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A Mathematical Theory of Communication

By C. E. SHANNON

INTRODUCTION

HE recent development of various methods of modulation scPCM and PPM which exchange
bandwidth for signal-to-noise ratio has intensified theiiest in a general theory of communication. A
basis for such a theory is contained in the important padexyquist: and Hartley on this subject. In the
present paper we will extend the theory to include a numbeewf factors, in particular the effect of noise
in the channel, and the savings possible due to the statistiticture of the original message and due to the
nature of the final destination of the information.
The fundamental problem of communication is that of repoinly at one point either exactly or ap-
proximately a message selected at another point. Fregubetinessages haweeaning that is they refer
to or are correlated according to some system with certaysipal or conceptual entities. These semantic
aspects of communication are irrelevant to the enginegtiaglem. The significant aspect is that the actual
message is ongelected from a seif possible messages. The system must be designed to ofmerateh
possible selection, not just the one which will actually hesen since this is unknown at the time of design.
If the number of messages in the set is finite then this numb@npmonotonic function of this number
can be regarded as a measure of the information produced evfeemessage is chosen from the set, all
choices being equally likely. As was pointed out by Hartleg tmost natural choice is the logarithmic
function. Although this definition must be generalized ¢dasably when we consider the influence of the
statistics of the message and when we have a continuous cdmgessages, we will in all cases use an
essentially logarithmic measure.
The logarithmic measure is more convenient for variousaesis

1. Itis practically more useful. Parameters of engineeinmgortance such as time, bandwidth, number
of relays, etc., tend to vary linearly with the logarithm b&tnumber of possibilities. For example,
adding one relay to a group doubles the number of possikilesspéithe relays. It adds 1 to the base 2
logarithm of this number. Doubling the time roughly squaites number of possible messages, or
doubles the logarithm, etc.

2. ltis nearer to our intuitive feeling as to the proper meastihis is closely related to (1) since we in-
tuitively measures entities by linear comparison with canrstandards. One feels, for example, that
two punched cards should have twice the capacity of one forrimation storage, and two identical
channels twice the capacity of one for transmitting infotiora

3. Itis mathematically more suitable. Many of the limitingevations are simple in terms of the loga-
rithm but would require clumsy restatement in terms of thenber of possibilities.

The choice of a logarithmic base corresponds to the choieeunfit for measuring information. If the
base 2 is used the resulting units may be called binary digitsnore brieflybits, a word suggested by
J. W. Tukey. A device with two stable positions, such as ayreftaa flip-flop circuit, can store one bit of
information.N such devices can stokebits, since the total number of possible stateg'ia@d log 2N = N.

If the base 10 is used the units may be called decimal digtseS

log, M =log;oM/log;2
=3.32log oM,
INyquist, H., “Certain Factors Affecting Telegraph Speegll System Technical Journakpril 1924, p. 324; “Certain Topics in

Telegraph Transmission Theor@'l.E.E. Trans.y. 47, April 1928, p. 617.
’Hartley, R. V. L., “Transmission of InformationBell System Technical Journal,ly 1928, p. 535.
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Fig. 1—Schematic diagram of a general communication system

a decimal digit is about§bits. A digit wheel on a desk computing machine has ten stabditions and
therefore has a storage capacity of one decimal digit. Itytioal work where integration and differentiation
are involved the baseis sometimes useful. The resulting units of informatiorl wé called natural units.
Change from the baseto baséb merely requires multiplication by lg@.

By a communication system we will mean a system of the typ&ated schematically in Fig. 1. It
consists of essentially five parts:

1.

5.

Aninformation sourcevhich produces a message or sequence of messages to be cieateuito the
receiving terminal. The message may be of various typesA &@quence of letters as in a telegraph
of teletype system; (b) A single function of timfgt) as in radio or telephony; (c) A function of
time and other variables as in black and white television e llee message may be thought of as a
function f (x,y,t) of two space coordinates and time, the light intensity ahpod,y) and timet on a
pickup tube plate; (d) Two or more functions of time, ddy), g(t), h(t) — this is the case in “three-
dimensional” sound transmission or if the system is intértdeservice several individual channels in
multiplex; (e) Several functions of several variables —atoc television the message consists of three
functionsf (x,y,t), g(x,y,t), h(x,y,t) defined in a three-dimensional continuum — we may also think
of these three functions as components of a vector field definéhe region — similarly, several
black and white television sources would produce “messSagmssisting of a number of functions
of three variables; (f) Various combinations also occur,&ample in television with an associated
audio channel.

. A transmitterwhich operates on the message in some way to produce a sigjteddls for trans-

mission over the channel. In telephony this operation c@snerely of changing sound pressure
into a proportional electrical current. In telegraphy wedian encoding operation which produces
a sequence of dots, dashes and spaces on the channel codiagdo the message. In a multiplex
PCM system the different speech functions must be samptedpessed, quantized and encoded,
and finally interleaved properly to construct the signalcaier systems, television and frequency
modulation are other examples of complex operations agppdiche message to obtain the signal.

. Thechannelis merely the medium used to transmit the signal from trattentio receiver. It may be

a pair of wires, a coaxial cable, a band of radio frequenaidégam of light, etc.

. Thereceiverordinarily performs the inverse operation of that done lgyttnsmitter, reconstructing

the message from the signal.

Thedestinationis the person (or thing) for whom the message is intended.

We wish to consider certain general problems involving camitation systems. To do this it is first
necessary to represent the various elements involved d®matical entities, suitably idealized from their
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physical counterparts. We may roughly classify commuincatystems into three main categories: discrete,
continuous and mixed. By a discrete system we will mean onehich both the message and the signal
are a sequence of discrete symbols. A typical case is tgkgnahere the message is a sequence of letters
and the signal a sequence of dots, dashes and spaces. Auomistsystem is one in which the message and
signal are both treated as continuous functions, e.g.o r@dielevision. A mixed system is one in which
both discrete and continuous variables appear, e.g., P&hrrission of speech.

We first consider the discrete case. This case has appheatiot only in communication theory, but
also in the theory of computing machines, the design of lelap exchanges and other fields. In addition
the discrete case forms a foundation for the continuous drelchcases which will be treated in the second
half of the paper.

PART I: DISCRETE NOISELESS SYSTEMS

1. THE DISCRETENOISELESSCHANNEL

Teletype and telegraphy are two simple examples of a descteinnel for transmitting information. Gen-
erally, a discrete channel will mean a system whereby a seguef choices from a finite set of elementary
symbolsS, ..., S, can be transmitted from one point to another. Each of the s{githis assumed to have
a certain duration in timg seconds (not necessarily the same for diffeignfor example the dots and
dashes in telegraphy). It is not required that all possibtpisnces of th&§ be capable of transmission on
the system; certain sequences only may be allowed. Thekbewmilossible signals for the channel. Thus
in telegraphy suppose the symbols are: (1) A dot, consigtiige closure for a unit of time and then line
open for a unit of time; (2) A dash, consisting of three timésiof closure and one unit open; (3) A letter
space consisting of, say, three units of line open; (4) A vepate of six units of line open. We might place
the restriction on allowable sequences that no spacesfelaeh other (for if two letter spaces are adjacent,
it is identical with a word space). The question we now coasid how one can measure the capacity of
such a channel to transmit information.

In the teletype case where all symbols are of the same duoratiad any sequence of the 32 symbols
is allowed the answer is easy. Each symbol represents figebihformation. If the system transmits
symbols per second it is natural to say that the channel hapacity of 5 bits per second. This does not
mean that the teletype channel will always be transmittivigrmation at this rate — this is the maximum
possible rate and whether or not the actual rate reachemthisnum depends on the source of information
which feeds the channel, as will appear later.

In the more general case with different lengths of symbots@mstraints on the allowed sequences, we
make the following definition:

Definition: The capacitL of a discrete channel is given by
C=Lim M
T—o T
whereN(T) is the number of allowed signals of duratidn

Itis easily seen that in the teletype case this reduces torthaous result. It can be shown that the limit
in question will exist as a finite number in most cases of gger Suppose all sequences of the symbols
Si,...,S are allowed and these symbols have durattens.,t,. What is the channel capacity? Nft)
represents the number of sequences of duratioe have

N(t) = N(t —tg) + N(t —tp) +- -+ N(t —tp).

The total number is equal to the sum of the numbers of seqeesrading inS;, S, ..., S, and these are
N(t —t1),N(t —t2),...,N(t —t,), respectively. According to a well-known result in finitdfdrencesN(t)
is then asymptotic for largeto X whereXg is the largest real solution of the characteristic equation

XUpX g pX =1
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and therefore
C =logXo.

In case there are restrictions on allowed sequences we i@ftsh obtain a difference equation of this
type and findC from the characteristic equation. In the telegraphy casatiored above

N(t) =N({t—2)+N({t—4)+N({t—5)+N({t—7)+N(t—8)+N(t—10)

as we see by counting sequences of symbols according to sherlaext to the last symbol occurring.
HenceC is —log o whereyg is the positive root of 1= u? + p* + p® + pu” + p® + 1110, Solving this we find
C=0.539.

