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Abstract

Thispaperis writtenin threemainsectionsin the rst andthird, W. W. isresponsibléothfor theideas
andtheform. Themiddle section,namely“2), CommunicatiorProblemsof Level A’ is aninterpreta-
tion of mathematicapapersoy Dr. ClaudeE. Shannorof the Bell Telephond_aboratories Dr. Shan-
non's work rootsback,asvon Neumannrhaspointedout, to Boltzmann$ obseration, in someof his

work on statisticalphysics(1894),thatentropy is relatedto “missing information’ inasmuchasit is

relatedto thenumberof alternatveswhichremainpossibleio aphysicalsystemafterall themacroscop-
ically obserableinformationconcerningt hasbeernrecordedL. Szilard(Zsch.f. Phys.Vol. 53,1925)

extendedthis ideato a generaldiscussiorof informationin physics,andvon NeumannMath. Foun-

dationof QuantumMedanics Berlin, 1932,Chap.V) treatednformationin quantummechanicand

particlephysics.Dr. Shannors work connectsnoredirectly with certainideasdevelopedsometwenty

yearsagoby H. NyquistandR. V. L. Hartley, bothof the Bell LaboratoriesandDr. Shannorhashim-

self emphasizedhat communicatiortheory owesa greatdebtto ProfessoNorbertWienerfor much

of its basicphilosophy ProfessoMiener on the otherhand, points out that Shannors early work

on switchingandmathematicalogic antedatedhis own interestin this eld; andgenerousladdsthat

Shannorcertainlydeserescreditfor independentlevelopmenbf suchfundamentahspect®f thethe-

ory astheintroductionof entropicideas.Shannorhasnaturallybeenspeciallyconcernedo pushthe

applicationsto engineeringcommunicationwhile Wienerhasbeenmore concernedvith biological

application(centralnenoussystenphenomenagtc.).

1 Intr oductory Note on the General Setting of the Analytical
Communication Studies

1.1 Communication

The word communicatiorwill be usedherein a very broadsenseto include all of the proceduresy
which onemind may affect another This, of course,involvesnot only written andoral speechput also
music, the pictorial arts, the theatre the ballet, andin fact all humanbehaior. In someconnectionst
may be desirableto usea still broaderde nition of communicationnamely onewhich would include
the proceduredy meansof which one mechanisnm(say automaticequipmentto track an airplaneand
to computeits probablefuture positions)affects anothermechanisn{say a guidedmissile chasingthis
airplane).

Thelanguageof thismemorandunwill oftenappeato referto thespecial but still very broadandimpor-
tant, eld of thecommunicatiorof speechbut practicallyeverythingsaidappliesequallywell to musicof
ary sort,andto still or moving pictures,asin television.
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1.2 ThreeLevelsof CommunicationsProblems

Relatve to the broadsubjectof communicationthereseemto be problemsat threelevels. Thusit seems
reasonabléo ask,serially:

LEVEL A. How accuratelycanthesymbolsof communicatiorbetransmitted{Thetechnicalproblem.)

LEVEL B. How preciselydo thetransmittedsymbolscorvey the desiredmeaning?The semantiqrob-
lem.)

LEVEL C. How effectively doestherecevedmeaningaffect conductin thedesiredvay? (Theeffective-
nessproblem.)

Thetednical problemsareconcernedvith theaccurag of transferencérom sendeto recever of setsof
symbols(written speech)pr of a continuouslyvarying signal(telephonicor radio transmissiorof voice
or music),or of acontinuouslywaryingtwo-dimensionapattern(television), etc. Mathematicallythe rst
involvestransmissiorof a nite setof discretesymbols,the secondthe transmissiorof one continuous
functionof time, andthethird thetransmissiorof mary continuoudunctionsof time or of onecontinuous
functionof time andof two spacecoordinates.

The semanticproblemsare concernedvith the identity, or satisfctorily closeapproximation,n thein-
terpretationof meaningby the recever, ascomparedwith the intendedmeaningof the sender This is
a very deepandinvolved situation, even when one dealsonly with the relatively simpler problemsof
communicatinghroughspeech.

Oneessentiatomplicationis illustratedby the remarkthatif Mr. X is suspectedhot to understandvhat
Mr. Y says,thenit is theoreticallynot possible by having Mr. Y do nothingbut talk furtherwith Mr. X,
completelyto clarify this situationin arny nite time. If Mr. Y says“Do you now understanane?” and
Mr. X says“Certainly, | do; thisis not necessarilya certi cation that understandindpasbeenachieved.
It may just be thatMr. X did not understandhe question. If this soundssilly, try it againas“Czy pa
mnierozumie?”with theanswer*Hai wakkateimasu’ | think thatthis basicdif culty ! is, atleastin the
restrictedeld of speeclcommunicationfeducedo atolerablesize(but never completelyeliminated)by
“explanations”which (a) are presumablynever morethanapproximationdo the ideasbeingexplained,
but which (b) are understandablsincethey are phrasedn languagewhich haspreviously beenmade
reasonablyclearby operationameans.For example,it doesnot take long to make the symbolfor “yes”
in ary languageoperationallyunderstandable.

The semanticproblemhaswide rami cations if onethinks of communicationin general. Considey for
example themeaningto a Russiarof aU.S. newsreelpicture.

The effectivenesproblemsare concernedvith the successvith which the meaningcorveyedto there-

ceiver leadsto the desiredconducton his part. It may seemat rst glanceundesirablynarrav to imply

that the purposeof all communications to in uence the conductof the recever. But with ary reason-
ably broadde nition of conduct,it is clearthatcommunicatioreitheraffects conductor is without any

discernibleandprobableeffect at all.

When Pfungst(1911)demonstratethatthehorsef Elberfeld, whowereshoving manelouslinguisticandmathematical
ability, were merelyreacting.tomovementsof the trainer's head,Mr. Krall (1911),their owner, metthe criticism in the most
directmanner He asledthe horseswvhetherthey could seesuchsmallmovementsandin answerthey spelledoutanemphatic
"No. Unfortunatelywe cannotall be so surethat our questionsare understoodr obtainsuchclearanswers. SeelLashley,
K. S.,"PersistenProblemsn the Evolution of Mind” in Quarterly Review of Biology, v. 24, March,1949,p. 28.
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The problemof effectivenessnvolvesaesthetiaconsiderationsn the caseof the ne arts. In the caseof
speechywritten or oral, it involvesconsiderationsvhich rangeall the way from the meremechanicof
style,throughall the psychologicabndemotionalaspect®f propagandéheory to thosevaluejudgments
which arenecessaryo give usefulmeaningto thewords“success’and“desired”in the openingsentence
of this sectionon effectiveness.

