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Abstract

Thispaperis writtenin threemainsections.In the�rst andthird,W. W. is responsiblebothfor theideas
andtheform. Themiddlesection,namely“2), CommunicationProblemsof Level A” is aninterpreta-
tion of mathematicalpapersby Dr. ClaudeE. Shannonof theBell TelephoneLaboratories.Dr. Shan-
non's work rootsback,asvon Neumannhaspointedout, to Boltzmann's observation, in someof his
work on statisticalphysics(1894),thatentropy is relatedto “missing information,” inasmuchasit is
relatedto thenumberof alternativeswhichremainpossibletoaphysicalsystemafterall themacroscop-
ically observableinformationconcerningit hasbeenrecorded.L. Szilard(Zsch.f. Phys.Vol. 53,1925)
extendedthis ideato a generaldiscussionof informationin physics,andvon Neumann(Math. Foun-
dationof QuantumMechanics, Berlin, 1932,Chap.V) treatedinformationin quantummechanicsand
particlephysics.Dr. Shannon'swork connectsmoredirectlywith certainideasdevelopedsometwenty
yearsagoby H. NyquistandR. V. L. Hartley, bothof theBell Laboratories;andDr. Shannonhashim-
self emphasizedthatcommunicationtheoryowesa greatdebtto ProfessorNorbertWienerfor much
of its basicphilosophy. ProfessorWiener, on the otherhand,pointsout that Shannon's early work
on switchingandmathematicallogic antedatedhis own interestin this �eld; andgenerouslyaddsthat
Shannoncertainlydeservescreditfor independentdevelopmentof suchfundamentalaspectsof thethe-
ory astheintroductionof entropicideas.Shannonhasnaturallybeenspeciallyconcernedto pushthe
applicationsto engineeringcommunication,while Wienerhasbeenmoreconcernedwith biological
application(centralnervoussystemphenomena,etc.).

1 Intr oductory Noteon the GeneralSettingof the Analytical
Communication Studies

1.1 Communication

The word communicationwill be usedherein a very broadsenseto include all of the proceduresby
which onemind mayaffect another. This, of course,involvesnot only written andoral speech,but also
music, the pictorial arts, the theatre,the ballet, andin fact all humanbehavior. In someconnectionsit
may be desirableto usea still broaderde�nition of communication,namely, onewhich would include
the proceduresby meansof which onemechanism(say automaticequipmentto track an airplaneand
to computeits probablefuture positions)affectsanothermechanism(saya guidedmissilechasingthis
airplane).

Thelanguageof thismemorandumwill oftenappearto referto thespecial,but still verybroadandimpor-
tant,�eld of thecommunicationof speech;but practicallyeverythingsaidappliesequallywell to musicof
any sort,andto still or moving pictures,asin television.
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1.2 Thr eeLevelsof CommunicationsProblems

Relative to thebroadsubjectof communication,thereseemto beproblemsat threelevels. Thusit seems
reasonableto ask,serially:

LEVEL A. How accuratelycanthesymbolsof communicationbetransmitted?(Thetechnicalproblem.)

LEVEL B. How preciselydo thetransmittedsymbolsconvey thedesiredmeaning?(Thesemanticprob-
lem.)

LEVEL C. How effectively doesthereceivedmeaningaffectconductin thedesiredway?(Theeffective-
nessproblem.)

Thetechnicalproblemsareconcernedwith theaccuracy of transferencefrom senderto receiverof setsof
symbols(written speech),or of a continuouslyvaryingsignal(telephonicor radio transmissionof voice
or music),or of acontinuouslyvaryingtwo-dimensionalpattern(television),etc.Mathematically, the�rst
involvestransmissionof a �nite setof discretesymbols,the secondthe transmissionof onecontinuous
functionof time,andthethird thetransmissionof many continuousfunctionsof timeor of onecontinuous
functionof timeandof two spacecoordinates.

The semanticproblemsareconcernedwith the identity, or satisfactorily closeapproximation,in the in-
terpretationof meaningby the receiver, ascomparedwith the intendedmeaningof the sender. This is
a very deepand involved situation,even whenone dealsonly with the relatively simpler problemsof
communicatingthroughspeech.

Oneessentialcomplicationis illustratedby theremarkthat if Mr. X is suspectednot to understandwhat
Mr. Y says,thenit is theoreticallynot possible,by having Mr. Y do nothingbut talk furtherwith Mr. X,
completelyto clarify this situationin any �nite time. If Mr. Y says“Do you now understandme?” and
Mr. X says“Certainly, I do,” this is not necessarilya certi�cation thatunderstandinghasbeenachieved.
It may just be that Mr. X did not understandthe question. If this soundssilly, try it againas“Czy pa�
mnierozumie?”with theanswer“Hai wakkateimasu.” I think thatthis basicdif�culty 1 is, at leastin the
restricted�eld of speechcommunication,reducedto a tolerablesize(but nevercompletelyeliminated)by
“explanations”which (a) arepresumablynever morethanapproximationsto the ideasbeingexplained,
but which (b) are understandablesincethey are phrasedin languagewhich haspreviously beenmade
reasonablyclearby operationalmeans.For example,it doesnot take long to make thesymbolfor “yes”
in any languageoperationallyunderstandable.

The semanticproblemhaswide rami�cations if onethinks of communicationin general.Consider, for
example,themeaningto aRussianof a U.S.newsreelpicture.

The effectivenessproblemsareconcernedwith the successwith which the meaningconveyed to the re-
ceiver leadsto the desiredconducton his part. It may seemat �rst glanceundesirablynarrow to imply
that the purposeof all communicationis to in�uence the conductof the receiver. But with any reason-
ably broadde�nition of conduct,it is clearthat communicationeitheraffectsconductor is without any
discernibleandprobableeffectatall.

1“WhenPfungst(1911)demonstratedthatthehorsesof Elberfeld,whowereshowingmarvelouslinguisticandmathematical
ability, weremerelyreacting.tomovementsof the trainer's head,Mr. Krall (1911),their owner, met thecriticism in themost
directmanner. He askedthehorseswhetherthey couldseesuchsmallmovementsandin answerthey spelledout anemphatic
`No.' Unfortunatelywe cannotall be so surethat our questionsareunderstoodor obtainsuchclearanswers.” SeeLashley,
K. S.,”PersistentProblemsin theEvolutionof Mind” in QuarterlyReview of Biology, v. 24,March,1949,p. 28.
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Theproblemof effectivenessinvolvesaestheticconsiderationsin thecaseof the �ne arts. In thecaseof
speech,written or oral, it involvesconsiderationswhich rangeall the way from the meremechanicsof
style,throughall thepsychologicalandemotionalaspectsof propagandatheory, to thosevaluejudgments
which arenecessaryto giveusefulmeaningto thewords“success”and“desired”in theopeningsentence
of this sectiononeffectiveness.