A very general type of restriction which may be placed onvedld sequences is the following: We
imagine a number of possible statgsay, . .., am. For each state only certain symbols from theJet. .| S,
can be transmitted (different subsets for the differertes)a When one of these has been transmitted the
state changes to a new state depending both on the old sththeuparticular symbol transmitted. The
telegraph case is a simple example of this. There are twesstipending on whether or not a space was
the last symbol transmitted. If so, then only a dot or a dashbeasent next and the state always changes.
If not, any symbol can be transmitted and the state changespiéce is sent, otherwise it remains the same.
The conditions can be indicated in a linear graph as showigin2 The junction points correspond to the

DASH

WORD SPACE

N

Fig. 2—Graphical representation of the constraints orgtalgh symbols.

states and the lines indicate the symbols possible in aatatéhe resulting state. In Appendix 1 it is shown
that if the conditions on allowed sequences can be descirbtbis formC will exist and can be calculated
in accordance with the following result:

Theoreml: LetbfiS> be the duration of the”" symbol which is allowable in stateand leads to state
Then the channel capaci®yis equal tdogW whereW is the largest real root of the determinant equation:

ZWibi(J'S) —5ij} =0
S

wheredij = 1if i = j and is zero otherwise.
For example, in the telegraph case (Fig. 2) the determigant i

-1 (W-2+w4)

‘(w—3+w—6) (W24 W4— 1)’ =0

On expansion this leads to the equation given above for #se.c
2. THE DISCRETESOURCE OFINFORMATION

We have seen that under very general conditions the logadftihe number of possible signals in a discrete
channel increases linearly with time. The capacity to trhsformation can be specified by giving this
rate of increase, the number of bits per second requiredeitifgghe particular signal used.

We now consider the information source. How is an informraiource to be described mathematically,
and how much information in bits per second is produced irvargsource? The main point at issue is the
effect of statistical knowledge about the source in redyitiie required capacity of the channel, by the use
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of proper encoding of the information. In telegraphy, foaeple, the messages to be transmitted consist of
sequences of letters. These sequences, however, are rgeteipnrandom. In general, they form sentences
and have the statistical structure of, say, English. Therl& occurs more frequently than Q, the sequence
TH more frequently than XP, etc. The existence of this stmectllows one to make a saving in time (or
channel capacity) by properly encoding the message segsi@mo signal sequences. This is already done
to a limited extent in telegraphy by using the shortest ceasymbol, a dot, for the most common English
letter E; while the infrequent letters, Q, X, Z are represdrity longer sequences of dots and dashes. This
idea is carried still further in certain commercial codesvehcommon words and phrases are represented
by four- or five-letter code groups with a considerable sgwinaverage time. The standardized greeting
and anniversary telegrams now in use extend this to the pbericoding a sentence or two into a relatively
short sequence of numbers.

We can think of a discrete source as generating the messagkokby symbol. It will choose succes-
sive symbols according to certain probabilities dependimgeneral, on preceding choices as well as the
particular symbols in question. A physical system, or a mahtical model of a system which produces
such a sequence of symbols governed by a set of probabilgigeown as a stochastic procéséve may
consider a discrete source, therefore, to be representadtmchastic process. Conversely, any stochastic
process which produces a discrete sequence of symbolsthosea finite set may be considered a discrete
source. This will include such cases as:

1. Natural written languages such as English, German, Ghine

2. Continuous information sources that have been rendasedete by some quantizing process. For
example, the quantized speech from a PCM transmitter, oaatped television signal.

3. Mathematical cases where we merely define abstractlychas$tic process which generates a se-
guence of symbols. The following are examples of this |gs¢ tyf source.

(A) Suppose we have five letters A, B, C, D, E which are choseh eéth probability .2, successive
choices being independent. This would lead to a sequencéichwhe following is a typical
example.

BDCBCECCCADCBDDAAECEEA
ABBDAEECACEEBAEECBCEAD.

This was constructed with the use of a table of random nunfbers

(B) Using the same five letters let the probabilities be .4,21.2, .1, respectively, with successive
choices independent. A typical message from this sourdeis t
AAACDCBDCEAADADACEDA
EADCABEDADDCECAAAAAD.

(C) A more complicated structure is obtained if successyalmls are not chosen independently
but their probabilities depend on preceding letters. Indingplest case of this type a choice
depends only on the preceding letter and not on ones befate Tihe statistical structure can
then be described by a set of transition probabilii€$), the probability that letteris followed
by letterj. The indices andj range over all the possible symbols. A second equivalentofiay
specifying the structure is to give the “digram” probalektp(i, j), i.e., the relative frequency of
the digrami j. The letter frequencigy(i), (the probability of letter), the transition probabilities

3See, for example, S. Chandrasekhar, “Stochastic Probleikyisics and AstronomyReviews of Modern Physice 15, No. 1,

January 1943, p. 1.
“Kendall and SmithTables of Random Sampling NumbeZsmbridge, 1939.
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(D)

pi(j) and the digram probabilitigs(i, j) are related by the following formulas:
p(i) = 3 p(i.i) = 3 p(i.) = Y p()pi(i)
] ] ]
p(i,j) = p()pi(])

S pili) = pl)=
] i

As a specific example suppose there are three letters A, BtfCtlné probability tables:

p(i,j) =1.
I’J

pi(]) j i | p(i) p(i, j) j
A B C A B C
9
I L A I S L
Cl3 5§ % Cl % Clz 13 13

A typical message from this source is the following:

ABBABABABABABABBBABBBBBABABABABABBBACACAB
BABBBBABBABACBBBABA.

The next increase in complexity would involve trigram fregaies but no more. The choice of
a letter would depend on the preceding two letters but nohemtessage before that point. A
set of trigram frequencieg(i, j, k) or equivalently a set of transition probabilitipg (k) would
be required. Continuing in this way one obtains successivelre complicated stochastic pro-
cesses. In the genenmalgram case a set afFgram probabilitie(i1,iz,...,in) or of transition
probabilitiesp, j,,....i,_; (in) iS required to specify the statistical structure.

Stochastic processes can also be defined which produegt &dnsisting of a sequence of

“words.” Suppose there are five letters A, B, C, D, E and 16 @sgbiin the language with
associated probabilities:

A10A .16 BEBE .11 CABED .04 DEB
.04 ADEB .04 BED .05 CEED .15 DEED
.O5 ADEE .02BEED .08 DAB .01 EAB
.01 BADD .05CA .04 DAD .05 EE

Suppose successive “words” are chosen independently arsbparated by a space. A typical
message might be:

DAB EE A BEBE DEED DEB ADEE ADEE EE DEB BEBE BEBE BEBE ADEE BED HD
DEED CEED ADEE A DEED DEED BEBE CABED BEBE BED DAB DEED ADEB.

If all the words are of finite length this process is equivatenone of the preceding type, but

the description may be simpler in terms of the word structure probabilities. We may also
generalize here and introduce transition probabilitig¢e/ben words, etc.

These artificial languages are useful in constructing ssngpbblems and examples to illustrate vari-
ous possibilities. We can also approximate to a naturaldagg by means of a series of simple artificial
languages. The zero-order approximation is obtained bggihg all letters with the same probability and
independently. The first-order approximation is obtaingaoosing successive letters independently but
each letter having the same probability that it has in themahianguag®. Thus, in the first-order ap-
proximation to English, E is chosen with probability .12 (ftequency in normal English) and W with
probability .02, but there is no influence between adjacett¢is and no tendency to form the preferred

5L etter, digram and trigram frequencies are giveS@tret and Urgertty Fletcher Pratt, Blue Ribbon Books, 1939. Word frequen-
cies are tabulated iRelative Frequency of English Speech Soud€ewey, Harvard University Press, 1923.
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digrams such as TH, ED, etc. In the second-order approxamadiigram structure is introduced. After a
letter is chosen, the next one is chosen in accordance watlirélguencies with which the various letters
follow the first one. This requires a table of digram frequesai(j). In the third-order approximation,
trigram structure is introduced. Each letter is chosen pitibabilities which depend on the preceding two
letters.

3. THE SERIES OFAPPROXIMATIONS TOENGLISH

To give a visual idea of how this series of processes appeslanguage, typical sequences in the approx-
imations to English have been constructed and are givembéhoall cases we have assumed a 27-symbol
“alphabet,” the 26 letters and a space.

1. Zero-order approximation (symbols independent andpegbable).

XFOML RXKHRJFFJUJ ZLPWCFWKCYJ FFJEYVKCQSGHYD QPAAMKBZABIBZL-
HJQD.

2. First-order approximation (symbols independent bulhdviéquencies of English text).

OCRO HLI RGWR NMIELWIS EU LL NBNESEBYA TH EEI ALHENHTTPA OOBTVA
NAH BRL.

3. Second-order approximation (digram structure as inighy|

ON IE ANTSOUTINYS ARE T INCTORE ST BE S DEAMY ACHIN D ILONASIVETU-
COOWE AT TEASONARE FUSO TIZIN ANDY TOBE SEACE CTISBE.

4. Third-order approximation (trigram structure as in Estg).

IN NO IST LAT WHEY CRATICT FROURE BIRS GROCID PONDENOME OF DEONS-
TURES OF THE REPTAGIN IS REGOACTIONA OF CRE.

5. First-order word approximation. Rather than continudwétragram, .. .n-gram structure it is easier
and better to jump at this point to word units. Here words dm@sen independently but with their
appropriate frequencies.

REPRESENTING AND SPEEDILY IS AN GOOD APT OR COME CAN DIFFERENNAT-
URAL HERE HE THE AIN CAME THE TO OF TO EXPERT GRAY COME TO FURNHKES
THE LINE MESSAGE HAD BE THESE.

6. Second-order word approximation. The word transitiasbpbilities are correct but no further struc-
ture is included.

THE HEAD AND IN FRONTAL ATTACK ON AN ENGLISH WRITER THAT THE CHAR-
ACTER OF THIS POINT IS THEREFORE ANOTHER METHOD FOR THE LETRE THAT
THE TIME OF WHO EVER TOLD THE PROBLEM FOR AN UNEXPECTED.