The effectivenesgproblemis closelyinterrelatedwith the semanticproblem,and overlapsit in a rather
vagueway; andthereis in factoverlapbetweerall of the suggestedateyoriesof problems.

1.3 Comments

So stated,onewould beinclinedto think thatLevel A is arelatively super cial one,involving only the
engineeringletailsof gooddesignof acommunicatiorsystemwhile B andC seemto containmostif not
all of the philosophicalkontentof the generalproblemof communication.

The mathematicatheory of the engineeringaspectf communicationas developedchie y by Claude
Shannorat the Bell Telephond_aboratoriesadmittedlyappliesin the rst instanceonly to problemA,

namely the technicalproblemof accurag of transferenceof varioustypesof signalsfrom senderto
recever. But thetheoryhas,| think, a deepsigni cance which provesthat the precedingparagraphs
seriouslyinaccurate.Part of the signi cance of the new theorycomesfrom the factthatlevelsB andC,
above,canmalke, useonly of thosesignalaccuraciesvhichturnoutto bepossiblewhenanalyzedat Level

A. Thusary limitations discoveredin the theoryat Level A necessarilyapplyto levelsB andC. But a
larger part of the signi cance comesfrom the fact that the analysisat Level A discloseghatthis level
overlapsthe otherlevels more thanone could possiblenavely suspect. Thusthe theoryof Level A is,

at leastto a signi cant degree,alsoa theoryof levels B andC. | hopethatthe succeedingartsof this
memorandunwill illuminate andjustify thesdastremarks.

2 Communication Problemsat Level A

2.1 A Communication Systemand Its Problems

Thecommunicatiorsystemconsiderednaybe symbolicallyrepresentedsfollows: (seepage4)

Theinformationsource, selectsa desiredmessge out of a setof possiblemessageghisis a particularly
importantremark,which requiresconsiderablexplanationlater). The selectednessagenay consistof
written or spokenwords,or of pictures,music,etc.

Thetransmitterchangeghis messgeinto the signalwhichis actuallysentover the communicatiorchan-
nelfrom thetransmitterto thereceiver In the caseof telephory, thechanneis awire, thesignalavarying
electricalcurrenton this wire; the transmitteris the setof devices (telephonetransmitter etc.) which

changethe soundpressureof the voice into the varying electricalcurrent. In telegraphy the transmitter
codeswritten wordsinto sequencesf interruptedcurrentsof varying lengths(dots, dashesspaces).In

oralspeechtheinformationsourcds thebrain,thetransmitteiis thevoicemechanisnproducingthevary-

ing soundpressurdthe signal)whichis transmittedhroughthe air (the channel).In radio,the channels

simply spacgor theaetherif any onestill prefersthatantiquatecandmisleadingword), andthe signalis

theelectromagnetigvave whichis transmitted.
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The receiveris a sort of inversetransmittey changingthe transmittedsignal backinto a messageand
handingthis messag®n to the destination Whenl talk to you, my brainis theinformationsource yours

the destination;my vocal systemis the transmittey and your earandthe associatecighth nerne is the
recever.

In the processof beingtransmittedjt is unfortunatelycharacteristicdhat certainthings areaddedto the
signalwhich werenotintendedby the informationsource.Theseunwantedadditionsmay be distortions
of sound(in telephory, for example)or static (in radio), or distortionsin shapeor shadingof picture
(television),or errorsin transmissiorftelegraphyor facsimile),etc. All of thesechangesn thetransmitted
signalarecallednoise

Thekind of questionsvhich oneseekgo askconcerningsucha communicatiorsystemare:

a. How doesonemeasureamountof informatior?
b. How doesonemeasurehe capacityof acommunicatiorchannel?

c. Theactionof thetransmitterin changingthe messagénto the signalofteninvolvesa codingprocess
Whatarethe characteristicef anef cient codingprocess?And whenthe codingis asefcient as
possible atwhatratecanthe,channekorvey information??

d. What arethe generalcharacteristicof nois€? How doesnoiseaffect the accurag of the message
nally recevedatthe destination?How canoneminimize the undesirablesffects of noise,andto
whatextentcanthey beeliminated?

e. If thesignalbeingtransmitteds continuougasin oral speector music)ratherthanbeingformedof
discretesymbols(asin written speechtelegraphy etc.),how doesthis factaffectthe problem?

We will now state withoutarny proofsandwith aminimumof mathematicalerminology the mainresults

which Shannorhasobtained.

2.2 Information

Thewordinformation in thistheory is usedin a specialsenseghatmustnot be confusedwith its ordinary
usageln particular informationmustnot be confusedwvith meaning.
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In fact, two messagesyneof which is heavily loadedwith meaningandthe otherof which is purenon-
sensecanbe exactly equivalent,from the presentviewpoint, asregardsinformation. It is this, undoubt-
edly, that Shannommeansvhenhe saysthat“the semantiaspect®f communicatiorareirrelevantto the
engineeringaspects. But this doesnot meanthatthe engineeringaspectarenecessarilyrrelevantto the
semantiaspects.

To be sure,this word informationin communicatiortheoryrelatesnot so muchto whatyou do say as
to whatyou could say Thatis, informationis a measureof one's freedomof choicewhenone selects
a message.If oneis confrontedwith a very elementarysituationwhere he hasto chooseone of two
alternatve messageghenit is arbitrarily saidthattheinformation,associatedavith this situation,is unity.
Notethatit is misleading(althoughoften corvenient)to saythatoneor the othermessagegornveys unit
information. Theconcepbf informationappliesnotto theindividual messagegstheconcepbf meaning
would), but ratherto the situationasa whole, the unit informationindicatingthatin this situationonehas
anamountof freedomof choice,in selectinga messagewhichit is corvenient-toregardasa standarcdr
unitamount.

The two messagebetweernwhich onemustchoosejn sucha selectioncanbe anything onelikes. One
might be the text of the King JamesVersionof the Bible, andthe othermight be “Yes” Thetransmitter
mightcodethesetwo messagesothat“zero” is thesignalfor the rst, and“one” thesignalfor thesecond;
or sothataclosedcircuit (current o wing) is thesignalfor the rst, andanopencircuit (nocurrent o wing)

thesignalfor the second.Thusthetwo positions,closedandopen,of a simplerelay, might correspondo

thetwo messages.