The effectivenessproblemis closely interrelatedwith the semanticproblem,andoverlapsit in a rather
vagueway; andthereis in factoverlapbetweenall of thesuggestedcategoriesof problems.

1.3 Comments

So stated,onewould be inclined to think thatLevel A is a relatively super�cial one,involving only the
engineeringdetailsof gooddesignof acommunicationsystem;while B andC seemto containmostif not
all of thephilosophicalcontentof thegeneralproblemof communication.

The mathematicaltheoryof the engineeringaspectsof communication,asdevelopedchie�y by Claude
Shannonat the Bell TelephoneLaboratories,admittedlyappliesin the �rst instanceonly to problemA,
namely, the technicalproblemof accuracy of transferenceof varioustypesof signalsfrom senderto
receiver. But the theoryhas,I think, a deepsigni�cance which provesthat the precedingparagraphis
seriouslyinaccurate.Part of thesigni�canceof thenew theorycomesfrom the fact that levelsB andC,
above,canmake,useonly of thosesignalaccuracieswhich turnout to bepossiblewhenanalyzedatLevel
A. Thusany limitations discoveredin the theoryat Level A necessarilyapply to levels B andC. But a
larger part of the signi�cance comesfrom the fact that the analysisat Level A disclosesthat this level
overlapsthe other levels morethanonecould possiblenaively suspect.Thusthe theoryof Level A is,
at leastto a signi�cant degree,alsoa theoryof levels B andC. I hopethat the succeedingpartsof this
memorandumwill illuminateandjustify theselastremarks.

2 Communication Problemsat Level A

2.1 A Communication Systemand Its Problems

Thecommunicationsystemconsideredmaybesymbolicallyrepresentedasfollows: (seepage4)

Theinformationsource, selectsa desiredmessage out of a setof possiblemessages(this is a particularly
importantremark,which requiresconsiderableexplanationlater). The selectedmessagemay consistof
writtenor spokenwords,or of pictures,music,etc.

Thetransmitterchangesthismessageinto thesignalwhich is actuallysentover thecommunicationchan-
nel from thetransmitterto thereceiver. In thecaseof telephony, thechannelis awire, thesignalavarying
electricalcurrenton this wire; the transmitteris the set of devices (telephonetransmitter, etc.) which
changethe soundpressureof the voice into thevaryingelectricalcurrent. In telegraphy, the transmitter
codeswritten wordsinto sequencesof interruptedcurrentsof varying lengths(dots,dashes,spaces).In
oralspeech,theinformationsourceis thebrain,thetransmitteris thevoicemechanismproducingthevary-
ing soundpressure(thesignal)which is transmittedthroughtheair (thechannel).In radio,thechannelis
simply space(or theaether, if any onestill prefersthatantiquatedandmisleadingword),andthesignalis
theelectromagneticwavewhich is transmitted.
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The receiveris a sort of inversetransmitter, changingthe transmittedsignalback into a message,and
handingthismessageon to thedestination.WhenI talk to you,my brainis theinformationsource,yours
the destination;my vocal systemis the transmitter, andyour earandthe associatedeighthnerve is the
receiver.

In the processof beingtransmitted,it is unfortunatelycharacteristicthat certainthingsareaddedto the
signalwhich werenot intendedby the informationsource.Theseunwantedadditionsmaybedistortions
of sound(in telephony, for example)or static (in radio), or distortionsin shapeor shadingof picture
(television),or errorsin transmission(telegraphyor facsimile),etc.All of thesechangesin thetransmitted
signalarecallednoise.

Thekind of questionswhichoneseeksto askconcerningsuchacommunicationsystemare:

a. How doesonemeasureamountof information?

b. How doesonemeasurethecapacityof acommunicationchannel?

c. Theactionof thetransmitterin changingthemessageinto thesignalofteninvolvesa codingprocess.
Whatarethecharacteristicsof anef�cient codingprocess?And whenthecodingis asef�cient as
possible,atwhatratecanthe,channelconvey information??

d. What are the generalcharacteristicsof noise? How doesnoiseaffect the accuracy of the message
�nally receivedat thedestination?How canoneminimize theundesirableeffectsof noise,andto
whatextentcanthey beeliminated?

e. If thesignalbeingtransmittedis continuous(asin oral speechor music)ratherthanbeingformedof
discretesymbols(asin writtenspeech,telegraphy, etc.),how doesthis factaffect theproblem?

Wewill now state,withoutany proofsandwith aminimumof mathematicalterminology, themainresults
whichShannonhasobtained.

2.2 Inf ormation

Theword information, in this theory, is usedin aspecialsensethatmustnotbeconfusedwith its ordinary
usage.In particular, informationmustnotbeconfusedwith meaning.
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In fact, two messages,oneof which is heavily loadedwith meaningandtheotherof which is purenon-
sense,canbeexactly equivalent,from thepresentviewpoint, asregardsinformation. It is this, undoubt-
edly, thatShannonmeanswhenhesaysthat“the semanticaspectsof communicationareirrelevantto the
engineeringaspects.” But this doesnot meanthattheengineeringaspectsarenecessarilyirrelevantto the
semanticaspects.

To be sure,this word informationin communicationtheoryrelatesnot so muchto what you do say, as
to what you could say. That is, informationis a measureof one's freedomof choicewhenoneselects
a message.If one is confrontedwith a very elementarysituationwherehe hasto chooseone of two
alternativemessages,thenit is arbitrarily saidthattheinformation,associatedwith this situation,is unity.
Note that it is misleading(althoughoftenconvenient)to saythatoneor theothermessage,conveys unit
information.Theconceptof informationappliesnot to theindividualmessages(astheconceptof meaning
would),but ratherto thesituationasa whole,theunit informationindicatingthatin this situationonehas
anamountof freedomof choice,in selectinga message,which it is convenient-toregardasa standardor
unit amount.

The two messagesbetweenwhich onemustchoose,in sucha selection,canbeanything onelikes. One
might be the text of theKing JamesVersionof theBible, andtheothermight be“Yes.” Thetransmitter
mightcodethesetwo messagessothat“zero” is thesignalfor the�rst, and“one” thesignalfor thesecond;
or sothataclosedcircuit (current�o wing) is thesignalfor the�rst, andanopencircuit (nocurrent�o wing)
thesignalfor thesecond.Thusthetwo positions,closedandopen,of a simplerelay, might correspondto
thetwo messages.

To besomewhatmorede�nite, theamountof informationis de�ned, in thesimplestcases,to bemeasured
by the logarithmof the numberof availablechoices.It beingconvenientto uselogarithms2 to the base
2, ratherthan commonor Briggs' logarithmto the base10, the information,when thereare only two
choices,is proportionalto thelogarithmof 2 to thebase2. But this is unity; sothata two-choicesituation
is characterizedby informationof unity, ashasalreadybeenstatedabove. This unit of information is
calleda “bit,” this word, �rst suggestedby JohnW. Tukey, beinga condensationof “binary digit.” When
numbersareexpressedin thebinarysystemthereareonly two digits,namely0 and1; justastendigits,0
to 9 inclusive,areusedin thedecimalnumbersystemwhich employs 10 asa base.Zeroandonemaybe
takensymbolicallyto representany two choices,asnotedabove; sothat“binary digit” or “bit” is natural
to associatewith thetwo-choicesituationwhich hasunit information.