The resemblance to ordinary English text increases quiteeably at each of the above steps. Note that
these samples have reasonably good structure out to akioatttve range that is taken into account in their
construction. Thus in (3) the statistical process insueasonable text for two-letter sequences, but four-
letter sequences from the sample can usually be fitted irid gentences. In (6) sequences of four or more
words can easily be placed in sentences without unusualanestl constructions. The particular sequence
of ten words “attack on an English writer that the charactéhig” is not at all unreasonable. It appears then
that a sufficiently complex stochastic process will give isgzctory representation of a discrete source.

The first two samples were constructed by the use of a booknafora numbers in conjunction with
(for example 2) a table of letter frequencies. This methoghihave been continued for (3), (4) and (5),
since digram, trigram and word frequency tables are availddut a simpler equivalent method was used.
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To construct (3) for example, one opens a book at random dadtsea letter at random on the page. This
letter is recorded. The book is then opened to another padjema reads until this letter is encountered.
The succeeding letter is then recorded. Turning to anothge phis second letter is searched for and the
succeeding letter recorded, etc. A similar process was iosgd), (5) and (6). It would be interesting if
further approximations could be constructed, but the latarlved becomes enormous at the next stage.

4. GRAPHICAL REPRESENTATION OF AMARKOFF PROCESS

Stochastic processes of the type described above are knathrematically as discrete Markoff processes
and have been extensively studied in the literafufihe general case can be described as follows: There
exist a finite number of possible “states” of a syst&nS,...,S,. In addition there is a set of transition
probabilities; pi(j) the probability that if the system is in stafeit will next go to stateS;. To make this
Markoff process into an information source we need only m&sthat a letter is produced for each transition
from one state to another. The states will correspond torgsdue of influence” from preceding letters.

The situation can be represented graphically as shown & Bigt and 5. The “states” are the junction

Fig. 3—A graph corresponding to the source in example B.

points in the graph and the probabilities and letters preddior a transition are given beside the correspond-
ing line. Figure 3 is for the example B in Section 2, while Fgcorresponds to the example C. In Fig. 3

Fig. 4—A graph corresponding to the source in example C.

there is only one state since successive letters are indepenn Fig. 4 there are as many states as letters.
If a trigram example were constructed there would be at mbstates corresponding to the possible pairs
of letters preceding the one being chosen. Figure 5 is a goaghe case of word structure in example D.
Here S corresponds to the “space” symbol.

5. ERGODIC AND MIXED SOURCES

As we have indicated above a discrete source for our purpsede considered to be represented by a
Markoff process. Among the possible discrete Markoff peses there is a group with special properties
of significance in communication theory. This special clesssists of the “ergodic” processes and we
shall call the corresponding sources ergodic sourcesoAgth a rigorous definition of an ergodic process is
somewhat involved, the generalideais simple. In an ergodicess every sequence produced by the process

8For a detailed treatment see M. Fréechdéthode des fonctions arbitraires. Théorie des évéamsen chaine dans le cas d'un
nombre fini d’états possible®aris, Gauthier-Villars, 1938.
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is the same in statistical properties. Thus the letter feegies, digram frequencies, etc., obtained from
particular sequences, will, as the lengths of the sequancesase, approach definite limits independent
of the particular sequence. Actually this is not true of gv@quence but the set for which it is false has
probability zero. Roughly the ergodic property meanssiail homogeneity.

All the examples of artificial languages given above are @igar his property is related to the structure
of the corresponding graph. If the graph has the following propertie$ the corresponding process will
be ergodic:

1. The graph does not consist of two isolated parts A and B thatthit is impossible to go from junction
points in part A to junction points in part B along lines of @i@ph in the direction of arrows and also
impossible to go from junctions in part B to junctions in part

2. A closed series of lines in the graph with all arrows on thed pointing in the same orientation will
be called a “circuit.” The “length” of a circuit is the numbaflines in it. Thus in Fig. 5 series BEBES
is a circuit of length 5. The second property required is thagreatest common divisor of the lengths
of all circuits in the graph be one.

Fig. 5—A graph corresponding to the source in example D.

If the first condition is satisfied but the second one violdtgtiaving the greatest common divisor equal
tod > 1, the sequences have a certain type of periodic structinevarious sequences fall indadifferent
classes which are statistically the same apart from a shifteoorigin (i.e., which letter in the sequence is
called letter 1). By a shift of from 0 up td — 1 any sequence can be made statistically equivalent to any
other. A simple example witd = 2 is the following: There are three possible lettayb,c. Lettera is
followed with eitherb or ¢ with probabilities% and% respectively. Eitheb or c is always followed by letter
a. Thus a typical sequence is

abacacacabacababacac

This type of situation is not of much importance for our work.

If the first condition is violated the graph may be separaténla set of subgraphs each of which satisfies
the first condition. We will assume that the second condisaiso satisfied for each subgraph. We have in
this case what may be called a “mixed” source made up of a nuaflpeire components. The components
correspond to the various subgraphd.4fL,, L3,... are the component sources we may write

L= pil1+ polo+ psls+---

"These are restatements in terms of the graph of conditiaes @i Fréchet.
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wherep; is the probability of the component souigce

Physically the situation represented is this: There arersédifferent sourceks, Lo, L3,... which are
each of homogeneous statistical structure (i.e., they @ade&). We do not knova priori which is to be
used, but once the sequence starts in a given pure complgnéntontinues indefinitely according to the
statistical structure of that component.

As an example one may take two of the processes defined abdwesanmep; = .2 andp, = .8. A
sequence from the mixed source

L=.2L1+.8L

would be obtained by choosing firist or Lo with probabilities .2 and .8 and after this choice genegasin
sequence from whichever was chosen.

Except when the contrary is stated we shall assume a soubessiodic. This assumption enables one
to identify averages along a sequence with averages oventienble of possible sequences (the probability
of a discrepancy being zero). For example the relative fragy of the letter A in a particular infinite
sequence will be, with probability one, equal to its relatitkequency in the ensemble of sequences.

If B is the probability of stateandp;(j) the transition probability to statg then for the process to be
stationary it is clear that th@ must satisfy equilibrium conditions:

Pi =Y Rpi(i).

In the ergodic case it can be shown that with any starting itiond the probabilitie®; (N) of being in state
j afterN symbols, approach the equilibrium valued\as- co.

6. CHOICE, UNCERTAINTY AND ENTROPY

We have represented a discrete information source as a Markaess. Can we define a quantity which
will measure, in some sense, how much information is “predby such a process, or better, at what rate
information is produced?

Suppose we have a set of possible events whose probalilit@scurrence ar@s, p2,..., pn. These
probabilities are known but that is all we know concerningalitevent will occur. Can we find a measure
of how much “choice” is involved in the selection of the evenbf how uncertain we are of the outcome?

If there is such a measure, sdyp1, pz, ..., Pn), it is reasonable to require of it the following properties:

1. H should be continuous in thg.

2. If all the p; are equalp; = % thenH should be a monotonic increasing functionnofWith equally
likely events there is more choice, or uncertainty, whemelse more possible events.

3. If a choice be broken down into two successive choicesptiggnal H should be the weighted sum
of the individual values oH. The meaning of this is illustrated in Fig. 6. At the left wevkahree

1/2 1/2
1/2
1/3
2/3
s 1 1/3
1/3>1/6

Fig. 6—Decomposition of a choice from three possibilities.

possibilitiesp; = % P2 = % p3 = %. On the right we first choose between two possibilities eaitih w

probability%, and if the second occurs make another choice with prolu'abiﬁ, % The final results
have the same probabilities as before. We require, in tlésiapcase, that
111 11y, 14¢2 1
H(3,3.5) =H(3,3) +3H(5,3)-

The coefficiem% is because this second choice only occurs half the time.
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In Appendix 2, the following result is established:
Theoren®?: The onlyH satisfying the three above assumptions is of the form:

n
H=-KY pilogp
i; | |

whereK is a positive constant.

This theorem, and the assumptions required for its proefirano way necessary for the present theory.
Itis given chiefly to lend a certain plausibility to some ofrdater definitions. The real justification of these
definitions, however, will reside in their implications.

Quantities of the fornd =—3 pilog pi (the constanK merely amounts to a choice of a unit of measure)
play a central role in information theory as measures ofrmgttion, choice and uncertainty. The formHbf
will be recognized as that of entropy as defined in certaimfdations of statistical mechanftwherep; is
the probability of a system being in c&lbf its phase space is then, for example, thel in Boltzmann'’s
famousH theorem. We shall cali = —  p;logp; the entropy of the set of probabilitigs, .. ., pn. If Xis a
chance variable we will writél (x) for its entropy; thus is not an argument of a function but a label for a
number, to differentiate it froril (y) say, the entropy of the chance variaple

The entropy in the case of two possibilities with probaieitipp andg = 1 — p, namely

H = —(plogp+qlogq)

is plotted in Fig. 7 as a function qf.

1.0

BITS

o 1 2 3 4 5 6 7 8 9 10
p

Fig. 7—Entropy in the case of two possibilities with probiieis p and(1— p).

The quantityH has a number of interesting properties which further sulbistiz it as a reasonable
measure of choice or information.

1. H = 0if and only if all thep; but one are zero, this one having the value unity. Thus onlgnuke
are certain of the outcome dolsvanish. Otherwisél is positive.

2. For a givem, H is a maximum and equal to logwhen all thep; are equal (i.e.%). This is also
intuitively the most uncertain situation.