To besomavhatmorede nite, theamountof informationis de ned, in thesimplestcasesto bemeasured
by the logarithmof the numberof available choices. It beingcornvenientto uselogarithmg to the base
2, ratherthan commonor Briggs' logarithmto the basel0, the information, whenthereare only two
choicesjs proportionatlto thelogarithmof 2 to thebase2. But this is unity; sothata two-choicesituation
is characterizedy information of unity, as hasalreadybeenstatedabove. This unit of informationis
calleda“bit,” thisword, rst suggestedby JohnW. Tukey, beinga condensatioof “binary digit.” When
numbersareexpressedn the binary systenthereareonly two digits, namely0 and1; justastendigits, 0
to 9 inclusive, areusedin the decimalnumbersystemwhich employs 10 asa base.Zeroandonemaybe
takensymbolicallyto represenary two choicesasnotedabove; sothat“binary digit” or “bit” is natural
to associatevith thetwo-choicesituationwhich hasunit information.

If one hasavailable say 16 alternatve messageamongwhich he is equally free to choose thensince
sothat , onesaysthatthis situationis characterizedby 4 bits of information.

It doubtlessseemsgueer whenone rst meetsit, thatinformationis de ned as the logarithm of the
numberof choices But in theunfoldingof thetheory it becomesnoreandmoreobviousthatlogarithmic
measuresrein factthe naturalones. At the moment,only oneindicationof this will be given. It was
mentionedabove thatonesimpleon-oroff relay with its two positionslabeled,say 0 andl respecitiely,
can handlea unit information situation,in which thereare but two messagehoices. If onerelay can
handleunit information,how muchcanbe handledby saythreerelays?It seemssery reasonabléo want
to saythatthreerelayscould handlethreetimesasmuchinformationasone.And thisindeedis theway it
worksoutif oneuseghelogarithmicde nition of information.For threerelaysarecapableof responding
to or 8 choices,which symbolically might be written as 000,001,011, 010, 100,110,101, 111,in
the rst of which all threerelaysareopen,andin the lastof which all threerelaysare closed. And the
logarithmto thebase2 of is 3, sothatthelogarithmicmeasuressignghreeunitsof informationto this

2When ,then issaidto bethelogarithmof tothebase .
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situation,just asonewould wish. Similarly, doublingthe availabletime squareghe numberof possible
messagesnddoubleghelogarithm;andhencedoublesheinformationif it is measuredogarithmically

Theremarksthusfar relateto arti cially simplesituationswheretheinformationsourceis freeto choose
only betweerseveralde nite messages—Ii&a manpicking out oneof a setof standardirthdaygreeting
telegrams. A more naturaland moreimportantsituationis thatin which the information sourcemakes
a sequencef choicesfrom somesetof elementarysymbols,the selectedsequencehen forming the
messageThusa manmay pick out oneword afteranotheytheseindividually selectedvordsthenadding
up to form themessage.

At this pointanimportantconsideratiorwhich hasbeenin the backgroundsofar, comesto the front for
major attention. Namely the role which probability playsin the generatiorof the message For asthe
successie symbolsare chosenthesechoicesare, at leastfrom the point of view of the communication
system,governedby probabilities;andin fact by probabilitieswhich are notindependentbut which, at
ary stageof the processdependuponthe precedingchoices. Thus,if we are concernedvith English
speechandif thelastsymbolchosens “the,” thenthe probability thatthe next word be an article, or a
verb form otherthana verbal,is very small. This probabilisticin uence stretchesover morethantwo
words, in fact. After the threewords*in the event” the probability for “that” asthe next word is fairly
high, andfor “elephant’asthe next word is very low.

Thatthereareprobabilitieswhich exertacertaindegreeof controloverthe Englishlanguagealsobecomes
obvious if one thinks, for example, of the fact thatin our languagethe dictionary containsno words.
whatsoger in which theinitial letterj is followedby b, c, d, f, g,j, k, 1,9, 1, t, v, w, X, or z; sothatthe
probability is actuallyzerothataninitial j be followed by ary of theseletters. Similarly, anyonewould
agree. that the probability is low for sucha sequencef words as“Constantinopleshing nastypink.”
Incidentally it is low, but not zero;for it is perfectlypossibleto think of a passagén which onesentence
closeswith “Constantinople shing,” and the next begins with “Nasty pink” And we might obsenre
in passingthat the unlikely four-word sequenceainderdiscussiorhasoccurredin a singlegood English
sentencenamelythe oneabove.

A systemwhich producesa sequenceof symbols(which may, of course,be lettersor musical notes,
say ratherthanwords)accordingto certainprobabilitiesis called a stodastic process andthe special
caseof a stochastigrocessn which the probabilitiesdependon the previous events,is calleda Markoff
processor a Markoff chain. Of the Markoff processesvhich might concevably generatenessageghere
is a specialclasswhich is of primary importancefor communicatiortheory thesebeingwhatare called
ergodicprocessesTheanalyticaldetailsherearecomplicatedandthereasoningodeepandinvolvedthat
it hastaken someof the bestefforts of the bestmathematician$o createthe associatedheory; but the
roughnatureof anergodic processs easyto understandlt is onewhich producesa sequencef symbols
which would be a poll-taker's dream,becausery reasonablyarge sampletendsto be representatie of
the sequencasa whole. Supposehat two personschoosesamplesn differentways, and study what
trendstheir statisticalpropertiesvould shov asthesamplesbecomdarger If thesituationis ergodic,then
thosetwo personshoweverthey may have chosertheir samplesagreein their estimate®of the properties
of thewhole. Ergodic systemsin otherwords,exhibit a particularlysafeandcomfortingsortof statistical
regularity.

Now let usreturnto theideaof information Whenwe have aninformationsourcewhichis producinga
messagéy successiely selectingdiscretesymbols(letters,words, musicalnotes,spotsof a certainsize,
etc.),the probability of choiceof the varioussymbolsat onestageof the procesdeingdependenbn the
previouschoiceq(i.e.,a Markoff process)whatabouttheinformationassociateavith this procedure?
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The quantitywhich uniquely meetsthe naturalrequirementshat onesetsup for “information” turnsout
to be exactly thatwhich is known in thermodynamicssentopy. It is expressedn termsof the various
probabilitiesinvolved—thoseof gettingto certainstagesin the processof forming messagesandthe
probabilitiesthat,whenin thosestagescertainsymbolsbe chosemext. Theformula, moreover, involves
the logarithm of probabilities,sothatit is a naturalgeneralizatiorof the logarithmicmeasurespolen of
above in connectiorwith simplecases.

To thosewho have studiedthe physicalsciencesjt is mostsigni cant that an entrogy-like expression
appearsn thetheoryasa measuref information. Introducedby Clausiusnearlyonehundredyearsago,

closely associatedvith the nameof Boltzmann,and given deepmeaningby Gibbsin his classicwork

on statisticalmechanicsentrofy hasbecomeso basicand penasive a conceptthat Eddingtonremarks
“The law thatentropy alwaysincreases—thesecondaw of thermodynamics—holds think, thesupreme
positionamongthelaws of Nature’.