If onehasavailablesay16 alternative messagesamongwhich he is equally free to choose,thensince
�����

�	� sothat 
���
��

�����

� , onesaysthatthis situationis characterizedby 4 bitsof information.

It doubtlessseemsqueer, when one �rst meetsit, that information is de�ned as the logarithm of the
numberof choices.But in theunfoldingof thetheory, it becomesmoreandmoreobviousthatlogarithmic
measuresarein fact the naturalones. At the moment,only oneindicationof this will be given. It was
mentionedabove thatonesimpleon-or-off relay, with its two positionslabeled,say, 0 andI respectively,
canhandlea unit informationsituation,in which therearebut two messagechoices. If onerelay can
handleunit information,how muchcanbehandledby saythreerelays?It seemsvery reasonableto want
to saythatthreerelayscouldhandlethreetimesasmuchinformationasone.And this indeedis theway it
worksout if oneusesthelogarithmicde�nition of information.For threerelaysarecapableof responding
to ��� or 8 choices,which symbolicallymight be written as000, 001, 011, 010, 100, 110, 101, 111, in
the �rst of which all threerelaysareopen,andin the last of which all threerelaysareclosed. And the
logarithmto thebase2 of ��� is 3, sothatthelogarithmicmeasureassignsthreeunitsof informationto this

2When ������� , then � is saidto bethelogarithmof � to thebase� .
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situation,just asonewould wish. Similarly, doublingtheavailabletime squaresthenumberof possible
messages,anddoublesthelogarithm;andhencedoublestheinformationif it is measuredlogarithmically.

Theremarksthusfar relateto arti�cially simplesituationswheretheinformationsourceis freeto choose
only betweenseveralde�nite messages—likeamanpickingoutoneof asetof standardbirthdaygreeting
telegrams. A morenaturalandmoreimportantsituationis that in which the informationsourcemakes
a sequenceof choicesfrom someset of elementarysymbols,the selectedsequencethen forming the
message.Thusa manmaypick out onewordafteranother, theseindividually selectedwordsthenadding
up to form themessage.

At this point animportantconsiderationwhich hasbeenin thebackground,sofar, comesto thefront for
major attention. Namely, the role which probability playsin the generationof the message.For asthe
successive symbolsarechosen,thesechoicesare,at leastfrom the point of view of the communication
system,governedby probabilities;andin fact by probabilitieswhich arenot independent,but which, at
any stageof the process,dependuponthe precedingchoices. Thus, if we areconcernedwith English
speech,andif the last symbolchosenis “the,” thentheprobability that thenext word be anarticle,or a
verb form other thana 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”asthenext word is very low.

Thatthereareprobabilitieswhichexertacertaindegreeof controlovertheEnglishlanguagealsobecomes
obvious if one thinks, for example,of the fact that in our languagethe dictionary containsno words.
whatsoever in which the initial letter j is followedby b, c, d, f, g, j, k, 1, q, r, t, v, w, x, or z; so that the
probability is actuallyzerothatan initial j be followedby any of theseletters. Similarly, anyonewould
agree. that the probability is low for sucha sequenceof wordsas“Constantinople�shing nastypink.”
Incidentally, it is low, but not zero;for it is perfectlypossibleto think of a passagein which onesentence
closeswith “Constantinople�shing,” and the next begins with “Nasty pink.” And we might observe
in passingthat the unlikely four-word sequenceunderdiscussionhasoccurredin a singlegoodEnglish
sentence,namelytheoneabove.

A systemwhich producesa sequenceof symbols(which may, of course,be lettersor musicalnotes,
say, ratherthanwords)accordingto certainprobabilitiesis calleda stochasticprocess, andthe special
caseof a stochasticprocessin which theprobabilitiesdependon thepreviousevents,is calleda Markoff
processor a Markoff chain.Of theMarkoff processeswhich might conceivablygeneratemessages,there
is a specialclasswhich is of primary importancefor communicationtheory, thesebeingwhatarecalled
ergodicprocesses. Theanalyticaldetailsherearecomplicatedandthereasoningsodeepandinvolvedthat
it hastaken someof the bestefforts of the bestmathematiciansto createthe associatedtheory; but the
roughnatureof anergodicprocessis easyto understand.It is onewhich producesa sequenceof symbols
which would bea poll-taker's dream,becauseany reasonablylarge sampletendsto be representative of
the sequenceasa whole. Supposethat two personschoosesamplesin differentways,andstudywhat
trendstheirstatisticalpropertieswouldshow asthesamplesbecomelarger. If thesituationis ergodic,then
thosetwo persons,however they mayhavechosentheir samples,agreein theirestimatesof theproperties
of thewhole.Ergodicsystems,in otherwords,exhibit aparticularlysafeandcomfortingsortof statistical
regularity.

Now let usreturnto the ideaof information. Whenwe have aninformationsourcewhich is producinga
messageby successively selectingdiscretesymbols(letters,words,musicalnotes,spotsof a certainsize,
etc.),theprobabilityof choiceof thevarioussymbolsat onestageof theprocessbeingdependenton the
previouschoices(i.e.,aMarkoff process),whatabouttheinformationassociatedwith thisprocedure?
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Thequantitywhich uniquelymeetsthenaturalrequirementsthatonesetsup for “information” turnsout
to beexactly thatwhich is known in thermodynamicsasentropy. It is expressedin termsof thevarious
probabilitiesinvolved—thoseof getting to certainstagesin the processof forming messages,and the
probabilitiesthat,whenin thosestages,certainsymbolsbechosennext. Theformula,moreover, involves
the logarithmof probabilities,so that it is a naturalgeneralizationof the logarithmicmeasurespokenof
above in connectionwith simplecases.

To thosewho have studiedthe physicalsciences,it is most signi�cant that an entropy-like expression
appearsin thetheoryasa measureof information.Introducedby Clausiusnearlyonehundredyearsago,
closelyassociatedwith the nameof Boltzmann,andgiven deepmeaningby Gibbs in his classicwork
on statisticalmechanics,entropy hasbecomeso basicandpervasive a conceptthat Eddingtonremarks
“The law thatentropy alwaysincreases—thesecondlaw of thermodynamics—holds,I think, thesupreme
positionamongthelawsof Nature.”

In thephysicalsciences,theentropy associatedwith asituationis ameasureof thedegreeof randomness,
or of ”shuf�edness” if you will, in thesituation;andthetendency of physicalsystemsto becomelessand
lessorganized,to becomemoreandmoreperfectlyshuf�ed, is so basicthat Eddingtonarguesthat it is
primarily this tendency which givestime its arrow—which would reveal to us, for example,whethera
movie of thephysicalworld is beingrun forwardor backward.