8See, for example, R. C. TolmaRrinciples of Statistical Mechanic€xford, Clarendon, 1938.
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3. Suppose there are two eventandy, in question withm possibilities for the first and for the second.
Let p(i, j) be the probability of the joint occurrenceidbr the first andj for the second. The entropy of the

joint event is
Zp 1)logp(i, j)
while
IJp ngp
p(i, mgzp

1)

It is easily shown that
H(xy) <H(X)+H(y)

with equality only if the events are independent (i, j) = p(i)p(j)). The uncertainty of a joint event is
less than or equal to the sum of the individual uncertainties

4. Any change toward equalization of the probabilifiesp,, ..., pn increase$i. Thus if p1 < p2 and
we increasep, decreasing, an equal amount so thai andp; are more nearly equal, théh increases.
More generally, if we perform any “averaging” operation be p; of the form

Pi=) ajPpj
J

wherey;aij = yjaj = 1, and allajj > 0, thenH increases (except in the special case where this transfor-
mation amounts to no more than a permutation ofghwith H of course remaining the same).

5. Suppose there are two chance everaady as in 3, not necessarily independent. For any particular
valuei thatx can assume there is a conditional probabititfj ) thaty has the valug. This is given by

pQ, j)
>ip(,j)
We define theonditional entropyf y, Hy(y) as the average of the entropyydr each value o%, weighted
according to the probability of getting that particuamhat is

pi(j) =

zp j)logpi(]

This quantity measures how uncertain we arg ol the average when we knowSubstituting the value of
pi(j) we obtain

zp i)logp(i, +Zp ngp
mw—<>

or
H(X,y) = H(X) + Hx(y).

The uncertainty (or entropy) of the joint eveqy is the uncertainty ox plus the uncertainty of whenx is
known.
6. From 3 and 5 we have

H(X)+H(y) > H(x,y) = H(X) + Hx(y).
Hence
H(y) > Hx(y).

The uncertainty of is never increased by knowledgeofit will be decreased unlegsaandy are independent
events, in which case it is not changed.
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7. THE ENTROPY OF ANINFORMATION SOURCE

Consider a discrete source of the finite state type congiddyeve. For each possible statbere will be a
set of probabilitie;(j) of producing the various possible symb@lsThus there is an entrogy; for each
state. The entropy of the source will be defined as the avertheseH; weighted in accordance with the
probability of occurrence of the states in question:

H—ZPHi

=—2Pp| i)logpi(j

This is the entropy of the source per symbol of text. If the kédfrprocess is proceeding at a definite time
rate there is also an entropy per second
= Z fiH;
|

wheref; is the average frequency (occurrences per second) ofi s@kearly
H' = mH

wheremis the average number of symbols produced per seddrad.H measures the amount of informa-
tion generated by the source per symbol or per second. Ibterithmic base is 2, they will represent bits
per symbol or per second.

If successive symbols are independent tHeis simply — y pjlog pi wherep; is the probability of sym-
boli. Suppose in this case we consider a long messaljesgimbols. It will contain with high probability
aboutp;N occurrences of the first symbqi;N occurrences of the second, etc. Hence the probability sf thi

particular message will be roughly N o
p=pi p5?" - phN

or

logp=N7% pilogp
1

logp=—NH
. logl/p
H= N

H is thus approximately the logarithm of the reciprocal ptuligy of a typical long sequence divided by the
number of symbols in the sequence. The same result holdaiyos@urce. Stated more precisely we have
(see Appendix 3):

TheorenB: Given anye > 0 and§ > 0, we can find amNy such that the sequences of any lerigth No
fall into two classes:

1. A set whose total probability is less than

2. The remainder, all of whose members have probabilitigsfgamg the inequality

logp™?t
N

H|<a.

. logp~! .
In other words we are almost certain to h b very close taH whenN is large.

A closely related result deals with the number of sequentearmus probabilities. Consider again the
sequences of lengtN and let them be arranged in order of decreasing probabilify.definen(q) to be
the number we must take from this set starting with the masibgiole one in order to accumulate a total
probabilityq for those taken.
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Theorem:

. logn(q)
Lim —N H

N—oo
whenq does not equdl or 1.

We may interpret log(q) as the number of bits required to specify the sequence whensder only

the most probable sequences with a total probatljlityhenM is the number of bits per symbol for

the specification. The theorem says that for laxgghis will be independent aff and equal tdd. The rate
of growth of the logarithm of the number of reasonably prdeaequences is given by, regardless of our
interpretation of “reasonably probable.” Due to theselteswhich are proved in Appendix 3, it is possible
for most purposes to treat the long sequences as thoughirezgust 2'N of them, each with a probability
2-HN,

The next two theorems show thet andH’ can be determined by limiting operations directly from
the statistics of the message sequences, without refetetice states and transition probabilities between
states.

Theorenb: Letp(B;) be the probability of a sequenBegof symbols from the source. Let
1
Gn=—y .Z p(Bi)logp(Bi)

where the sum is over all sequen8ggontainingN symbols. Thesy is a monotonic decreasing function
ofN and
Lim Gn =H.
N—o0
Theorem6: Let p(B;,S;j) be the probability of sequend& followed by symbolS; and pg;(Sj) =
p(Bi,S;j)/p(Bi) be the conditional probability & afterB;. Let

Fv=—7 p(Bi,S;)logps(S)
1]

where the sum is over all block of N — 1 symbols and over all symbo. ThenFy is a monotonic
decreasing function oM,

Fn =NGn — (N—1)Gn-1,

1 N
GN =N Fn7

NnZl
Py < Gn,

andLimy_..Fy =H.

These results are derived in Appendix 3. They show that asefiapproximations tbl can be obtained
by considering only the statistical structure of the segasrextending over,2,... N symbols.Fy is the
better approximation. In fad¥y is the entropy of the\!" order approximation to the source of the type
discussed above. If there are no statistical influencesdixtg over more thaiN symbols, that is if the
conditional probability of the next symbol knowing the peding(N — 1) is not changed by a knowledge of
any before that, thefy = H. Fy of course is the conditional entropy of the next symbol whenN — 1)
preceding ones are known, whiBy is the entropy per symbol of blocks bf symbols.

The ratio of the entropy of a source to the maximum value it¢bave while still restricted to the same
symbols will be called itselative entropy This is the maximum compression possible when we encode int
the same alphabet. One minus the relative entropy igetthendancy The redundancy of ordinary English,
not considering statistical structure over greater ditarthan about eight letters, is roughly 50%. This
means that when we write English half of what we write is dataed by the structure of the language and
half is chosen freely. The figure 50% was found by severalgeddent methods which all gave results in
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this neighborhood. One is by calculation of the entropy efdpproximations to English. A second method
is to delete a certain fraction of the letters from a samplEmglish text and then let someone attempt to
restore them. If they can be restored when 50% are delete@dumdancy must be greater than 50%. A
third method depends on certain known results in cryptdgrap

Two extremes of redundancy in English prose are represdyt&hsic English and by James Joyce’s
book “Finnegans Wake”. The Basic English vocabulary istiaito 850 words and the redundancy is very
high. This is reflected in the expansion that occurs when sgggsis translated into Basic English. Joyce
on the other hand enlarges the vocabulary and is allegedteveca compression of semantic content.

The redundancy of a language is related to the existenceogbword puzzles. If the redundancy is
zero any sequence of letters is a reasonable text in the dgegand any two-dimensional array of letters
forms a crossword puzzle. If the redundancy is too high thguage imposes too many constraints for large
crossword puzzles to be possible. A more detailed analgsissthat if we assume the constraints imposed
by the language are of a rather chaotic and random natuge taossword puzzles are just possible when
the redundancy is 50%. If the redundancy is 33%, three-dsineal crossword puzzles should be possible,
etc.

8. REPRESENTATION OF THEENCODING AND DECODING OPERATIONS

We have yet to represent mathematically the operation®peed by the transmitter and receiver in en-
coding and decoding the information. Either of these willched a discrete transducer. The input to the
transducer is a sequence of input symbols and its outputLeeseq of output symbols. The transducer may
have an internal memory so that its output depends not ontlgepresent input symbol but also on the past
history. We assume that the internal memory is finite, itere exist a finite numben of possible states of

the transducer and that its output is a function of the prtestate and the present input symbol. The next
state will be a second function of these two quantities. Ehtnansducer can be described by two functions:

Yn = f(Xn,n)
ant1 = 9(Xn, an)

where

X is then input symbol,

an is the state of the transducer when tfeinput symbol is introduced,

Yn is the output symbol (or sequence of output symbols) prodiudeenx, is introduced if the state isp.

If the output symbols of one transducer can be identified thighinput symbols of a second, they can be
connected in tandem and the result is also a transducereri #xists a second transducer which operates
on the output of the first and recovers the original input fits¢ transducer will be called non-singular and
the second will be called its inverse.

Theorem?7: The output of a finite state transducer driven by a finite ssédéstical source is a finite
state statistical source, with entropy (per unit time) kss1 or equal to that of the input. If the transducer
is non-singular they are equal.

Let a represent the state of the source, which produces a seqoisyabolsx;; and lets be the state of
the transducer, which produces, in its output, blocks oftsyisy;. The combined system can be represented
by the “product state space” of paifs, 3). Two points in the spacgvi, 1) and(«z, 32), are connected by
a line if a1 can produce ar which changeg; to 2, and this line is given the probability of thatn this
case. The line is labeled with the blockygfsymbols produced by the transducer. The entropy of the butpu
can be calculated as the weighted sum over the states. Ifwdirst ong each resulting term is less than or
equal to the corresponding term foy hence the entropy is not increased. If the transducer issirgular
let its output be connected to the inverse transducet; IH, andH; are the output entropies of the source,
the first and second transducers respectively, Hier H; > H; = H; and thereforéd] = Hj.
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Suppose we have a system of constraints on possible segusitbe type which can be represented by

a linear graph as in Fig. 2. If probabilititﬂés) were assigned to the various lines connecting stmstatej
this would become a source. There is one particular assighwtéch maximizes the resulting entropy (see
Appendix 4).
Theorem8: Let the system of constraints considered as a channel haapazityC = logW. If we
assign
(9 _ Biyy-4?
= —\W i
pl] Bi
Whereéi(js) is the duration of the symbol leading from stateto statej and theB; satisfy
_®
Bi =) BjW i
2

thenH is maximized and equal .

