychophysicalexperimentsis completely
differentfrom the mannemwhich GarnerandHakedescribedn their well-known paperin 1951.

In orderto draw perceptuatheory evencloserto statisticalmechanicslet us look a little more
deeply at the famous mathematicalfunction known as Boltzmanhs H-function Hg, which was
introducedn Chapter. Boltzmanndefinedthis functionby meansof the equation

He = - Of Inf dvm, (15.3)
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Table 15.1 ComparingHg (Boltzmanns H) with H (Shannohs H), and
S(physicalentropy with F (perceptuatentropy’)

Entropy H-function Evolutionof H Evolutionof entropy
S=-kgHg +constant Hg = of Inf dvy, %_';' £0° %? 3 00
F = kH + constant H = - ¢plnp dx %_T £ OR % £ 08

Note Discussionin main text From the right-hand column the evolution of physical or
thermodynamicentropy in time proceedsin the opposite direction from the evolution of
perceptual2entropy (the quantity usually called the 2perceptualvariable®). S and F are
analogougjuantities

* As aconsequencef molecularcollisions

QExpressiorof the secondaw of thermodynamics

R As aconsequencef thecentrallimit theorem

§ Expressiorof the principle of sensoryadaptation

wheredvy, is anelementin mspaceasdescribedn Chapter6. The quantity, f, is the densityof particles
in mspace that is the numberof particles per unit volume of mspace In fact, it can be shown
(Appendixy) thatin anequilibrium state apartfrom anadditiveconstant

Hg =-Hi, (15.4)
sothat from Equation(15.1)
S=-kgHs. (9.26) / (15.5)

Let usnow compareEquation(15.5) with (15.2), referringto Table15.1. We seethatin both cases
the variableon the left-handside of the equation(S or F) represents quantitywhich is measurablén
the laboratory thermodynamicentropyin one case and for example neuronalimpulserate in the
other On the right-hand side kg, which is Boltzmanns constant is (presumably an immutable
constantof nature while k is a constanthatis quite differentwhenappliedin different contextsor in
differentsensorysystemsHg is definedby Equation(15.3), while H is definedby Equation(9.23), the
symbolpsr beingrepresentedsp for simplicity. The additive2constants comefrom the discussiorin
the Appendixin onecase andfrom Equation(9.25a) in the other.

Apart from minus signs the differencebetweenthe two H-functions(Hg andH) stemsfrom the
difference betweenthe quantitiesf and p. f is the density of particlesin mspace while p is the
probability density of particlesin what is usually regardedas configurationspace(that is, ordinary;
Euclidean 3-dimensionakpacé. Hg is usuallytakenasa measureof disorder(Chapter9), while H is
relatedto the measureof uncertainty If particlesare clusteredtogetherin mspace so that somecells
aredenselypacked while othersareempty, the systemis regardedasbeingin anorderedstate andthe
value of Hg tendsto be large If we view mspaceasthe union of configurationspacewith 2velocity
space® the ordered state representsa concentratedgas in configuration space (for example all
moleculesof the gasin one cornerof a room), and a region of thermalnon-equilibrium in velocity
spaceBoltzmanhs H-theoremshowedfor molecularcollisionsthat

dHg
dt

£0. (9.27) / (15.6)

Thatis, Hg canneverincreaseTherefore anorderedstate with largerHg, will tendto evolveinto
a more disorderedstate with smaller Hg. Since S = - kgHg, we shall have (since kg > 0) as a
consequencef theminussign,

das ;
220, (15.7)

which stateghe well-knownrule thatphysicalor thermodynami@ntropytendsalwaysto increase
Now the H-function, as we have employedit in sensoryperception also beginsat its maximum
value (maximum uncertaintyaboutthe meanstimulusintensity), and then if the perceptualprocess
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continuesdecreaseasa consequencef the centrallimit theorem Thatis

daH
Heo. (15.8)

However sinceF = +kH (nominussignthistime),

dF
Ego0. (15.9)

So physicalentropyandthe perceptualariableevolvein time in oppositedirections SandF are
analogousvariables They are both laboratorydeterminedentropiesthat serve as measuref their
respectiveH-functions Thesetemsaresummarizedn Table15.1.

Letting our imaginationloose we might evokea comparisorbetweerthe evolutionof the universe
and the evolution of a percept The universe it is thought beganwith a big bangin a stateof low
physicalentropy andis evolving (2adapting) toward a stateof high physicalentropy In making a
percept we beginin a stateof high informationalentropyand (2evolve®) adapttoward a stateof low
informationalentropy Thatis, the procesf perceptions a2big crunch®

GEORGEBERKELEY: THE RELATIVITY OF PERCEPTION

"... it doe€ not appearto me, thattherecanbe any motion otherthanrelative sothatto conceive
motion, theremustbe at leastconceivedwo bodies whereofthe distanceor positionin regardto each
otheris varied Henceif therewasoneonly bodyin being it could not possiblybe moved This seems
evident in thattheideal haveof motiondoesnecessarilyncluderelation”