In the physicalsciencestheentrofy associatedavith a situationis ameasuref the degreeof randomness,
or of "shuf edness”if youwill, in the situation;andthetendeng of physicalsystemgo becomdessand
lessorganizedto becomemoreand more perfectlyshufed, is so basicthat Eddingtonarguesthatit is
primarily this tendeng which givestime its arrov—which would reveal to us, for example,whethera
movie of the physicalworld is beingrun forward or backward.

Thuswhenonemeetgheconcepbf entrofy in communicatiortheory hehasaright to beratherexcited—
arightto suspecthatonehashold of somethinghatmayturnoutto bebasicandimportant. Thatinforma-
tion be measuredby entroyy is, afterall, naturalwhenwe remembethatinformation,in communication
theory is associateavith the amountof freedomof choicewe have in constructingmessagesThusfor
a communicatiorsourceone cansay just ashe would alsosayit of a thermodynamiensemble;This
situationis highly organized,it is not characterizedby a large degreeof randomnessr of choice—that
is to say theinformation(or the entrogy) is low.” We will returnto this point later, for unlessl am quite
mistalken, it is animportantaspecbf the moregenerakigni canceof thistheory

Having calculatedthe entrofy (or the information, or the freedomof choice)of a certaininformation
source pnecancomparehisto themaximumvaluethis entropy couldhave, subjectonly to. the condition
thatthe sourcecontinueto employ the samesymbols. Theratio of the actualto the maximumentroyy is
calledtherelativeentropy of the source.If therelative entrogy of a certainsourceis, say.8, this roughly
meanghatthis sourceis, in its choiceof symbolsto form a messageabout80 percentasfreeasit could
possiblybe with thesesamesymbols. One minusthe relative entrogy is calledthe redundancy This is
the fraction of the structureof the messagevhich is determinechot by the free choiceof the senderbut
ratherby the acceptedstatisticalrulesgoverningthe useof the symbolsin question.It is sensiblycalled
redundang, for this fraction of the messagés in factredundantn somethingcloseto the ordinarysense;
thatis to say this fraction of the messagés unnecessarfandhencerepetitve or redundantjn the sense
thatif it weremissingthe messagevould still be essentialljcomplete or atleastcouldbe completed.

It is mostinterestingto notethattheredundang of Englishis justabout50 percent? sothatabouthalf of
thelettersor wordswe choosen writing or speakingareunderour free choice,andabouthalf (although
we arenot ordinarily awareof it) arereally controlledby the statisticalstructureof the language.Apart
from moreseriousimplications,which againwe will postponeo our nal discussionit is interestingto
note that a languagemusthave at least50 per centof real freedom(or relative entrofy) in the choice
of lettersif oneis to be ableto constructsatishctory crossvord puzzles. If it hascompletefreedom,
thenevery array of lettersis a crossvord puzzle. If it hasonly 20 per centof freedom,thenit would

3The 50 per cent estimateaccountsonly for statisticalstructureout to abouteight letters, so that the ultimate value is
presumabha little highet
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be impossibleto constructcrossvord puzzlesin suchcompleity and numberaswould make the game
popular Shannorhasestimatedhatif the Englishlanguagenadonly about30 percentredundany, then
it would be possibleto constructhree-dimensionatrossvord puzzles.

Before closingthis sectionon information, it shouldbe notedthatthe real reasornthat Level A analysis
dealswith a conceptof informationwhich characterizeshe whole statisticalnatureof the information
source,andis not concernedwith the individual messagegand not at all directly concernedwith the
meaningof the individual messagesis that from the point of view of engineering,a communication
systemmustfacethe problemof handlingany messagé¢hatthe sourcecanproduce If it is not possibleor
practicableo designa systemwhich canhandleeverythingperfectly thenthe systemshouldbe designed
to handlewell thejobsit is mostlik ely to beaskedto do, andshouldresignitself to belessef cient for the
raretask. This sortof considerationeadsat onceto the necessityf characterizinghe statisticalnatureof
thewhole ensemblef messagewhich a givenkind of sourcecanandwill produce.And information as
usedin communicatiortheory doesjust this.

Althoughit is notatall the purposeof this paperto be concernedvith mathematicatletails,it nevertheless
seemsessentiato have asgoodanunderstandings possibleof the entropy-lik e expressionwhich mea-
suresgnformation.If oneis concernedasin asimplecasewith asetof nindependensymbols,or asetof
n independentompletemessagefor that matter whoseprobabilitiesof choiceare , thenthe
actualexpressiorfor theinformationis

or

Wheré thesymbol , indicatesasis usualin mathematicsthat oneis to sumall termslik e the typical
one, written asa de ning sample.

Thislooksalittle complicatedput let usseehow this expressiorbehaesin somesimplecases.

Supposerst thatwe arechoosingonly betweentwo possiblemessagesyhoseprobabilitiesarethen

for the rst and for theother If onereckons,for this casethenumericalvalueof it turns
outthat hasits largestvalue,namelyone,whenthe two messageareequallyprobable;thatis to say
when - thatis to say whenoneis completelyfreeto choosebetweerthe two messagesjust

assoonasonemessagdecomesnore probablethanthe other( greaterthan , say),the valueof
decreasesAnd whenonemessagés very probable( almostoneand almostzero,say),the valueof
is very small(almostzero).

In thelimiting casewhereoneprobabilityis unity (certainty)andall the otherszero(impossibility),then
is zero(no uncertaintyat all—no freedomof choice—nainformation).

Thus islargestwhenthetwo probabilitiesareequal(i.e., whenoneis completelyfree andunbiasedn
thechoice),andreducedo zerowhenone's freedomof choiceis gone.

Thesituationjust describeds in facttypical. If therearemary, ratherthantwo, choicesthen s largest
whenthe probabilitiesof the variouschoicesareasnearlyequalascircumstancepermit—whenonehas

4Do notworry aboutthe minussign. Any probabilityis a numberessthanor equalto one,andthe logarithmsof numbers
lessthanonearethemselesnegative. Thustheminussignis necessarjn orderthat  bein factpositive.
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asmuchfreedomas possiblein makinga choice,beingaslittle aspossibledriventoward somecertain
choiceswvhich have morethantheir shareof probability Supposepnthe otherhand,thatonechoicehasa
probabilitynearonesothatall the otherchoiceshave probabilitiesnearzero. Thisis clearlya situationin
which oneis heavily in uencedtowardoneparticularchoice,andhencehaslittle freedomof choice.And

in sucha casedoescalculateto have a very small value—theinformation(the freedomof choice,the
uncertainty)s low.