By proper assignment of the transition probabilities thizagy of symbols on a channel can be maxi-
mized at the channel capacity.

9. THE FUNDAMENTAL THEOREM FOR ANOISELESSCHANNEL

We will now justify our interpretation oH as the rate of generating information by proving tHatleter-
mines the channel capacity required with most efficientrogdi

TheoremO: Let a source have entropy (bits per symbgl and a channel have a capady bits per
secongl. Then it is possible to encode the output of the source in suehy as to transmit at the average

C . L . . .
rateﬁ — e symbols per second over the channel wheagearbitrarily small. It is not possible to transmit at

C
an average rate greater thﬁn

The converse part of the theorem, tC tcannot be exceeded, may be proved by noting that the entropy

of the channel input per second is equal to that of the sosies the transmitter must be non-singular, and
also this entropy cannot exceed the channel capacity. H¢heeC and the number of symbols per second
=H/'/H <C/H.

The first part of the theorem will be proved in two differentyga The first method is to consider the
set of all sequences &f symbols produced by the source. Fblarge we can divide these into two groups,
one containing less tha® N members and the second containing less tH&hrBembers (wher& is
the logarithm of the number of different symbols) and hawrigtal probability less than. AsN increases
n and . approach zero. The number of signals of durafioim the channel is greater thaf®2?)T with 6
small whenT is large. if we choose

H
T= (C " /\) N

then there will be a sufficient number of sequences of chasymebols for the high probability group when

N andT are sufficiently large (however smal) and also some additional ones. The high probability group
is coded in an arbitrary one-to-one way into this set. Theaiaing sequences are represented by larger
sequences, starting and ending with one of the sequencassedtfor the high probability group. This
special sequence acts as a start and stop signal for a diffesde. In between a sufficient time is allowed
to give enough different sequences for all the low probihitiessages. This will require

R
Ti= (E'HD)N

whereyp is small. The mean rate of transmission in message symbotepend will then be greater than
-1
H R
_ {(1_5)(E +) +5(6+¢)]
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As N increases, \ andy approach zero and the rate approacﬁes

Another method of performing this coding and thereby prgifre theorem can be described as follows:
Arrange the messages of lendthin order of decreasing probability and suppose their priditieb are
P> P2 > P3--- > Po. LetPs= Zi‘l pi; that isPs is the cumulative probability up to, but not including,

We first encode into a binary system. The binary code for ngessia obtained by expandirig; as a binary
number. The expansion is carried outtgplaces, wherex is the integer satisfying:

1 1
log, — <ms< 1+log, —.
Ps Ps

Thus the messages of high probability are represented by abades and those of low probability by long
codes. From these inequalities we have

2—ms§p5<m~

The code foiPs will differ from all succeeding ones in one or more ofiitg places, since all the remaining
P are at Ieastzims larger and their binary expansions therefore differ in th& ifins places. Consequently all
the codes are different and it is possible to recover the agesom its code. If the channel sequences are
not already sequences of binary digits, they can be aschimegly numbers in an arbitrary fashion and the
binary code thus translated into signals suitable for ttanokl.

The average numbet’ of binary digits used per symbol of original message is gasitimated. We
have

1
H' = N Z Mg Ps.
But 1 1 1 1 1
N Z('ng@)psﬁ N 2 MsPs < z(1+logzp—s) Ps
and therefore,

1
GNgH’<GN+N

As N increase&y approachesl, the entropy of the source aktl approaches.

We see from this that the inefficiency in coding, when only @&didelay ofN symbols is used, need
not be greater thar,i“L plus the difference between the true entrépyand the entropysy calculated for
sequences of length. The per cent excess time needed over the ideal is therefeseHan

This method of encoding is substantially the same as onedfindependently by R. M. Farfb.His
method is to arrange the messages of letyjih order of decreasing probability. Divide this series itwo
groups of as nearly equal probability as possible. If thesags is in the first group its first binary digit
will be 0, otherwise 1. The groups are similarly divided istabsets of nearly equal probability and the
particular subset determines the second binary digit. prosess is continued until each subset contains
only one message. Itis easily seen that apart from mincerdiffices (generally in the last digit) this amounts
to the same thing as the arithmetic process described above.

10. DISCUSSION ANDEXAMPLES

In order to obtain the maximum power transfer from a genetata load, a transformer must in general be
introduced so that the generator as seen from the load hésatheesistance. The situation here is roughly
analogous. The transducer which does the encoding shoutthriiee source to the channel in a statistical
sense. The source as seen from the channel through theucansthould have the same statistical structure

9Technical Report No. 65, The Research Laboratory of Elaitsp M.1.T., March 17, 1949.
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as the source which maximizes the entropy in the channel.coht&ent of Theorem 9 is that, although an
exact match is not in general possible, we can approximate étosely as desired. The ratio of the actual
rate of transmission to the capacflymay be called the efficiency of the coding system. This is oifrse
equal to the ratio of the actual entropy of the channel sysitwothe maximum possible entropy.

In general, ideal or nearly ideal encoding requires a lorigydim the transmitter and receiver. In the
noiseless case which we have been considering, the maitidoref this delay is to allow reasonably good
matching of probabilities to corresponding lengths of ssopes. With a good code the logarithm of the
reciprocal probability of a long message must be propoalitmthe duration of the corresponding signal, in
fact

—1
’ logp™" C‘

T
must be small for all but a small fraction of the long messages

If a source can produce only one particular message itsgnisaero, and no channel is required. For
example, a computing machine set up to calculate the sueeafigits of 7 produces a definite sequence
with no chance element. No channel is required to “transthis’ to another point. One could construct a
second machine to compute the same sequence at the poingvelothis may be impractical. In such a case
we can choose to ignore some or all of the statistical knogdesie have of the source. We might consider
the digits ofr to be a random sequence in that we construct a system cagadading any sequence of
digits. In a similar way we may choose to use some of our $itsdlknowledge of English in constructing
a code, but not all of it. In such a case we consider the souitbetihe maximum entropy subject to the
statistical conditions we wish to retain. The entropy oftbburce determines the channel capacity which
is necessary and sufficient. In theexample the only information retained is that all the digits chosen
from the set 01,...,9. In the case of English one might wish to use the statistaaing possible due to
letter frequencies, but nothing else. The maximum entropyce is then the first approximation to English
and its entropy determines the required channel capacity.

As a simple example of some of these results consider a sednioh produces a sequence of letters
choien from among, B, C, D with probabilities], £, £, 1, successive symbols being chosen independently.
We have

H=—(}log}+3logl+2log})
= I bits per symbol

Thus we can approximate a coding system to encode messagethis source into binary digits with an
average ofzz1 binary digit per symbol. In this case we can actually achtbedimiting value by the following
code (obtained by the method of the second proof of Theorem 9)

A 0
B 10
C 110
D 111

The average number of binary digits used in encoding a seguEiN symbols will be
N(3x1+3 ><2+§ x 3) = ZN.

It is easily seen that the binary digits 0, 1 have probabﬂig, % so theH for the coded sequences is one

bit per symbol. Since, on the average, we hé\tdnary symbols per original letter, the entropies on a time
basis are the same. The maximum possible entropy for thmatiget is log4= 2, occurring whem, B, C,

D have probabilitieg, %, %, . Hence the relative entropy fs We can translate the binary sequences into
the original set of symbols on a two-to-one basis by the falhg table:

00 A
01 B’
10 (o4
11 D’/
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This double process then encodes the original messagdasame symbols but with an average compres-
sion ratio.

As a second example consider a source which produces a seqpfés andB’s with probability p for
Aandq for B. If p < gwe have

H = —logpP(1—p)* P
= —plogp(1-p)'* PP

= plog °
o
In such a case one can construct a fairly good coding of theageson a 0, 1 channel by sending a special
sequence, say 0000, for the infrequent symbahd then a sequence indicating themberof B's following
it. This could be indicated by the binary representatiorhvall numbers containing the special sequence
deleted. All numbers up to 16 are represented as usual; g&priesented by the next binary number after 16
which does not contain four zeros, namely-2710001, etc.
It can be shown that g3— 0 the coding approaches ideal provided the length of theiamsmjuence is

properly adjusted.

PART II: THE DISCRETE CHANNEL WITH NOISE

11. REPRESENTATION OF ANOISY DISCRETECHANNEL

We now consider the case where the signal is perturbed bg doisng transmission or at one or the other
of the terminals. This means that the received signal is roessarily the same as that sent out by the
transmitter. Two cases may be distinguished. If a partidugasmitted signal always produces the same
received signal, i.e., the received signal is a definitetion®f the transmitted signal, then the effect may be
called distortion. If this function has an inverse — no twangmitted signals producing the same received
signal — distortion may be corrected, at least in princifhe,merely performing the inverse functional
operation on the received signal.