Thuswhenonemeetstheconceptof entropy in communicationtheory, hehasaright to beratherexcited—
aright to suspectthatonehasholdof somethingthatmayturnoutto bebasicandimportant.Thatinforma-
tion bemeasuredby entropy is, afterall, naturalwhenwe rememberthat information,in communication
theory, is associatedwith theamountof freedomof choicewe have in constructingmessages.Thusfor
a communicationsourceonecansay, just ashe would alsosayit of a thermodynamicensemble,“This
situationis highly organized,it is not characterizedby a large degreeof randomnessor of choice—that
is to say, the information(or theentropy) is low.” We will returnto this point later, for unlessI amquite
mistaken,it is animportantaspectof themoregeneralsigni�canceof this theory.

Having calculatedthe entropy (or the information, or the freedomof choice)of a certaininformation
source,onecancomparethis to themaximumvaluethisentropy couldhave,subjectonly to. thecondition
that thesourcecontinueto employ thesamesymbols.Theratio of theactualto themaximumentropy is
calledtherelativeentropyof thesource.If therelative entropy of a certainsourceis, say.8, this roughly
meansthatthis sourceis, in its choiceof symbolsto form a message,about80 percentasfreeasit could
possiblybe with thesesamesymbols.Oneminusthe relative entropy is calledthe redundancy. This is
thefractionof thestructureof themessagewhich is determinednot by thefreechoiceof thesender, but
ratherby theacceptedstatisticalrulesgoverningtheuseof thesymbolsin question.It is sensiblycalled
redundancy, for this fractionof themessageis in factredundantin somethingcloseto theordinarysense;
that is to say, this fractionof themessageis unnecessary(andhencerepetitive or redundant)in thesense
thatif it weremissingthemessagewouldstill beessentiallycomplete,or at leastcouldbecompleted.

It is mostinterestingto notethattheredundancy of Englishis justabout50percent,3 sothatabouthalf of
thelettersor wordswe choosein writing or speakingareunderour freechoice,andabouthalf (although
we arenot ordinarily awareof it) arereally controlledby thestatisticalstructureof the language.Apart
from moreseriousimplications,which againwe will postponeto our �nal discussion,it is interestingto
note that a languagemusthave at least50 per centof real freedom(or relative entropy) in the choice
of lettersif one is to be able to constructsatisfactorycrossword puzzles. If it hascompletefreedom,
thenevery arrayof lettersis a crossword puzzle. If it hasonly 20 per centof freedom,then it would

3The 50 per cent estimateaccountsonly for statisticalstructureout to abouteight letters,so that the ultimate value is
presumablya little higher.
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be impossibleto constructcrossword puzzlesin suchcomplexity andnumberaswould make the game
popular. Shannonhasestimatedthatif theEnglishlanguagehadonly about30 percentredundancy, then
it wouldbepossibleto constructthree-dimensionalcrosswordpuzzles.

Beforeclosingthis sectionon information,it shouldbe notedthat the real reasonthat Level A analysis
dealswith a conceptof informationwhich characterizesthe whole statisticalnatureof the information
source,and is not concernedwith the individual messages(and not at all directly concernedwith the
meaningof the individual messages)is that from the point of view of engineering,a communication
systemmustfacetheproblemof handlingany messagethatthesourcecanproduce.If it is notpossibleor
practicableto designa systemwhichcanhandleeverythingperfectly, thenthesystemshouldbedesigned
to handlewell thejobsit is mostlikely to beaskedto do,andshouldresignitself to belessef�cient for the
raretask.Thissortof considerationleadsatonceto thenecessityof characterizingthestatisticalnatureof
thewholeensembleof messageswhich a givenkind of sourcecanandwill produce.And information, as
usedin communicationtheory, doesjust this.

Althoughit is notatall thepurposeof thispaperto beconcernedwith mathematicaldetails,it nevertheless
seemsessentialto have asgoodanunderstandingaspossibleof theentropy-like expressionwhich mea-
suresinformation.If oneis concerned,asin asimplecase,with asetof n independentsymbols,or asetof
n independentcompletemessagesfor thatmatter, whoseprobabilitiesof choiceare ��� �!�"�$#%#%#&�(' , thenthe
actualexpressionfor theinformationis

)

�+*-,

�.�/
���
0�.�213�"� 
���
	�(�415#%#%#613�('�
��0
0�('078�

or

)

�+*39

�:�;
��0
0�.�

.

Where4 thesymbol < , indicates,asis usualin mathematics,thatoneis to sumall termslike the typical
one,�"=>
��0
0�(= writtenasade�ning sample.

This looksa little complicated;but let usseehow thisexpressionbehavesin somesimplecases.

Suppose�rst thatwe arechoosingonly betweentwo possiblemessages,whoseprobabilitiesarethen �?�

for the�rst and�@�

�A�B*

�:� for theother. If onereckons,for this case,thenumericalvalueof
)

, it turns
out that

)

hasits largestvalue,namelyone,whenthe two messagesareequallyprobable;that is to say
when �2�

�

�"�

�

�

�

that is to say, whenoneis completelyfreeto choosebetweenthetwo messages.Just
assoonasonemessagebecomesmoreprobablethanthe other(��� greaterthan �"� , say),thevalueof

)

decreases.And whenonemessageis very probable(�$� almostoneand �@� almostzero,say),thevalueof
)

is verysmall(almostzero).

In thelimiting casewhereoneprobability is unity (certainty)andall theotherszero(impossibility),then
)

is zero(nouncertaintyatall—no freedomof choice—noinformation).

Thus
)

is largestwhenthetwo probabilitiesareequal(i.e.,whenoneis completelyfreeandunbiasedin
thechoice),andreducesto zerowhenone's freedomof choiceis gone.

Thesituationjustdescribedis in facttypical. If therearemany, ratherthantwo, choices,then
)

is largest
whentheprobabilitiesof thevariouschoicesareasnearlyequalascircumstancespermit—whenonehas

4Do not worry abouttheminussign. Any probabilityis a numberlessthanor equalto one,andthelogarithmsof numbers
lessthanonearethemselvesnegative. Thustheminussignis necessaryin orderthat C bein factpositive.
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asmuchfreedomaspossiblein makinga choice,beingaslittle aspossibledriven toward somecertain
choiceswhichhavemorethantheirshareof probability. Suppose,on theotherhand,thatonechoicehasa
probabilitynearonesothatall theotherchoiceshaveprobabilitiesnearzero.This is clearlyasituationin
whichoneis heavily in�uencedtowardoneparticularchoice,andhencehaslittle freedomof choice.And

)

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

Whenthe numberof casesis �x ed,we have just seenthat thenthe informationis the greater, the more
nearlyequalarethe probabilitiesof thevariouscases.Thereis anotherimportantway of increasing

)

,
namelyby increasingthe numberof cases.More accurately, if all choicesareequally likely, the more
choicesthereare,thelarger

)

will be;Thereis more“information” if youselectfreelyoutof asetof �fty
standardmessages,thanif youselectfreelyoutof asetof twenty-�ve.