Whenthe numberof caseds x ed, we have just seenthatthenthe informationis the greatey the more
nearlyequalarethe probabilitiesof the variouscases.Thereis anotherimportantway of increasing
namelyby increasingthe numberof cases.More accuratelyif all choicesare equallylikely, the more
choiceghereare,thelarger will be; Thereis more“information” if you selectfreely out of asetof fty
standardnessageghanif you selectfreely out of a setof twenty- ve.

2.3 Capacity of a Communication Channel

After the discussiorof the precedingsection,oneis not surprisedthat the capacityof a channelis to be
describedhot in termsof the numberof symbolgt cantransmit,but ratherin termsof the informationit
transmits.Or better sincethis lastphrasdendsitself particularlywell to a misinterpretatiorof the word
information,the capacityof achanneis to bedescribedn termsof its ability to transmitwhatis produced
outof sourceof agiveninformation.

If the sourceis of a simplesortin which all symbolsare of the sametime duration(which is the case,
for example,with teletype),f thesources suchthateachsymbolchoserrepresents bits of information
(beingfreely choserfromamong symbols)andif thechannekantransmit,say symbolspersecond,
thenthecapacityof of thechanneis de nedtobe bitspersecond.

In amoregeneralcase,onehasto take accountof the varying lengthsof the varioussymbols. Thusthe
generalexpressiorfor capacityof a channeinvolvesthe logarithmof the numbersof symbolsof certain
time duration(which introducespf course theideaof informationandcorrespondso thefactor in the
simple caseof the precedingoaragraph)andalsoinvolvesthe numberof suchsymbolshandled(which
correspondgo the factor of the precedingparagraph).Thusin the generalcase,capacitymeasures
not the numberof symbolstransmittedoer second put ratherthe amountof informationtransmittedper
secondysingbits persecondasits unit.

2.4 Coding

At theoutsetit waspointedoutthatthetransmitteracceptgthe messge andturnsit into somethingcalled
thesignal thelatterbeingwhatactuallypassesverthe channeto thereceiver

Thetransmitteyrin sucha caseastelepholy, merelychangeshe audiblevoice signalover into something
(thevaryingelectricalcurrenton the telephonewire) which is at onceclearly differentbut clearly equi-
alent. But the transmittemmay carry out a muchmore complex operationon the messagéo producethe
signal.lt could,for example take awritten messag@ndusesomecodeto encipheithis messagnto, say
asequencef numbersthesenumberghenbeingsentoverthe channelsthesignal.

Thusone says,in general,that the function of the transmitteris to encode andthat of the recever to
decode the message.The theory providesfor very sophisticatedransmittersand recevers—such for
example,aspossesémemories, sothatthewaythey encodea certainsymbolof themessageependsot
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only uponthis onesymbol,but alsouponprevious symbolsof the messagendthe way they have been
encoded.

We arenow in a positionto statethefundamentatheoremproducedn thistheory for anoiselesshannel
transmittingdiscretesymbols. This theoremrelatesto a communicationchannelwhich hasa capacity
of  bits persecondacceptingsignalsfrom a sourceof entrogy (or information)of  bits per second.
Thetheoremstateghatby devising propercodingproceduregor thetransmitterit is possibleto transmit
symbolsover the channelat an averagerate® which is nearly , but which, no matterhow clever the
coding,cannever be madeto exceed

The signi cance of this theoremis to be discussednore usefully a little later, whenwe have the more
generalcasewhen noiseis present. For the moment,though, it is importantto notice the critical role
which codingplays.

Remembetthat the entrogy (or information) associatedvith the processwhich generatesnessagesr

signalsis determinedy the statisticalcharacteof the process—bythe variousprobabilitiesfor arriving

at messagsituationsandfor choosingwhenin thosesituationsthe next symbols. The statisticalnature
of messgesis entirelydeterminedy thecharacteof thesource But thestatisticalcharacteof thesignal

asactuallytransmittedby a channelandhencetheentrogy in thechanneljs determinedothby whatone
attemptgo feedinto thechannelndby the capabilitiesof thechanneto handledifferentsignalsituations.
For example,in telegraphy therehave to be spacedetweendotsanddots,betweerdotsanddashesand
betweerdashesanddashespr the dotsanddashesvould notberecognizable.

Now it turnsoutthatwhenachannedoeshave certainconstraintof this sort,whichlimit completesignal
freedom,thereare certainstatisticalsignal characteristicsvhich leadto a signalentrogy which is larger
thanit would befor ary otherstatisticalsignalstructure andin this importantcase the signalentroyy is
exactly equalto the channekapacity

In termsof theseideas,it is now possiblepreciselyto characterizehe mostef cient kind of coding,
Thebesttransmitterin fact, is thatwhich codesthe messagén suchaway thatthe signalhasjust those
optimumstatisticalcharacteristicarhich arebestsuitedto thechanneto beused—whichn factmaximize
thesignal(or onemay say the channel)entrory andmale it equalto thecapacity of thechannel.

Thiskind of codingleads by thefundamentatheoremabove, to themaximumrate for thetransmis-
sionof symbols.But for this gainin transmissiomate,onepaysa price. For ratherpenerselyit happens
thatasonemalkesthe codingmoreandmorenearlyideal,oneis forcedto longerandlongerdelaysin the

procesof coding. Part of this dilemmais metby thefactthatin electronicequipmentiong” maymean
an exceedinglysmall fraction of a secondandpartby the factthat onemakesa compromisepalancing
thegainin transmissiomateagainsiossof codingtime.

2.5 Noise

How doesnoise affect information? Informationis, we must steadilyremembera measureof one's
freedomof choicein selectinga messageThe greaterthis freedomof choice,andhencethe greaterthe
information,the greatelis the uncertaintythatthe messageactuallyselecteds someparticularone. Thus
greaterfreedomof choice,greateruncertaintygreaterinformationgo handin hand.

SWe remembethatthecapacity involvestheideaof informationtransmittedoersecondandis thusmeasuredh bits per
secondTheentropy heremeasureinformationpersymbol,sothattheratioof to measuresymbolspersecond.
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If noiseis introduced,thenthe receved messag&ontainscertaindistortions,certainerrors,certainex-
traneousmaterial, that would certainly lead one to say that the receved messagesxhibits, becauseof
the effectsof the noise,anincreasedincertainty But if the uncertaintyis increasedthe informationis
increasedandthis soundsasthoughthe noisewerebene cial!