The case of interest here is that in which the signal doesnatya undergo the same change in trans-
mission. In this case we may assume the received skigit@be a function of the transmitted sigri&and a
second variable, the noidé

E=1f(SN)
The noise is considered to be a chance variable just as theagesvas above. In general it may be repre-
sented by a suitable stochastic process. The most genpeabfynoisy discrete channel we shall consider
is a generalization of the finite state noise-free chann&trileed previously. We assume a finite number of
states and a set of probabilities

pa7i (5a J)

This is the probability, if the channel is in stateand symbol is transmitted, that symbglwill be received
and the channel left in stafgé Thusa andg range over the possible statésyer the possible transmitted
signals and over the possible received signals. In the case where sicesymbols are independently per-
turbed by the noise there is only one state, and the chandebizibed by the set of transition probabilities
pi(j), the probability of transmitted symbbbeing received ag

If a noisy channel is fed by a source there are two statigpicadesses at work: the source and the noise.
Thus there are a number of entropies that can be calculatest.tliere is the entropi (x) of the source
or of the input to the channel (these will be equal if the traitt®r is non-singular). The entropy of the
output of the channel, i.e., the received signal, will beated byH (y). In the noiseless cas¢(y) = H(x).
The joint entropy of input and output will b (xy). Finally there are two conditional entropikg(y) and
Hy(x), the entropy of the output when the input is known and comfgre\mong these quantities we have
the relations

H(xy) = H(X) + Hy(y) = H(y) + Hy(X).

All of these entropies can be measured on a per-second orsymérol basis.
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12. EQUIVOCATION AND CHANNEL CAPACITY

If the channel is noisy it is not in general possible to retauts the original message or the transmitted
signal withcertaintyby any operation on the received sigial There are, however, ways of transmitting
the information which are optimal in combating noise. TRithie problem which we now consider.

Suppose there are two possible symbols 0 and 1, and we asanitting at a rate of 1000 symbols per
second with probabilitiepg = p1 = % Thus our source is producing information at the rate of 169
per second. During transmission the noise introducessswmthat, on the average, 1 in 100 is received
incorrectly (a 0 as 1, or 1 as 0). What is the rate of transimissf information? Certainly less than 1000
bits per second since about 1% of the received symbols acer@at. Our first impulse might be to say
the rate is 990 bits per second, merely subtracting the éagewmber of errors. This is not satisfactory
since it fails to take into account the recipient’s lack obledge of where the errors occur. We may carry
it to an extreme case and suppose the noise so great thattieea symbols are entirely independent of
the transmitted symbols. The probability of receiving ]%iwhatever was transmitted and similarly for 0.
Then about half of the received symbols are correct due toacghalone, and we would be giving the system
credit for transmitting 500 bits per second while actualyyimformation is being transmitted at all. Equally
“good” transmission would be obtained by dispensing with ¢hannel entirely and flipping a coin at the
receiving point.

Evidently the proper correction to apply to the amount obiniation transmitted is the amount of this
information which is missing in the received signal, or alegively the uncertainty when we have received
a signal of what was actually sent. From our previous disonssf entropy as a measure of uncertainty it
seems reasonable to use the conditional entropy of the gesdgaowing the received signal, as a measure
of this missing information. This is indeed the proper défim, as we shall see later. Following this idea
the rate of actual transmissioR, would be obtained by subtracting from the rate of produrc{ice., the
entropy of the source) the average rate of conditional ggitro

R=H(x) —Hy(x)

The conditional entropidy(x) will, for convenience, be called the equivocation. It measuhe average
ambiguity of the received signal.

In the example considered above, if a 0 is receivedhtpesterioriprobability that a 0 was transmitted
is .99, and that a 1 was transmitted is .01. These figuresaeesesd if a 1 is received. Hence

Hy(x) = —[.99109.99+ 0.0110gQ01]
=.081 bits/symbol

or 81 bits per second. We may say that the system is transgdtia rate 1006 81 = 919 bits per second.
In the extreme case where a 0 is equally likely to be receiged@or 1 and similarly for 1, the posteriori
probabilities are}, 1 and

Hy(x) = —[3l0g3 + 3 log 3]
=1 bit per symbol

or 1000 bits per second. The rate of transmission is thentlsasuld be.

The following theorem gives a direct intuitive interprébatof the equivocation and also serves to justify
it as the unique appropriate measure. We consider a comatioricsystem and an observer (or auxiliary
device) who can see both what is sent and what is recoveréuéwbrs due to noise). This observer notes
the errors in the recovered message and transmits datatediging point over a “correction channel” to
enable the receiver to correct the errors. The situatiomdieated schematically in Fig. 8.

Theoreml0: If the correction channel has a capacity equaHjox) it is possible to so encode the
correction data as to send it over this channel and correletiban arbitrarily small fractiom of the errors.
This is not possible if the channel capacity is less tHg(x).
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Fig. 8—Schematic diagram of a correction system.

Roughly thenHy(x) is the amount of additional information that must be sugpfier second at the
receiving point to correct the received message.

To prove the first part, consider long sequences of receivessageM’ and corresponding original
messagdl. There will be logarithmicallyT Hy(x) of theM’s which could reasonably have produced each
M’. Thus we havd Hy(x) binary digits to send eachseconds. This can be done witfrequency of errors
on a channel of capacityy(x).

The second part can be proved by noting, first, that for argretie chance variablesy, z

Hy(x,2) > Hy(x).
The left-hand side can be expanded to give

Hy(2) + Hyz(X) > Hy(x)
Hyz(X) = Hy(X) — Hy(2) > Hy(x) —H(2).

If we identify x as the output of the sourcgas the received signal azas the signal sent over the correction
channel, then the right-hand side is the equivocation hkeseate of transmission over the correction channel.
If the capacity of this channel is less than the equivocatierright-hand side will be greater than zero and
Hy2(x) > 0. But this is the uncertainty of what was sent, knowing bb#hreceived signal and the correction
signal. If this is greater than zero the frequency of errarsot be arbitrarily small.

Example:

Suppose the errors occur at random in a sequence of binaty: gigobability p that a digit is wrong
andg=1- pthat it is right. These errors can be corrected if their pmsits known. Thus the
correction channel need only send information as to theséi@as. This amounts to transmitting
from a source which produces binary digits with probabiptfor 1 (incorrect) andj for O (correct).
This requires a channel of capacity

—[plogp+glogd]
which is the equivocation of the original system.

The rate of transmissioR can be written in two other forms due to the identities noteava. We have
R=H(x)

=H(y
=H(X) +H(y) —H(xy).
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The first defining expression has already been interpretéteaamount of information sent less the uncer-
tainty of what was sent. The second measures the amounteddess the part of this which is due to noise.
The third is the sum of the two amounts less the joint entroy/therefore in a sense is the number of bits
per second common to the two. Thus all three expressionsehe@eain intuitive significance.

The capacityC of a noisy channel should be the maximum possible rate o$inéssion, i.e., the rate
when the source is properly matched to the channel. We tirerdé&fine the channel capacity by

C = Max(H (x) — Hy(x))

where the maximum is with respect to all possible infornragources used as input to the channel. If the
channel is noiselesBly(x) = 0. The definition is then equivalent to that already giverefapiseless channel
since the maximum entropy for the channel is its capacity.

13. THE FUNDAMENTAL THEOREM FOR ADISCRETECHANNEL WITH NOISE

It may seem surprising that we should define a definite cap@dibr a noisy channel since we can never
send certain information in such a case. Itis clear, howdlat by sending the information in a redundant
form the probability of errors can be reduced. For examplaepeating the message many times and by a
statistical study of the different received versions ofttiessage the probability of errors could be made very
small. One would expect, however, that to make this proligluf errors approach zero, the redundancy
of the encoding must increase indefinitely, and the rateasfsimission therefore approach zero. This is by
no means true. If it were, there would not be a very well deficegicity, but only a capacity for a given
frequency of errors, or a given equivocation; the capadiiyng down as the error requirements are made
more stringent. Actually the capaciB/defined above has a very definite significance. It is possidend
information at the rat€ through the channe¥ith as small a frequency of errors or equivocation as dekire
by proper encoding. This statement is not true for any ragatgr tharC. If an attempt is made to transmit
at a higher rate tha@, sayC + Ry, then there will necessarily be an equivocation equal taeatgr than the
excesdR;. Nature takes payment by requiring just that much uncegxtzso that we are not actually getting
any more that€ through correctly.

The situation is indicated in Fig. 9. The rate of informatioto the channel is plotted horizontally and
the equivocation vertically. Any point above the heavy lin¢he shaded region can be attained and those
below cannot. The points on the line cannot in general bénatiabut there will usually be two points on
the line that can.

These results are the main justification for the definitio€ aind will now be proved.

Theorenill: Leta discrete channel have the capaCitgnd a discrete source the entropy per se¢dvnd
If H < C there exists a coding system such that the output of the s@art be transmitted over the channel
with an arbitrarily small frequency of errors (or an arhitlasmall equivocation). IH > C it is possible
to encode the source so that the equivocation is lessHha@ + ¢ wheree is arbitrarily small. There is no
method of encoding which gives an equivocation less HharC.

The method of proving the first part of this theorem is not biiliting a coding method having the
desired properties, but by showing that such a code mudtiexéscertain group of codes. In fact we will

QNN
ATTAINABLE
REGION

C H(x)

Fig. 9—The equivocation possible for a given input entrapg thannel.
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average the frequency of errors over this group and showthiiaverage can be made less thailf the
average of a set of numbers is less thahere must exist at least one in the set which is less ¢harhis
will establish the desired result.

The capacityC of a noisy channel has been defined as

C = Max(H(x) — Hy(x))

wherex is the input and/ the output. The maximization is over all sources which mightised as input to
the channel.

Let § be a source which achieves the maximum capdgitif this maximum is not actually achieved
by any source le§ be a source which approximates to giving the maximum rat@p8seS, is used as
input to the channel. We consider the possible transmitteldeceived sequences of a long durafiorThe
following will be true:

1. The transmitted sequences fall into two classes, a highatility group with about ?1® members
and the remaining sequences of small total probability.