2.3 Capacity of a Communication Channel

After thediscussionof theprecedingsection,oneis not surprisedthat thecapacityof a channelis to be
describednot in termsof thenumberof symbolsit cantransmit,but ratherin termsof the informationit
transmits.Or better, sincethis lastphraselendsitself particularlywell to a misinterpretationof theword
information,thecapacityof achannelis to bedescribedin termsof its ability to transmitwhatis produced
outof sourceof agiveninformation.

If the sourceis of a simplesort in which all symbolsareof the sametime duration(which is the case,
for example,with teletype),if thesourceis suchthateachsymbolchosenrepresentsE bitsof information
(beingfreelychosenfrom among�GF symbols),andif thechannelcantransmit,say H symbolspersecond,
thenthecapacityof I of thechannelis de�ned to be HJE bitspersecond.

In a moregeneralcase,onehasto take accountof thevarying lengthsof thevarioussymbols.Thusthe
generalexpressionfor capacityof a channelinvolvesthelogarithmof thenumbersof symbolsof certain
time duration(which introduces,of course,theideaof informationandcorrespondsto thefactor E in the
simplecaseof theprecedingparagraph);andalsoinvolvesthenumberof suchsymbolshandled(which
correspondsto the factor H of the precedingparagraph).Thus in the generalcase,capacitymeasures
not thenumberof symbolstransmittedpersecond,but rathertheamountof informationtransmittedper
second,usingbitspersecondasits unit.

2.4 Coding

At theoutsetit waspointedout thatthetransmitteracceptsthemessageandturnsit into somethingcalled
thesignal, thelatterbeingwhatactuallypassesover thechannelto thereceiver.

Thetransmitter, in sucha caseastelephony, merelychangestheaudiblevoicesignalover into something
(thevaryingelectricalcurrenton thetelephonewire) which is at onceclearlydifferentbut clearlyequiv-
alent. But the transmittermaycarryout a muchmorecomplex operationon themessageto producethe
signal.It could,for example,takeawrittenmessageandusesomecodeto encipherthismessageinto, say
asequenceof numbers;thesenumbersthenbeingsentover thechannelasthesignal.

Thusonesays,in general,that the function of the transmitteris to encode, and that of the receiver to
decode, the message.The theoryprovides for very sophisticatedtransmittersandreceivers—such,for
example,aspossess“memories,” sothatthewaythey encodeacertainsymbolof themessagedependsnot
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only uponthis onesymbol,but alsouponprevioussymbolsof themessageandtheway they have been
encoded.

Wearenow in apositionto statethefundamentaltheorem,producedin this theory, for anoiselesschannel
transmittingdiscretesymbols. This theoremrelatesto a communicationchannelwhich hasa capacity
of I bits per second,acceptingsignalsfrom a sourceof entropy (or information)of

)

bits per second.
Thetheoremstatesthatby devising propercodingproceduresfor thetransmitterit is possibleto transmit
symbolsover thechannelat anaveragerate5 which is nearly IML

)

, but which, no matterhow clever the
coding,canneverbemadeto exceedIML

)

.

The signi�cance of this theoremis to be discussedmoreusefully a little later, whenwe have the more
generalcasewhennoiseis present. For the moment,though,it is importantto notice the critical role
whichcodingplays.

Rememberthat the entropy (or information) associatedwith the processwhich generatesmessagesor
signalsis determinedby thestatisticalcharacterof theprocess—bythevariousprobabilitiesfor arriving
at messagesituationsandfor choosing,whenin thosesituationsthenext symbols.Thestatisticalnature
of messagesis entirelydeterminedby thecharacterof thesource.But thestatisticalcharacterof thesignal
asactuallytransmittedby achannel,andhencetheentropy in thechannel,is determinedbothby whatone
attemptsto feedinto thechannelandby thecapabilitiesof thechannelto handledifferentsignalsituations.
For example,in telegraphy, therehave to bespacesbetweendotsanddots,betweendotsanddashes,and
betweendashesanddashes,or thedotsanddasheswouldnot berecognizable.

Now it turnsout thatwhenachanneldoeshavecertainconstraintsof thissort,which limit completesignal
freedom,therearecertainstatisticalsignalcharacteristicswhich leadto a signalentropy which is larger
thanit would befor any otherstatisticalsignalstructure,andin this importantcase,thesignalentropy is
exactlyequalto thechannelcapacity.

In termsof theseideas,it is now possiblepreciselyto characterizethe most ef�cient kind of coding,
Thebesttransmitter, in fact, is thatwhich codesthemessagein sucha way that thesignalhasjust those
optimumstatisticalcharacteristicswhicharebestsuitedto thechannelto beused—whichin factmaximize
thesignal(or onemaysay, thechannel)entropy andmake it equalto thecapacityI of thechannel.

Thiskind of codingleads,by thefundamentaltheoremabove,to themaximumrate IML

)

for thetransmis-
sionof symbols.But for this gainin transmissionrate,onepaysa price. For ratherperverselyit happens
thatasonemakesthecodingmoreandmorenearlyideal,oneis forcedto longerandlongerdelaysin the
processof coding.Part of this dilemmais metby thefact that in electronicequipment“long” maymean
anexceedinglysmall fractionof a second,andpartby the fact thatonemakesa compromise,balancing
thegainin transmissionrateagainstlossof codingtime.

2.5 Noise

How doesnoiseaffect information? Information is, we must steadilyremember, a measureof one's
freedomof choicein selectinga message.Thegreaterthis freedomof choice,andhencethegreaterthe
information,thegreateris theuncertaintythatthemessageactuallyselectedis someparticularone.Thus
greaterfreedomof choice,greateruncertainty, greaterinformationgohandin hand.

5We rememberthatthecapacityN involvestheideaof informationtransmittedpersecond,andis thusmeasuredin bitsper
second.Theentropy C heremeasuresinformationpersymbol,sothattheratioof N to C measuressymbolspersecond.
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If noiseis introduced,thenthe received messagecontainscertaindistortions,certainerrors,certainex-
traneousmaterial, that would certainly lead one to say that the received messageexhibits, becauseof
the effectsof the noise,an increaseduncertainty. But if the uncertaintyis increased,the informationis
increased,andthissoundsasthoughthenoisewerebene�cial!