It is generallytruethatwhenthereis noise therecevedsignalexhibits greatelinformation—orbetter the
recevedsignalis selectedut of amorevariedsetthanis thetransmittedsignal. This is a situationwhich
beautifullyillustratesthe semantidrapinto which onecanfall if hedoesnotremembethat“information”
is usedherewith a specialmeaningthat measure$reedomof choiceand henceuncertaintyasto what
choicehasbeenmade. It is thereforepossiblefor the word informationto have eithergoodor badcon-
notations.Uncertaintywhich arisesby virtue of freedomof choiceon the part of the senderis desirable
uncertainty Uncertaintywhich arisesbecausef errorsor becaus@f thein uence of noiseis undesirable
uncertainty

It is thusclearwherethejokeris in sayingthatthereceved signalhasmoreinformation. Someof thisin-
formationis spuriousandundesirabl@ndhasbeenintroducedvia the noise.To gettheusefulinformation
in therecevedsignalwe mustsubtractout this spuriousportion.

Beforewe canclearup this pointwe have to stopfor alittle detour Supposenehastwo setsof symbols,
suchas the messagesymbolsgeneratedy the information source,and the signal symbolswhich are
actuallyreceved. Theprobabilitiesof thesewo setsof symbolsareinterrelatedfor clearlytheprobability
of receving acertainsymboldependsiponwhatsymbolwassent.With noerrorsfrom noiseor from other
causestherecevedsignalswould correspongreciselyto the messagsymbolssent;andin the presence
of possibleerror, theprobabilitiesfor recevedsymbolswould obviously beloadedheavily onthosewhich
correspondor closelycorrespondto the messagsymbolssent.

Now in sucha situationonecancalculatewhatis calledthe entrofy of onesetof symbolsrelative to the
other Let us,for example,considertthe entrofy of themessageelative to thesignal.lt is unfortunatehat
we cannotunderstandhe issuesnvolved herewithout goinginto somedetail. Supposdor the moment
thatoneknows thata certainsignalsymbolhasactuallybeenreceved. Theneachmessge symboltakes
on a certainprobability—relatvely large for the symbolidenticalwith or the symbolssimilar to the one
receved, and relatively small for all others. Using this setof probabilities,one calculatesa tentatve
entrogy value. This is the messagentrofy on the assumptiorof a de nite known receved or signal
symbol.Underany goodconditionsits valueis low, sincethe probabilitiesinvolvedarenot spreadaround
ratherevenly on the variouscaseshput areheavily loadedon oneor a few cases.ts valuewould be zero
(seepage?) in ary casewherenoisewascompletelyabsentfor then,the signalsymbolbeingknown, all

messag@robabilitieswould be zeroexceptfor onesymbol(namelythe onereceved),whichwould have
aprobability of unity.

For eachassumptiorasto the signalsymbolreceved, one cancalculateone of thesetentatve message
entropies. Calculateall of them, and then averagethem, weighting eachone in accordancewith the
probability of the signalsymbolassumedn calculatingit. Entropiescalculatedn this way, whenthere
aretwo setsof symbolsto consideyarecalledrelativeentropies The particularonejust describeds the
entrofy of the messageelative to the signal,andShannorhasnameahis alsothe equivocation

Fromthe way this equivocationis calculatedwe canseewhatits signi canceis. It measureshe average
uncertaintyin the messge whenthe signalis known If therewere no noise,thentherewould be no
uncertaintyconcerningthe messagef the signalis known. If the information sourcehasary residual
uncertaintyafterthe signalis known, thenthis mustbe undesirableincertaintydueto noise.
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The discussionof the last few paragraphsentersaroundthe quantity “the averageuncertaintyin the
messagsourcewhentherecevedsignalis knowvn.” It canequallywell be phrasedn termsof thesimilar
guantity“the averageuncertaintyconcerninghe receved signalwhenthe messagaentis known.” This
latteruncertaintywould, of coursealsobe zeroif therewereno noise.

As to theinterrelationshipf thesequantitiesjt is easyto prove that

where is the entrogy or informationof the sourceof messages; theentrogy or informationof
recevedsignals; theequiocation,or theuncertaintyin the messagsourcef thesignalbeknown;

the uncertaintyin the receved signalsif the messagesentbe known, or the spuriouspart of the
recevedsignalinformationwhichis dueto noise.Theright sideof this equations the usefulinformation
whichis transmittedn spiteof the badeffect of the noise.

It is now possibleto explain whatonemeansby the capacity of anoisychannel.lt is, in fact,de ned
to be equalto the maximumrate (in bits per second)at which usefulinformation (i.e., total uncertainty
minusnoiseuncertainty)canbe transmittecbver the channel.

Why doesonespeak,here,of a “maximum” rate? What canonedo, thatis, to make this ratelarger or
smaller?The answeiis thatonecanaffect this rateby choosinga sourcewhosestatisticalcharacteristics
aresuitablyrelatedto the restraintamposedby the natureof the channel. Thatis, onecanmaximizethe
rateof transmittingusefulinformationby usingpropercoding(seepageL to 10).

And now, nally, let us considerthe fundamentatheoremfor a noisy channel. Supposedhat this noisy
channehas,in the sensgust describeda capacity , supposat is acceptingrom aninformationsource
characterizedby anentrofy of bits persecondthe entrofy of thereceved signalsbeing bits
persecondlf thechannekapacity is equalto orlargerthan , thenby devising appropriatecoding
systemsthe outputof the sourcecanbe transmittedover the channelwith aslittle errorasonepleases.
However small a frequeng of error you specify thereis a codewhich meetsthe demand. But if the
channekapacity islessthan , theentrogy of thesourcefrom which it acceptsnessageshenit is
impossibleto devise codeswhichreducetheerrorfrequeng aslow asonemayplease.

However clever oneis with the coding process,t will always be true that after the signalis receved
thereremainssomeundesirablgnoise) uncertaintyaboutwhat the messagevas; and this undesirable

uncertainty—thissquivocation—will alwaysbe equalto or greaterthan . Furthermorethereis
alwaysatleastonecodewhichis capableof reducingthisundesirabl@incertaintyconcerninghemessage,
down to avaluewhich exceeds by anarbitrarily smallamount.

The mostimportantaspectof course,is thatthe minimum undesirableor spuriousuncertaintiesannot
bereducedurther, no matterhow complicatedor appropriateéhe codingprocess.This powerful theorem
givesa preciseandalmoststartlingly simpledescriptionof the utmostdependabilityonecanever obtain
from a communicatiorchannelwhich operatesn the presencef noise.