2. Similarly the received sequences have a high probatsiéityof about 2HY) members and a low
probability set of remaining sequences.

3. Each high probability output could be produced by abdiit® inputs. The probability of all other
cases has a small total probability.

All the €’'s andd’s implied by the words “small” and “about” in these staternseapproach zero as we
allow T to increase an8y to approach the maximizing source.

The situation is summarized in Fig. 10 where the input segeemre points on the left and output
sequences points on the right. The fan of cross lines repietite range of possible causes for a typical
output.

M
°

H(X)T
HIGH PROBABILITY 2HWT
MESSAGES HIGH PROBABILITY

RECEIVED SIGNALS

2Hy(x)T

REASONABLE CAUSES ®
° FOR EACHE °
[ ] [ )

2Hx(y)T
REASONABLE EFFECTS 4
FOR EACHM

Fig. 10— Schematic representation of the relations betwgarts and outputs in a channel.
Now suppose we have another source producing informaticat@R with R < C. In the periodT this

source will have 2R high probability messages. We wish to associate these veiteation of the possible
channel inputs in such a way as to get a small frequency ofsrie will set up this association in all
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possible ways (using, however, only the high probabilityugr of inputs as determined by the souBs¢
and average the frequency of errors for this large class s$ipe coding systems. This is the same as
calculating the frequency of errors for a random associaifdhe messages and channel inputs of duration
T. Suppose a particular outpytt is observed. What is the probability of more than one messatie set

of possible causes gi? There are R messages distributed at random M'%) points. The probability of

a particular point being a message is thus
2T(R-H(x¥)

The probability that none of the points in the fan is a mesgapgart from the actual originating message) is

p— [1— 2T(R-H0)Z™

Now R < H(x) — Hy(x) soR— H(x) = —Hy(x) — n with n positive. Consequently

P=[1-2 THKX-Tn] 2Tt

approaches (ab — o)
1—27T,

Hence the probability of an error approaches zero and thepfirs of the theorem is proved.

The second part of the theorem is easily shown by noting tleatauld merely sen@ bits per second
from the source, completely neglecting the remainder ofitifi@mation generated. At the receiver the
neglected part gives an equivocatidix) — C and the part transmitted need only add his limit can also
be attained in many other ways, as will be shown when we cenglié@ continuous case.

The last statement of the theorem is a simple consequence déénition ofC. Suppose we can encode
a source wittH (x) = C+ain such a way as to obtain an equivocattdf{x) = a— e with e positive. Then
R=H(x) =C+aand

H(X) —Hy(x) =C+e¢

with e positive. This contradicts the definition Gfas the maximum ol (x) — Hy(x).

Actually more has been proved than was stated in the theotethe average of a set of numbers is
within e of of their maximum, a fraction of at moste can be more tharye below the maximum. Sinceis
arbitrarily small we can say that almost all the systems dsitrarily close to the ideal.

14. DISCUSSION

The demonstration of Theorem 11, while not a pure existengefphas some of the deficiencies of such
proofs. An attempt to obtain a good approximation to idedlicg by following the method of the proofis
generally impractical. In fact, apart from some rathergticases and certain limiting situations, no explicit
description of a series of approximation to the ideal hasifeand. Probably this is no accident but is
related to the difficulty of giving an explicit constructiéor a good approximation to a random sequence.

An approximation to the ideal would have the property thahé signal is altered in a reasonable way
by the noise, the original can still be recovered. In otherdsdhe alteration will not in general bring it
closer to another reasonable signal than the original. iSl@scomplished at the cost of a certain amount of
redundancy in the coding. The redundancy must be introdinctite proper way to combat the particular
noise structure involved. However, any redundancy in thecwill usually help if it is utilized at the
receiving point. In particular, if the source already hasdain redundancy and no attempt is made to
eliminate it in matching to the channel, this redundancyelp combat noise. For example, in a noiseless
telegraph channel one could save about 50% in time by promeadéng of the messages. This is not done
and most of the redundancy of English remains in the charynaibsls. This has the advantage, however,
of allowing considerable noise in the channel. A sizabletfom of the letters can be received incorrectly
and still reconstructed by the context. In fact this is plabaot a bad approximation to the ideal in many
cases, since the statistical structure of English is rativelved and the reasonable English sequences are
not too far (in the sense required for the theorem) from asanselection.

83



As in the noiseless case a delay is generally required tooapprthe ideal encoding. It now has the
additional function of allowing a large sample of noise tteef the signal before any judgment is made
at the receiving point as to the original message. Incrgasia sample size always sharpens the possible
statistical assertions.

The content of Theorem 11 and its proof can be formulated onzesvhat different way which exhibits
the connection with the noiseless case more clearly. Centig possible signals of durati®rand suppose
a subset of them is selected to be used. Let those in the slbiseused with equal probability, and suppose
the receiver is constructed to select, as the original sigii@amost probable cause from the subset, when a
perturbed signal is received. We defld€T, q) to be the maximum number of signals we can choose for the
subset such that the probability of an incorrect interpi@tds less than or equal t

logN(T,q)
T

Theorenil2: IT_im = C, whereC is the channel capacity, provided tldoes not equal O or

1.

In other words, no matter how we set out limits of reliabjlitye can distinguish reliably in tim&
enough messages to correspond to aBdubits, whenT is sufficiently large. Theorem 12 can be compared
with the definition of the capacity of a noiseless channedgivn Section 1.

15. EXAMPLE OF A DISCRETECHANNEL AND ITS CAPACITY

A simple example of a discrete channel is indicated in Fig.THere are three possible symbols. The firstis
never affected by noise. The second and third each have lgtitypg of coming through undisturbed, and
g of being changed into the other of the pair. We have (letting —[plogp + glogg] andP andQ be the

*—> 0
p
TRANSMITTED q RECEIVED
SYMBOLS q SYMBOLS
p

Fig. 11—Example of a discrete channel.
probabilities of using the first and second symbols)

H(x) = —PlogP — 2QlogQ
Hy(x) = 2Qa.

We wish to choos® andQ in such a way as to maximiz¢(x) — Hy(x), subject to the constraift+-2Q =1.
Hence we consider
U = —PlogP — 2QlogQ — 2Qa + A(P+ 2Q)

ou

ﬁz—l—logm—/\zo
ouU
E =-2-2l0gQ—2a+2X=0.
Eliminating A
logP =logQ+ «
P=Q& =Qpg
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_ B 1
P52 Q_ﬁ+2'

The channel capacity is then
f+2
5

Note how this checks the obvious values in the casesl andp = % In the first,6 = 1 andC = log 3,
which is correct since the channel is then noiseless witbethrossible symbols. I = % 8 =2 and
C =log2. Here the second and third symbols cannot be distihgdist all and act together like one
symbol. The first symbol is used with probabilRy= % and the second and third together with probability
%. This may be distributed between them in any desired way @lhdchieve the maximum capacity.

For intermediate values gf the channel capacity will lie between log2 and log3. Theimiision
between the second and third symbols conveys some infamitit not as much as in the noiseless case.
The first symbol is used somewhat more frequently than therdto because of its freedom from noise.

C=log

16. THE CHANNEL CAPACITY IN CERTAIN SPECIAL CASES

If the noise affects successive channel symbols indepdiyderan be described by a set of transition
probabilitiespjj. This is the probability, if symbadlis sent, thag will be received. The maximum channel
rate is then given by the maximum of

— > Rpijlogy Rpij + 5 Rpijlogp;
1] 1 ]

where we vary th@ subject tos P = 1. This leads by the method of Lagrange to the equations,

psj
YiPpij

Zpsjlog =pu s=12,....
]

Multiplying by Ps and summing ors shows thaf, = C. Let the inverse ofs; (if it exists) behg so that
> shstpsj = dtj. Then:

2 hstpsjlogpsj—logy Ppr =C 3 hs.

S,) I S

Hence:
> Rpe= exp[—C > hst+ 3 hstpsjlog psi]
1 S S,]

or,
R = Z hit exp[—C > Nst+ S hapsjlog psj} :
S S]

This is the system of equations for determining the maxingzialues of?;, with C to be determined so
thaty P = 1. When this is don€ will be the channel capacity, and tRethe proper probabilities for the
channel symbols to achieve this capacity.

If each input symbol has the same set of probabilities onities lemerging from it, and the same is true
of each output symbol, the capacity can be easily calcul&rdmples are shown in Fig. 12. In such a case
Hy(y) is independent of the distribution of probabilities on thput symbols, and is given by 3 p;log p;
where thep; are the values of the transition probabilities from any trggumbol. The channel capacity is

Max[H (y) — Hx(y)] = MaxH(y) + 3 pilogpi.

The maximum oH (y) is clearly lognwheremis the number of output symbols, since itis possible to make
them all equally probable by making the input symbols equaibbable. The channel capacity is therefore

C=logm+ % pilogpi.
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a b Cc

Fig. 12—Examples of discrete channels with the same tiangirobabilities for each input and for each output.

In Fig. 12a it would be
C=log4—log2=log2

This could be achieved by using only the 1st and 3d symbolBign12b
C=log4—%log3— }log6
=log4—log3— $log2
= Iog%zg.
In Fig. 12c we have
C=log3—3log2—}log3— %log6

3
=109 ———-.

Suppose the symbols fall into several groups such that tlse mever causes a symbol in one group to
be mistaken for a symbol in another group. Let the capacityhfe nth group beC, (in bits per second)
when we use only the symbols in this group. Then it is easigyshthat, for best use of the entire set, the

total probabilityR, of all symbols in thenth group should be
2Cn

Within a group the probability is distributed just as it wddde if these were the only symbols being used.
The channel capacity is
C=log§y 2.