It is generallytruethatwhenthereis noise,thereceivedsignalexhibitsgreaterinformation—orbetter, the
receivedsignalis selectedout of amorevariedsetthanis thetransmittedsignal.This is asituationwhich
beautifullyillustratesthesemantictrapinto whichonecanfall if hedoesnot rememberthat“information”
is usedherewith a specialmeaningthat measuresfreedomof choiceandhenceuncertaintyas to what
choicehasbeenmade.It is thereforepossiblefor theword informationto have eithergoodor badcon-
notations.Uncertaintywhich arisesby virtue of freedomof choiceon thepartof thesenderis desirable
uncertainty. Uncertaintywhicharisesbecauseof errorsor becauseof thein�uence of noiseis undesirable
uncertainty.

It is thusclearwherethejoker is in sayingthatthereceivedsignalhasmoreinformation.Someof this in-
formationis spuriousandundesirableandhasbeenintroducedvia thenoise.To gettheusefulinformation
in thereceivedsignalwemustsubtractout thisspuriousportion.

Beforewecanclearup thispointwehave to stopfor a little detour. Supposeonehastwo setsof symbols,
suchas the messagesymbolsgeneratedby the information source,and the signal symbolswhich are
actuallyreceived.Theprobabilitiesof thesetwo setsof symbolsareinterrelated,for clearlytheprobability
of receiving acertainsymboldependsuponwhatsymbolwassent.With noerrorsfrom noiseor from other
causes,thereceivedsignalswould correspondpreciselyto themessagesymbolssent;andin thepresence
of possibleerror, theprobabilitiesfor receivedsymbolswouldobviouslybeloadedheavily onthosewhich
correspond,or closelycorrespond,to themessagesymbolssent.

Now in sucha situationonecancalculatewhat is calledtheentropy of onesetof symbolsrelative to the
other. Let us,for example,considertheentropy of themessagerelative to thesignal.It is unfortunatethat
we cannotunderstandthe issuesinvolvedherewithout going into somedetail. Supposefor themoment
thatoneknows thata certainsignalsymbolhasactuallybeenreceived. Theneachmessage symboltakes
on a certainprobability—relatively large for thesymbolidenticalwith or thesymbolssimilar to theone
received, and relatively small for all others. Using this set of probabilities,one calculatesa tentative
entropy value. This is the messageentropy on the assumptionof a de�nite known received or signal
symbol.Underany goodconditionsits valueis low, sincetheprobabilitiesinvolvedarenotspreadaround
ratherevenly on thevariouscases,but areheavily loadedon oneor a few cases.Its valuewould bezero
(seepage7) in any casewherenoisewascompletelyabsent,for then,thesignalsymbolbeingknown, all
messageprobabilitieswould bezeroexceptfor onesymbol(namelytheonereceived),which wouldhave
aprobabilityof unity.

For eachassumptionasto the signalsymbolreceived,onecancalculateoneof thesetentative message
entropies. Calculateall of them, and then averagethem, weighting eachone in accordancewith the
probabilityof the signalsymbolassumedin calculatingit. Entropiescalculatedin this way, whenthere
aretwo setsof symbolsto consider, arecalledrelativeentropies. Theparticularonejust describedis the
entropy of themessagerelative to thesignal,andShannonhasnamedthisalsotheequivocation.

Fromtheway this equivocationis calculated,wecanseewhatits signi�canceis. It measurestheaverage
uncertaintyin the message whenthe signal is known. If therewereno noise,then therewould be no
uncertaintyconcerningthe messageif the signal is known. If the informationsourcehasany residual
uncertaintyafterthesignalis known, thenthismustbeundesirableuncertaintydueto noise.
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The discussionof the last few paragraphscentersaroundthe quantity “the averageuncertaintyin the
messagesourcewhenthereceivedsignalis known.” It canequallywell bephrasedin termsof thesimilar
quantity“the averageuncertaintyconcerningthereceivedsignalwhenthemessagesentis known.” This
latteruncertaintywould,of course,alsobezeroif therewereno noise.

As to theinterrelationshipof thesequantities,it is easyto prove that

)RQ�S:T

*

)VU�Q�S:T

�

)RQ�W(T

*

)VXYQ&WZT

where
)RQ[S:T

is theentropy or informationof thesourceof messages;
)RQ�W(T

theentropy or informationof
receivedsignals;

)\U�Q[S:T

theequivocation,or theuncertaintyin themessagesourceif thesignalbeknown;
)VXYQ&WZT

theuncertaintyin the receivedsignalsif the messagessentbe known, or the spuriouspart of the
receivedsignalinformationwhich is dueto noise.Theright sideof thisequationis theusefulinformation
which is transmittedin spiteof thebadeffectof thenoise.

It is now possibleto explain whatonemeansby thecapacityI of a noisychannel.It is, in fact,de�ned
to be equalto the maximumrate(in bits per second)at which useful information(i.e., total uncertainty
minusnoiseuncertainty)canbetransmittedover thechannel.

Why doesonespeak,here,of a “maximum” rate? What canonedo, that is, to make this ratelarger or
smaller?Theansweris thatonecanaffect this rateby choosinga sourcewhosestatisticalcharacteristics
aresuitablyrelatedto therestraintsimposedby thenatureof thechannel.That is, onecanmaximizethe
rateof transmittingusefulinformationby usingpropercoding(seepages9 to 10).

And now, �nally , let us considerthe fundamentaltheoremfor a noisy channel.Supposethat this noisy
channelhas,in thesensejust described,a capacityI , supposeit is acceptingfrom aninformationsource
characterizedby anentropy of

)RQ�S:T

bits persecond,theentropy of thereceivedsignalsbeing
)RQ&WZT

bits
persecond.If thechannelcapacityI is equalto or largerthan

)RQ�S:T

, thenby devisingappropriatecoding
systems,theoutputof thesourcecanbe transmittedover the channelwith aslittle error asonepleases.
However small a frequency of error you specify, thereis a codewhich meetsthe demand. But if the
channelcapacityI is lessthan

)RQ[S:T

, theentropy of thesourcefrom which it acceptsmessages,thenit is
impossibleto devisecodeswhich reducetheerrorfrequency aslow asonemayplease.

However clever one is with the coding process,it will always be true that after the signal is received
thereremainssomeundesirable(noise)uncertaintyaboutwhat the messagewas; and this undesirable
uncertainty—thisequivocation—willalwaysbeequalto or greaterthan

)RQ�S:T

*

I . Furthermore,thereis
alwaysatleastonecodewhichis capableof reducingthisundesirableuncertainty, concerningthemessage,
down to avaluewhichexceeds

)RQ�S:T

*

I by anarbitrarilysmallamount.

The mostimportantaspect,of course,is that the minimum undesirableor spuriousuncertaintiescannot
bereducedfurther, no matterhow complicatedor appropriatethecodingprocess.This powerful theorem
givesa preciseandalmoststartlinglysimpledescriptionof theutmostdependabilityonecanever obtain
from acommunicationchannelwhich operatesin thepresenceof noise.