Onepracticalconsequencegointedout by Shannonshouldbe noted. SinceEnglishis about50 percent
redundantit wouldbepossibleto save aboutone-halfthetime of ordinarytelegraphyby a properencoding
processprovidedoneweregoingto transmitover a noiselesshannel.Whenthereis noiseon achannel,
however, thereis somerealadvantagean not usinga codingprocesghateliminatesall of theredundang.
For theremainingredundanyg helpscombatthe noise. Thisis very easyto see for justbecausef thefact
thattheredundang of Englishis high, onehas,for example little or no hesitationaboutcorrectingerrors
in spellingthathave arisenduringtransmission.
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2.6 Continuous Messages

Up to this point we have beenconcernedvith messageformed out of discretesymbols,aswordsare
formed of letters, sentence®f words, a melody of notes,or a half-tonepicture of a nite numberof

discretespots. What happendo the theoryif oneconsiderscontinuousmessagessuchasthe speaking
voicewith its continuousvariationof pitch andenegy?

Very roughly one may say that the extendedtheoryis someavhat more dif cult and complicatedmath-
ematically but not essentiallydifferent. Many of the above statementgor the discretecaserequireno
modi cation, andothersrequireonly minor change.

Onecircumstancevhich helpsagooddealis thefollowing. As a practicalmatter oneis alwaysinterested
in a continuoussignalwhich is built up of simpleharmonicconstituentof notall frequenciesbut rather
of frequenciesvhich lie wholly within a bandfrom zerofrequeng to, say afrequeng of  cyclesper
second.Thusalthoughthe humanvoicedoescontainhigherfrequenciesyery satisactorycommunication
canbe achieved over a telephonechannelthat handlesfrequencieonly up to, sayfour thousand.With
frequencieaip to tenor twelve thousandhigh delity radiotransmissiorof symphonianusicis possible,
etc.

Thereis avery convenientmathematicatheoremwhich stategshata continuoussignal, secondsn dura-
tion andband-limitedin frequeng to therangefrom0to , canbecompletelyspeci edby stating
numbers.This is really aremarkablegheorem.Ordinarily a continuouscurve canbe only approximately
characterizetby statingary nite numberof pointsthroughwhichit passesandanin nite numbemwould
in generaberequiredfor completeinformationaboutthe curve. But if the curveis built up out of simple
harmonicconstituent®f a limited numberof frequenciesasa comple« soundis built up out of alimited
numberof puretones,thena nite numberof parameterss all thatis necessaryThis hasthe powerful
adwantageof reducingthe characterof the communicatiorproblemfor continuoussignalsfrom a com-
plicatedsituationwhereonewould have to dealwith anin nite numberof variablesto a considerably
simplersituationwhereonedealswith a nite (thoughlarge)numberof variables.

In thetheoryfor the continuouscasetherearedevelopedformulaswhich describethe maximumcapacity

of achannebf frequeng bandwidth , whentheaveragepower usedin transmittingis , thechannel
being subjectto a noiseof power , this noisebeing “white thermalnoise” of a specialkind which
Shannorde nes. This white thermalnoiseis itself bandlimited in frequeng, andthe amplitudesof the
variousfrequeng constituentsare subjectto a normal (Gaussian)probability distribution. Underthese
circumstancesShannorobtainsthetheoremagainreally quite remarkablean its simplicity andits scope,
thatit is possible py the bestcoding,to transmitbinary digits at therateof

bits persecondandhave an arbitrarily low frequeng of error. But this rate cannotpossiblybe exceeded,
no matterhow clever the coding, without giving rise to a de nite frequeng of errors. For the caseof
arbitrarynoise,ratherthanthe special‘white thermal” noiseassumedbove, Shannordoesnot succeed
in derving oneexplicit formulafor channelcapacity but doesobtainusefulupperand lower limits for
channelcapacity And he alsoderiveslimits for channelcapacitywhen one speci es not the average
power of thetransmitteybut ratherthe peakinstantaneoupower.

Finally it shouldbe statedthat Shannorobtainsresultswhich arenecessarilysomeavhatlessspeci ¢, but
which areof obviously deepandsweepingsigni cance,which, for a generalsortof continuousnessage
or signal, characterizehe delity of the receved messageandthe conceptsof rate at which a source
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generatesnformation, rate of transmissionand channelcapacity all of thesebeing relative to certain
delity requirements.

3 The Interr elationship of the Thr eeLevelsof Communication
Problems

3.1 Intr oductory

In the rst sectionof this paperit wassuggestedhattherearethreelevelsat which onemay considerthe
generakommunicatiorproblem.Namely onemayask:

LEVEL A. How accuratelycanthe symbolsof communicatiorbe transmitted?
LEVEL B. How preciselydo thetransmittedsymbolscorvey thedesiredneaning?

LEVEL C. How effectively doesthereceved meaningaffect conductin thedesiredway?

It wassuggestedhatthe mathematicatheoryof communicationasdevelopedby ShannonWiener and
others,and particularlythe morede nitely engineeringheorytreatedby Shannonalthoughostensibly
applicableonly to Level A problemsactuallyis helpfulandsuggestre for thelevel B andC problems.

We thentook a look, in section2, at what this mathematicatheoryis, what conceptst develops,what
resultsit hasobtained.It is the purposeof this concludingsectionto review the situation,andseeto what
extentandin whattermsthe original sectionwasjusti ed in indicatingthatthe progressmadeat Level A
is capableof contributing to levels B andC, wasjusti ed in indicatingthatthe interrelationof the three
levelsis soconsiderabl¢hatone's nal conclusiommaybethattheseparationnto thethreelevelsis really
arti cial andundesirable.

3.2 Generality of the Theory at Level A

The obvious rst remark,andindeedthe remarkthat carriesthe major burdenof the argument,is that
the mathematicatheoryis exceedinglygeneraiin its scope fundamentaln the problemsit treats,andof
classicsimplicity andpowerin theresultsit reaches.

This is a theoryso generalthat onedoesnot needto saywhatkinds of symbolsarebeingconsidered—
whethemwritten lettersor words,or musicalnotes,or spokenwords,or symphonianusic,or pictures.The
theoryis deepenoughso thatthe relationshipst revealsindiscriminatelyapplyto all theseandto other
formsof communicationThis meanspf coursethatthetheoryis sufciently imaginatively motivatedso
thatit is dealingwith the realinner core of the communicatiorproblem—withthosebasicrelationships
which holdin generalno matterwhatspecialform the actualcasemaytake.