The readercan perhapsidentify the writer. My classeswhen| readthis passageneverfail to
identify the writer as Albert Einstein Einsteinintroducedwhat we now call the @specialtheory of
relativity® in a paperentitled 20n the Electrodynamicof Moving Bodies® publishedin 1905. The
above quotation however is taken from Section 112, part I, of 20On the Principles of Human
Knowledge® by GeorgeBerkeley publishedin 1710, 195 yearsbeforeEinsteinis famouspaper[refer,
for example to the volumeannotatedy M.R. Ayers(1975)]. Einstein of course carriedtheideamuch
further, and virtually reformulatedour ideas of spaceand time in rigorous mathematicalterms
Moreover hewasprobablytotally unawareof Berkeleys statemengat leastl canfind no evidencethat
he hadreadit), andnot particularlysympathetido Berkeleys theoriesof perceptionls it not, however
anarguablepointthat Berkeleywasthefirst modernrelativist?®

While | hope in the future, to explorethe link betweenHg andH in moredetail it wasnot, asl
have said earlier, by analogyto S=-kgHg that F = kH was written.* The F = kH relationship
emergedn my mind from considerationsf the philosophyof GeorgeBerkeley

Berkeley (1685 + 1753) cannotproperly be condensednto a portion of a chapter which is,
nonethelesall the spacenve mayallow him here Bornin Ireland educatedn Trinity College Dublin,
he becamea Fellow of that collegein 1707. Berkeley made numerouscontributionsto philosophy
Perhapsbest known of his works are @An Essaytowardsa New Theory of Vision°® (1709), and
aPrinciples...° first publishedthefollowing year. It is with the latteropusthatwe areconcerned

Berkeleys ideason perceptioncannotbe appreciatedfully without some understandingof the
theoriesof JohnLocke which precededim. Locke proposedhe existenceof a single2substancethat
constitutedthe essenceof matter The particlesof which this substancevas composedgaverise to
perceivablepropertiessuchas solidity and motion, called primary qualities and other propertiessuch
as color and sounds called secondaryqualities Berkeley however denied the reality of the
asubstanctor substratumthat could be postulatedout neverdirectly perceived Berkeleyfunctionally
replacedthe 2substanc of a body or objectby a Spirit, or an active being2possessing will .°° If the
spirit or mind were to be removed the body or object would then ceaseto exist But let us permit
Berkeleyto speakfor himself

aFor asto whatis said of the absoluteexistenceof unthinkingthingswithout any relationto their
beingperceivedthat seemgerfectlyunintelligible Their esses percipi, noris it possiblethey should
haveanyexistenceout of the mindsor thinking thingswhich perceivethem?®
(Principles, Part I, Section3)

Information SensatiorandPerceptionO KennethH. Norwich, 2003.



15. BoltzmanrandBerkeley 182

aSometruthsthereare so nearandobviousto the mind, thata manneedonly openhis eyesto see
them Suchl takethisimportantoneto be to wit, thatall the choir of heaverandfurniture of the earth
in a word all thosebodieswhich composethe mighty frame of the world, have not any subsistence
without a mind, thattheir beingis to be perceivedor known that consequentlgolong asthey arenot
actuallyperceivedoy me, or do notexistin my mind or thatof any othercreatedspirit, they musteither
have no existenceat all, or else subsistin the mind of some eternal spirit: it being perfectly
unintelligible andinvolving all the absurdityof abstractionto attributeto any single part of theman
existenceindependendf a spirit. To be convincedof which, the readerneedonly reflectandtry to
separateén his ownthoughtsthebeingof a sensiblehing from its beingperceived

(Principles, Part |, Section6)

alt is very obvious upontheleastinquiry into our own thoughts to know whetherit be possiblefor
usto understandvhatis meant by the absoluteexistenceof sensibleobjectsin themselvesor without
themind To meit is evidentthosewords mark out eithera direct contradiction or elsenothingat all.
... It is onthis thereforethat | insist to wit, thatthe absoluteexistenceof unthinkingthingsarewords
withouta meaning or whichincludea contradictiorP (Principles, Part |, Section24)

Esseis percipi, wrote Berkeley To be is to be perceived Without a perceiver there can be no
existence From Section7, Partl: 2Now for an ideato existin an unperceivingthing, is a manifest
contradiction for to haveanideais all oneasto perceive thatthereforewhereincolour, figure, andthe
like qualities exist must perceivethem henceit is clear there can be no unthinking substanceor
substratunof thoseideas® Somuch hethought for Locke

If to beis to be perceived doesthe tree ceaseto exist when| ceaseto perceiveit? No, replies
Berkeleyin Section48. 2For thoughwe hold indeedthe objectsof senseto be nothing elsebut ideas
which cannotexist unperceivedyet we may not henceconcludethey have no existenceexceptonly
while they are perceivedby us sincetheremay be someotherspirit that perceiveshemthoughwe do
not Whereverbodiesare saidto haveno existencewithout the mind, 1 would not be understoodo
meanthis or that particular mind, but all minds whatsoever It doesnot thereforefollow from the
foregoingprinciples thatbodiesareannihilatedandcreatedeverymoment or existnotat all duringthe
intervalsbetweerour perceptiorof them?®