Onepracticalconsequence,pointedout by Shannon,shouldbenoted.SinceEnglishis about50 percent
redundant,it wouldbepossibleto saveaboutone-halfthetimeof ordinarytelegraphybyaproperencoding
process,providedoneweregoingto transmitovera noiselesschannel.Whenthereis noiseon a channel,
however, thereis somerealadvantagein not usinga codingprocessthateliminatesall of theredundancy.
For theremainingredundancy helpscombatthenoise.This is veryeasyto see,for justbecauseof thefact
thattheredundancy of Englishis high,onehas,for example,little or no hesitationaboutcorrectingerrors
in spellingthathavearisenduringtransmission.
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2.6 ContinuousMessages

Up to this point we have beenconcernedwith messagesformedout of discretesymbols,aswordsare
formed of letters,sentencesof words, a melody of notes,or a half-tonepicture of a �nite numberof
discretespots. What happensto the theoryif oneconsiderscontinuousmessages,suchasthe speaking
voicewith its continuousvariationof pitch andenergy?

Very roughly onemay say that the extendedtheory is somewhat moredif�cult andcomplicatedmath-
ematically, but not essentiallydifferent. Many of the above statementsfor the discretecaserequireno
modi�cation, andothersrequireonly minorchange.

Onecircumstancewhichhelpsagooddealis thefollowing. As apracticalmatter, oneis alwaysinterested
in a continuoussignalwhich is built up of simpleharmonicconstituentsof not all frequencies, but rather
of frequencieswhich lie wholly within a bandfrom zerofrequency to, say, a frequency of ] cyclesper
second.Thusalthoughthehumanvoicedoescontainhigherfrequencies,verysatisfactorycommunication
canbe achieved over a telephonechannelthat handlesfrequenciesonly up to, sayfour thousand.With
frequenciesup to tenor twelve thousand,high �delity radiotransmissionof symphonicmusicis possible,
etc.

Thereis averyconvenientmathematicaltheoremwhichstatesthatacontinuoussignal,̂ secondsin dura-
tion andband-limitedin frequency to therangefrom 0 to ] , canbecompletelyspeci�edby stating�	^_]

numbers.This is really a remarkabletheorem.Ordinarily a continuouscurve canbeonly approximately
characterizedby statingany �nite numberof pointsthroughwhich it passes,andanin�nite numberwould
in generalberequiredfor completeinformationaboutthecurve. But if thecurve is built up out of simple
harmonicconstituentsof a limited numberof frequencies,asa complex soundis built up out of a limited
numberof puretones,thena �nite numberof parametersis all that is necessary. This hasthe powerful
advantageof reducingthe characterof the communicationproblemfor continuoussignalsfrom a com-
plicatedsituationwhereonewould have to dealwith an in�nite numberof variablesto a considerably
simplersituationwhereonedealswith a �nite (thoughlarge)numberof variables.

In thetheoryfor thecontinuouscasetherearedevelopedformulaswhich describethemaximumcapacity
I of achannelof frequency bandwidth] , whentheaveragepowerusedin transmittingis ` , thechannel
being subjectto a noiseof power a , this noisebeing “white thermalnoise” of a specialkind which
Shannonde�nes. This white thermalnoiseis itself bandlimited in frequency, andtheamplitudesof the
variousfrequency constituentsaresubjectto a normal (Gaussian)probability distribution. Underthese
circumstances,Shannonobtainsthetheorem,againreallyquiteremarkablein its simplicity andits scope,
thatit is possible,by thebestcoding,to transmitbinarydigits at therateof

]b
���
��

`c1da

a

bits persecondandhave anarbitrarily low frequency of error. But this ratecannotpossiblybeexceeded,
no matterhow clever the coding,without giving rise to a de�nite frequency of errors. For the caseof
arbitrarynoise,ratherthanthespecial“white thermal”noiseassumedabove, Shannondoesnot succeed
in deriving oneexplicit formula for channelcapacity, but doesobtainusefulupperandlower limits for
channelcapacity. And he also derives limits for channelcapacitywhen one speci�es not the average
powerof thetransmitter, but ratherthepeakinstantaneouspower.

Finally it shouldbestatedthatShannonobtainsresultswhich arenecessarilysomewhatlessspeci�c, but
which areof obviously deepandsweepingsigni�cance,which, for a generalsortof continuousmessage
or signal, characterizethe �delity of the received message,and the conceptsof rateat which a source
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generatesinformation, rateof transmission,andchannelcapacity, all of thesebeing relative to certain
�delity requirements.

3 The Interr elationshipof the Thr eeLevelsof Communication
Problems

3.1 Intr oductory

In the�rst sectionof this paperit wassuggestedthattherearethreelevelsat which onemayconsiderthe
generalcommunicationproblem.Namely, onemayask:

LEVEL A. How accuratelycanthesymbolsof communicationbetransmitted?

LEVEL B. How preciselydo thetransmittedsymbolsconvey thedesiredmeaning?

LEVEL C. How effectively doesthereceivedmeaningaffect conductin thedesiredway?

It wassuggestedthat themathematicaltheoryof communication,asdevelopedby Shannon,Wiener, and
others,andparticularlythe morede�nitely engineeringtheorytreatedby Shannon,althoughostensibly
applicableonly to Level A problems,actuallyis helpfulandsuggestivefor thelevel B andC problems.

We thentook a look, in section2, at what this mathematicaltheoryis, what conceptsit develops,what
resultsit hasobtained.It is thepurposeof this concludingsectionto review thesituation,andseeto what
extentandin whattermstheoriginal sectionwasjusti�ed in indicatingthattheprogressmadeatLevel A
is capableof contributing to levelsB andC, wasjusti�ed in indicatingthat the interrelationof the three
levelsis soconsiderablethatone's�nal conclusionmaybethattheseparationinto thethreelevelsis really
arti�cial andundesirable.

3.2 Generality of the Theory at Level A

The obvious �rst remark,and indeedthe remarkthat carriesthe major burdenof the argument,is that
themathematicaltheoryis exceedinglygeneralin its scope,fundamentalin theproblemsit treats,andof
classicsimplicity andpower in theresultsit reaches.

This is a theorysogeneralthatonedoesnot needto saywhatkinds of symbolsarebeingconsidered—
whetherwritten lettersor words,or musicalnotes,or spokenwords,or symphonicmusic,or pictures.The
theoryis deepenoughso that the relationshipsit revealsindiscriminatelyapply to all theseandto other
formsof communication.Thismeans,of course,thatthetheoryis suf�ciently imaginatively motivatedso
that it is dealingwith the real innercoreof thecommunicationproblem—withthosebasicrelationships
whichhold in general,nomatterwhatspecialform theactualcasemaytake.