It is anevidenceof this generalitythatthetheorycontributesimportantlyto, andin factis really the basic
theoryof cryptographywhich is, of course,aform of coding. In a similar way, the theorycontributesto

the problemof translationfrom onelanguageo anotheralthoughthe completestoryhereclearlyrequires
consideratiorof meaning.aswell asof information. Similarly, the ideasdevelopedin this work connect
so closelywith the problemof the logical designof greatcomputerghatit is no surprisethat Shannon
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hasjustwritten a paperon the designof a computemvhich would be capableof playinga skillful gameof
chessAnd it is of furtherdirectpertinenceo the presentontentiorthatthis papercloseswith theremark
thateitheronemustsaythatsucha computer‘thinks,” or onemustsubstantiallynodify the cornventional
implicationof theverb*“to think”

As a secondpoint, it seemsclearthat animportantcontribution hasbeenmadeto ary possiblegeneral
theory of communicationby the formalizationon which the presenttheoryis based. It seemsat rst
obviousto. diagrama communicatiorsystemasit is doneat the outsetof this theory;but this breakdevn
of thesituationmustbeverydeeplysensibleandappropriateasonebecomegorvincedwhenheseeow
smoothlyandgenerallythis viewpointleadsto centralissueslt is almostcertainlytruethataconsideration
of communicatioronlevelsB andC will requireadditionsto theschematiaiagramonpage4, butit seems
equallylik ely thatwhatis requiredareminor additions,andno realrevision.

Thuswhenone movesto levels B andC, it may prove to be essentiato take accountof-the statistical
characteristicof the destination.One canimagine,asan additionto the diagram,anotherbox labeled
“SemanticRecever” interposedbetweenthe engineeringecever (which changessignalsto messages)
andthe destination. This semanticrecever subjectsthe messageo a seconddecoding,the demandon
this onebeingthatit mustmatchthe statisticalsemanticcharacteristic®f the messagéo the statistical
semanticapacitie®f thetotality of recevers,or of thatsubsebf receverswhich constitutetheaudience
onewishesto affect.

Similarly onecanimagineanotheiboxin thediagramwhich, insertecbetweertheinformationsourceand
thetransmitteywouldbelabeled'semanticnoise’; thebox previouslylabeledassimply“noise” now being
labeled“engineeringnoise’ Fromthis sourceis imposedinto the signalthe perturbationsor distortions
of meaningwhich are not intendedby the sourcebut which inescapablaffect the destination.And the
problemof semanticdecodingmusttake this semanticnoiseinto account.lt is alsopossibleto think of

anadjustmenbf original messagsothatthe sumof messageneaningplus semantimoiseis equalto the
desiredtotal messageneaningat the destination.

Thirdly, it seemshighly suggestie for the problemat all levelsthaterrorandconfusionariseand delity

decreasesyhen,no matterhow goodthecoding,onetriesto crowd too muchoverachannel(i.e., ).
Hereagaina generatheoryat all levelswill surelyhave to take into accountnot only the capacityof the
channelbut also (even the words are right!) the capacityof the audience. If onetries to overcrovd
the capacityof the audiencejt is probablytrue, by directanalogy thatyou do not, soto speak, Il the
audienceup andthenwasteonly the remainderby spilling. More likely, andagainby directanalogy if
you overcrovd the capacityof the audienceyou force ageneralandinescapablerrorandconfusion.

Fourthly, it is hardto believe thatlevels B and C do not have muchto learnfrom, anddo not have the
approachto their problemsusefully orientedby, the developmentin this theory of the entropicideasin
relationto the conceptof information.

Theconcepof informationdevelopedn thistheoryat rst seemslisappointingandbizarre—disappointing
becausé hasnothingto dowith meaningandbizarrebecausé& dealsnotwith asinglemessagéut rather
with the statisticalcharactemf a whole ensembleof messagesizarrealso becausen thesestatistical
termsthetwo wordsinformationanduncertainty nd themselesto be partners.

| think, however, thattheseshouldbe only temporaryreactions;andthatoneshouldsay at the endthat
this analysishasso penetratinglyclearedthe air that oneis now, perhapdor the rst time, readyfor a
realtheoryof meaning.An engineeringcommunicatiortheoryis just like a very properanddiscreetirl
acceptingyour telegram. Shepaysno attentionto the meaningwhetherit be sad,or joyous, or embar
rassing.But shemustbe preparedo dealwith all thatcometo herdesk. Thisideathata communication
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systemoughtto try to dealwith all possiblemessagesndthattheintelligentwayto try is to basedesign
onthestatisticalcharacteof the sourcejs surelynot without signi cancefor communicatiorin general.
Languagaenmustbedesignedor developed)with aview to thetotality of thingsthatmanmaywishto say;
but not beingableto accomplisheverything,it too shoulddo aswell aspossibleasoftenaspossible.That
is to say it too shoulddealwith its taskstatistically

Theconcepbf theinformationto beassociatedvith asourcdeadsdirectly, aswe have seento a studyof

the statisticalstructureof languageandthis studyrevealsaboutthe Englishlanguageasanexample,in-

formationwhich seemssurelysigni cant to studentof every phaseof languageandcommunicationThe
ideaof utilizing the powerful body of theoryconcerningMarkoff processeseemsparticularlypromising
for semanticstudies,sincethis theoryis speci cally adaptedo handleone of the mostsigni cant but

dif cult aspectof meaninghamelythein uence of context. Onehasthe vaguefeelingthatinformation
andmeaningmay prove to be somethindik e a pair of canonicallyconjugatevariablesn quantumtheory

they beingsubjectto somejoint restrictionthatcondemns personto the sacri ce of theoneasheinsists
on having muchof theothet

Or perhapsmeaningmay be shavn to be analogoudo one of the quantitieson which the entrogy of a
thermodynamiensemblalepends.The appearancef entroyy in thetheory aswasremarled earliet is
surelymostinterestingandsigni cant. Eddingtonhasalreadybeenquotedin this connectionput thereis
anothempassagé “The Natureof the PhysicalWorld” which seemgarticularlyaptandsuggestre:

Supposehatwe wereaslkedto arrangehefollowing in two categories—eistance massglec-
tric force entropy, beauty melody

| think therearethe strongesgroundsfor placingentrofy alongsidebeautyandmelody and
not with the rst three. Entropy is only foundwhenthe partsareviewedin associationand
it is by viewing or hearingthe partsin associatiorthatbeautyandmelodyarediscernedAll
threearefeaturesof arrangementlt is a pregnantthoughtthat one of thesethreeassociates
shouldbe ableto gure asacommonplaceuantityof science.Thereasonwhy this stranger
canpassitself off amongthe aboriginesof the physicalworld is thatit is ableto speaktheir
languageyiz., thelanguageof arithmetic.

| feel surethat Eddingtonwould have beenwilling to includethe word meaningalongwith beautyand
melody;andl suspechewould have beenthrilled to see,in this theory thatentropy not only speakgshe
languageof arithmetic;it alsospeakghelanguageof language.
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