DoesGod (the 2eternalspirit®) play the role of Perceivefin-Residencgretainingthe universein
existenceeven when you and I may slumbe® Berkeley is not absolutelyclear on this point He
followed his Principlesby a setof ThreeDialoguesBetweenHylas andPhilonous Hylas doubts while
Philonousarguesspiritedly for the principle of relative perception|t is not necessaryo havereadthe
Principlesto appreciatethe verbal sparring of Hylas and Philonous In Sections251-252 of the
Dialogues Philonousadvances theory of a kind of two-tiered existence 2When things are said to
beginor endtheir existencewe do not meanthis with regardto God, but his creaturesAll objectsare
eternallyknown by God or which is the samething, havean eternalexistencen his mind: but when
things beforeimperceptibleto creaturesare by a decreeof God madeperceptibleto them thenare
theysaidto beginarelativeexistencewith respecto createdninds®

In this book we are concernedwith the secondof Philonou$ existencesrelative existencewith
respectto createdminds God doesnot enterour secularequationsexplicitly asa Variable nor do |
believethatBerkeleyeverintendedHim in thatrole.

Berkeleywas perhapsthe first personwhose Weltanschauungor world view, was completely
dominatedby what we in the twentiethcenturycall the conceptof relativity. He clearly foresawthe
Einsteinianview of relativity of motion (the2principle of relativity®), asevidencedy Section112; and
healsocomprehendeah his essds percipi2therelativity of existence

| have never beenable to refute the Berkeleianposition that no meaningcan be assignedto
aexistenceé exceptwithin the mind of a perceiver Moreover | have alwaysfelt that aswe, in the
sciencesapproactthe coreof theissueof perceptionwhetherby the avenueof biology, psychologyor
physics we shallfind Berkeleianrelativity awaitingus Specifically, whetherdescribingthe effectsof a
light flashthroughpsychophysicsor the spacetime trajectoryof the quantumof light throughphysics
our equationsof perceptionwill contain immanentwithin them Berkeleys relativity of existencel
beganthinking abouttheseproblemsasa studentin 1959, andl havecarriedthemwith meeversince

In the courseof the precedingew pageswe haveprobedBoltzmanns equations little deeperand
we havetried to capturethe gist of Berkeleys Principles Still, you may haveno senseyet, of how
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Boltzmanns andBerkeleys ideasmight merge Thereis only a thin strandwhich might unite the two,
astrandthat! shalltry to extendin the courseof thenextchapter

APPENDIX THE NEAR-EQUIVALENCE OF Hg AND H;,

H, hasbeendefinedfor the equilibriumstateby

H =InW, (6.19)
andHsg by theequation
He =Q Of Infdvm. (15.3)

If we representheintegralby asummationthen

He = & fi Infi dvm, (A15.1)

i=1
wheren is thetotal numberof cellsin mspaceFromthedefinition of f,
fi = Ni/de, (A15.2)

whereN; is the numberof particlesin thei™ cell (cf. Chapter6). Combiningthe lattertwo equations

n
Hg = & (Ni/dvi) IN(Ni/dve)  dVim
i=1
ln n
o o
=a N; InN; - a Ni Indvy, .
i=1 i=1
Recallingthat

Ni =N, (6.18)

Qo

1l
iy

NiInN; - NIndv. (A15.3)

Qo5

HB:
1

i
Now, from Equation(6.17), thenumberof microstatesW, is givenby

w= N (6.17)
NINo! .. '

whereN is the numberof phasepoints Takinglogarithmsof bothsides
n
INW = InN! - § InN;! (A15.4)

i=1
Using Stirling' s Rule, which stateghat

Inx!' SxInx- x, (A15.5)
we have

o o
INWSNINN- N- g NiInN; + g N; . (A15.6)

i=1 i=1

Thatis, asfoundin Equation(6.23),
n

INWS-g NiInN; +NInN. (A15.7)

i=1
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Sincewe seefrom EquationgA15.3) and(A15.7) thatif nandN areconstantthen
H S-Hg, (A15.8)
ignoringadditiveconstantsTherefore from Equation(6.20),

S=- kBHB . (926)

NOTES

1. Although Boltzmannmighthavewritten this equationin exactlythis form, he did notdo sa The
H,-function, aswe havedefinedit, wasnot@invente@ until afterhis death

2. | havechangeadothto doesto try to disguisethe centuryof writing.

3. | am discounting Galileo for this honor, since what is termed 2the Galilean principle of
relativity® doesnot breakwith our intuitive notionsof space The historiansof sciencemay berateme
here

4. Moles (1966) pp. 22-23 anticipatedthe S = - ksHg « F = kH relationshipwhen he observed
thesimilarity betweerBoltzmanns S = kglogW andWeberFechners F = klogl.

5. An interpretatiorof M. R. Ayers(1975).
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