It is anevidenceof thisgeneralitythatthetheorycontributesimportantlyto, andin factis really thebasic
theoryof cryptographywhich is, of course,a form of coding. In a similar way, thetheorycontributesto
theproblemof translationfrom onelanguageto another, althoughthecompletestoryhereclearlyrequires
considerationof meaning,aswell asof information. Similarly, the ideasdevelopedin this work connect
so closelywith the problemof the logical designof greatcomputersthat it is no surprisethat Shannon
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hasjustwrittenapaperon thedesignof acomputerwhichwouldbecapableof playingaskillful gameof
chess.And it is of furtherdirectpertinenceto thepresentcontentionthatthispapercloseswith theremark
thateitheronemustsaythatsucha computer“thinks,” or onemustsubstantiallymodify theconventional
implicationof theverb“to think.”

As a secondpoint, it seemsclearthat an importantcontribution hasbeenmadeto any possiblegeneral
theory of communicationby the formalizationon which the presenttheory is based. It seemsat �rst
obviousto. diagrama communicationsystemasit is doneat theoutsetof this theory;but this breakdown
of thesituationmustbeverydeeplysensibleandappropriate,asonebecomesconvincedwhenheseeshow
smoothlyandgenerallythisviewpointleadsto centralissues.It is almostcertainlytruethataconsideration
of communicationonlevelsB andC will requireadditionsto theschematicdiagramonpage4,but it seems
equallylikely thatwhatis requiredareminoradditions,andnorealrevision.

Thuswhenonemovesto levels B andC, it may prove to be essentialto take accountof-the statistical
characteristicsof the destination.Onecanimagine,asan additionto the diagram,anotherbox labeled
“SemanticReceiver” interposedbetweenthe engineeringreceiver (which changessignalsto messages)
andthe destination.This semanticreceiver subjectsthe messageto a seconddecoding,the demandon
this onebeingthat it mustmatchthe statisticalsemanticcharacteristicsof the messageto the statistical
semanticcapacitiesof thetotality of receivers,or of thatsubsetof receiverswhichconstitutetheaudience
onewishesto affect.

Similarly onecanimagineanotherbox in thediagramwhich,insertedbetweentheinformationsourceand
thetransmitter, wouldbelabeled“semanticnoise,” theboxpreviouslylabeledassimply“noise” now being
labeled“engineeringnoise.” Fromthis sourceis imposedinto thesignaltheperturbationsor distortions
of meaningwhich arenot intendedby the sourcebut which inescapablyaffect the destination.And the
problemof semanticdecodingmusttake this semanticnoiseinto account.It is alsopossibleto think of
anadjustmentof originalmessagesothatthesumof messagemeaningplussemanticnoiseis equalto the
desiredtotalmessagemeaningat thedestination.

Thirdly, it seemshighly suggestive for theproblemat all levelsthaterrorandconfusionariseand�delity
decreases,when,nomatterhow goodthecoding,onetriestocrowd toomuchoverachannel(i.e.,

)fe

I ).
Hereagaina generaltheoryat all levelswill surelyhave to take into accountnot only thecapacityof the
channelbut also (even the words are right!) the capacityof the audience. If one tries to overcrowd
the capacityof the audience,it is probablytrue,by direct analogy, that you do not, so to speak,�ll the
audienceup andthenwasteonly the remainderby spilling. More likely, andagainby directanalogy, if
youovercrowd thecapacityof theaudienceyou forceageneralandinescapableerrorandconfusion.

Fourthly, it is hardto believe that levels B andC do not have muchto learnfrom, anddo not have the
approachto their problemsusefully orientedby, the developmentin this theoryof the entropicideasin
relationto theconceptof information.

Theconceptof informationdevelopedin thistheoryat�rst seemsdisappointingandbizarre—disappointing
becauseit hasnothingto dowith meaning,andbizarrebecauseit dealsnotwith asinglemessagebut rather
with the statisticalcharacterof a whole ensembleof messages,bizarrealsobecausein thesestatistical
termsthetwo wordsinformationanduncertainty�nd themselvesto bepartners.

I think, however, that theseshouldbe only temporaryreactions;andthatoneshouldsay, at theendthat
this analysishasso penetratinglyclearedthe air that oneis now, perhapsfor the �rst time, readyfor a
real theoryof meaning.An engineeringcommunicationtheoryis just like a very properanddiscreetgirl
acceptingyour telegram. Shepaysno attentionto the meaning,whetherit be sad,or joyous,or embar-
rassing.But shemustbepreparedto dealwith all thatcometo herdesk.This ideathata communication
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systemoughtto try to dealwith all possiblemessages,andthattheintelligentway to try is to basedesign
on thestatisticalcharacterof thesource,is surelynot without signi�cancefor communicationin general.
Languagemustbedesigned(or developed)with aview to thetotality of thingsthatmanmaywish to say;
but notbeingableto accomplisheverything,it tooshoulddoaswell aspossibleasoftenaspossible.That
is to say, it tooshoulddealwith its taskstatistically.

Theconceptof theinformationto beassociatedwith asourceleadsdirectly, aswehaveseen,to astudyof
thestatisticalstructureof language;andthis studyrevealsabouttheEnglishlanguage,asanexample,in-
formationwhichseemssurelysigni�cant to studentsof everyphaseof languageandcommunication.The
ideaof utilizing thepowerful bodyof theoryconcerningMarkoff processesseemsparticularlypromising
for semanticstudies,sincethis theory is speci�cally adaptedto handleoneof the mostsigni�cant but
dif�cult aspectsof meaning,namelythein�uence of context. Onehasthevaguefeelingthat information
andmeaningmayprove to besomethinglikea pairof canonicallyconjugatevariablesin quantumtheory,
they beingsubjectto somejoint restrictionthatcondemnsa personto thesacri�ce of theoneasheinsists
on having muchof theother.

Or perhapsmeaningmay be shown to be analogousto oneof the quantitieson which the entropy of a
thermodynamicensembledepends.Theappearanceof entropy in the theory, aswasremarkedearlier, is
surelymostinterestingandsigni�cant. Eddingtonhasalreadybeenquotedin this connection,but thereis
anotherpassagein “The Natureof thePhysicalWorld” which seemsparticularlyaptandsuggestive:

Supposethatwewereaskedto arrangethefollowing in two categories—distance, mass,elec-
tric force, entropy, beauty, melody.

I think therearethestrongestgroundsfor placingentropy alongsidebeautyandmelody, and
not with the �rst three.Entropy is only foundwhenthepartsareviewed in association,and
it is by viewing or hearingthepartsin associationthatbeautyandmelodyarediscerned.All
threearefeaturesof arrangement.It is a pregnantthoughtthatoneof thesethreeassociates
shouldbeableto �gure asa commonplacequantityof science.Thereasonwhy this stranger
canpassitself off amongtheaboriginesof thephysicalworld is that it is ableto speaktheir
language,viz., thelanguageof arithmetic.

I feel surethat Eddingtonwould have beenwilling to includethe word meaningalongwith beautyand
melody;andI suspecthewould have beenthrilled to see,in this theory, thatentropy not only speaksthe
languageof arithmetic;it alsospeaksthelanguageof language.
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