17. AN EXAMPLE OF EFFICIENT CODING

The following example, although somewhat unrealistic,éase in which exact matching to a noisy channel
is possible. There are two channel symbols, 0 and 1, and ike affects them in blocks of seven symbols.
A block of seven is either transmitted without error, or ékaone symbol of the seven is incorrect. These
eight possibilities are equally likely. We have

C = Max[H(y) —Hx(y)]
=3[7+3logg]
= 4 bits/symbol

An efficient code, allowing complete correction of errorgldransmitting at the rat€, is the following
(found by a method due to R. Hamming):
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Let a block of seven symbols Bg,X>,...,X7. Of theseXs, Xs, Xg and X7 are message symbols and
chosen arbitrarily by the source. The other three are reahirahd calculated as follows:

X4 ischosentomake o = X4+ X5+ Xg+ X7 even
x2 13 3 13 13 6 — x2 _"_ x3 + x6 _"_ x7 "
X, ¢owow =X+ Xa+ Xs+ X7

When a block of seven is receiveds andy are calculated and if even called zero, if odd called one. The
binary number 3~ then gives the subscript of thé that is incorrect (if 0 there was no error).

APPENDIX 1
THE GROWTH OF THENUMBER OF BLOCKS OF SYMBOLS WITH A FINITE STATE CONDITION

LetN;(L) be the number of blocks of symbols of lendtlending in staté. Then we have
Nj(L) =3 N(L— b))

1,S
wherebilj , bizj ey b{}‘ are the length of the symbols which may be chosen in state lead to statg. These
are linear difference equations and the behavidr asc must be of the type

Nj = AW,
Substituting in the difference equation
)

2

or

(S)
A=Y AW i
(5w -a)a-o
| S

For this to be possible the determinant
_p®
DW) = faj| = | W™ 3
S
must vanish and this determinés which is, of course, the largest real rootidf= 0.
The quantityC is then given by

logy AjwWt
L

and we also note that the same growth properties result ibeeire that all blocks start in the same (arbi-
trarily chosen) state.

C= IL_im = logW

APPENDIX 2
DERIVATION OF H = — Y pilogpi
11 1
Let H (ﬁ’ s ﬁ) = A(n). From condition (3) we can decompose a choice f&8hequally likely possi-

bilities into a series oin choices frons equally likely possibilities and obtain

A(S™) = mA(s).
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Similarly o "
A(t") = nAt).

We can choosa arbitrarily large and find amto satisfy
SN <t < gMHD),

Thus, taking logarithms and dividing lmjogs,

n ~ logs—

m logt m 1 m logt
gt m 1, |
n n n logs

wheree is arbitrarily small. Now from the monotonic property Afn),

AGS™) < A" <AE™)
MA(s) < nA(t) < (m+1)A(s).
Hence, dividing bynA(s),

<A % m At)

or F — @’ <€
At) logt ’
—t - — 2 At) =KI
A5 logs < 2e (t) ogt
whereK must be positive to satisfy (2). N
Now suppose we have a choice franpossibilities with commeasurable probabilitigs= —' where

the n; are integers. We can break down a choice frpm possibilities into a choice from poséibilities
with probabilitiesps, . .., pn and then, if theth was chosen, a choice framwith equal probabilities. Using
condition (3) again, we equate the total choice frpm as computed by two methods

Klogy ni=H(pa,...,pn) + K3 pilogn;.

Hence

H=K {z pilogy ni—> pi Iogni}
S Jog1 — _ loa D
=-K>p IogZni =—K3 pilogpi.
If the p; are incommeasurable, they may be approximated by ratiamalshe same expression must hold

by our continuity assumption. Thus the expression hold®imegal. The choice of coefficieKtis a matter
of convenience and amounts to the choice of a unit of measure.

APPENDIX 3
THEOREMS ONERGODIC SOURCES

If it is possible to go from any state wifd > 0 to any other along a path of probabilipy> 0, the system is
ergodic and the strong law of large numbers can be applieds Te number of times a given path in
the network is traversed in a long sequence of lemyth about proportional to the probability of being at
i, sayP;, and then choosing this patR pijN. If N is large enough the probability of percentage estorin
this is less tham so that for all but a set of small probability the actual numshbie within the limits

(P, pij £ 5)N
Hence nearly all sequences have a probahiligpven by

p=[]rj
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and ,3p is limited by

lo
lgp Z(Pplj +6)logpjj

or
Iog p

zpplj log pij ‘< 1.
This proves Theorem 3.

Theorem 4 follows immediately from this on calculating upaed lower bounds fon(q) based on the
possible range of values pfin Theorem 3.

In the mixed (not ergodic) case if

L=3 piLi
and the entropies of the componentsidie> H, > --- > H,, we have the
Theorem: Lim '°g”< ) — »(q) is a decreasing step function,

s-1
©(q) =Hs inthe interval Z ai <Qg< Zal

To prove Theorems 5 and 6 first note th&g is monotonic decreasing because increadingdds a
subscript to a conditional entropy. A simple substitutiongg; (S;) in the definition ofFy shows that

Fn=NGy — (N—1)Gn_1

. . . 1 . .
and summing this for al givesGy = N z Fn. HenceGy > Fy andGy monotonic decreasing. Also they
must approach the same limit. By using Theorem 3 we se%tlmaGNi =

APPENDIX 4
MAXIMIZING THE RATE FOR A SYSTEM OF CONSTRAINTS

Suppose we have a set of constraints on sequences of syrhbbls bf the finite state type and can be
represented therefore by a linear graph. lf?t be the lengths of the various symbols that can occur in

passing from state to statej. What distribution of probabilitie® for the different states anpi(js) for
choosing symbo$in statei and going to stat¢ maximizes the rate of generating information under these
constraints? The constraints define a discrete channehangaximum rate must be less than or equal to
the capacityC of this channel, since if all blocks of large length were diydiely, this rate would result,
and if possible this would be best. We will show that this e be achieved by proper choice of By@nd

piy
The rate in question is

~sPplogpy N

sy M

Letij = zs Ewdently fora mammunpfj) kexpﬁf?. The constraints on maximization ayé =

1ypj=1, zP(pIJ dij) = 0. Hence we maximize

— > Rpij logpij
=——5_—5, — tAYPR+ 4 i
S Pipi i 2R3 i+ 3 niR Py~ 0i)

oU _ MR(1+logpij)+NRYj
opij N M2

+A+pi+niR =0.
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Solving for pjj
pij =ABD .

Since

Spi=1 Al=3BD
J J
_ BiD

Pij = 72585[)7&5.

The correct value db is the capacityC and theB; are solutions of

Bi=3 BjC
for then
B; .
pj = gC "
BJ —lii _ p.
Z P.EC I =P
or P b
De-6i 0
Z BiC B’
So that if\; satisfy
> CT =7
R = Bivi.

Both the sets of equations fBr and~; can be satisfied sin€&is such that

|Cfi — &j| = .
In this case the rate is 5 B
_3PpjlogglC  SRpijlogg
> Pipijij > Pipij ij

but
ZF’lpij(IogBj —logB;) = ZPJ- logBj — ZP. logBi =0
]

Hence the rate i€ and as this could never be exceeded this is the maximunfyjustthe assumed solution.
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PART IIl: MATHEMATICAL PRELIMINARIES

In this final installment of the paper we consider the caseravltiee signals or the messages or both are
continuously variable, in contrast with the discrete na@mssumed heretofore. To a considerable extent the
continuous case can be obtained through a limiting processthe discrete case by dividing the continuum
of messages and signals into a large but finite number of setatins and calculating the various parameters
involved on a discrete basis. As the size of the regions issdsed these parameters in general approach as
limits the proper values for the continuous case. Therelewever, a few new effects that appear and also
a general change of emphasis in the direction of specializaf the general results to particular cases.

We will not attempt, in the continuous case, to obtain ouultsswith the greatest generality, or with
the extreme rigor of pure mathematics, since this wouldlie/@a great deal of abstract measure theory
and would obscure the main thread of the analysis. A preéimyistudy, however, indicates that the theory
can be formulated in a completely axiomatic and rigorousmeamhich includes both the continuous and
discrete cases and many others. The occasional liberkies teth limiting processes in the present analysis
can be justified in all cases of practical interest.

18. TS AND ENSEMBLES OFFUNCTIONS

We shall have to deal in the continuous case with sets of ifumgtand ensembles of functions. A set of
functions, as the name implies, is merely a class or cotlaaif functions, generally of one variable, time.
It can be specified by giving an explicit representation ef vhrious functions in the set, or implicitly by

giving a property which functions in the set possess andrstih@ not. Some examples are:

1. The set of functions:
fo(t) = sin(t +6).
Each particular value af determines a particular function in the set.
2. The set of all functions of time containing no frequenaiesrW cycles per second.
3. The set of all functions limited in band ¥ and in amplitude té\.
4. The set of all English speech signals as functions of time.

An ensemblef functions is a set of functions together with a probapititeasure whereby we may
determine the probability of a function in the set havingaierproperties. For example with the set,

fo(t) =sin(t +6),

we may give a probability distribution fat, P(6). The set then becomes an ensemble.
Some further examples of ensembles of functions are:

1. Afinite set of functiondy(t) (k= 1,2,...,n) with the probability offy being py.
2. Afinite dimensional family of functions
f(ag,az,...,ant)
with a probability distribution on the parameters
p(a,...,an).

For example we could consider the ensemble defined by
n
f(a,...,an,01,...,0nt) = zla; sini(wt 4 6;)
i=

with the amplitudes; distributed normally and independently, and the phéséistributed uniformly
(from 0 to 2r) and independently.

1in mathematical terminology the functions belong to a messpace whose total measure is unity.
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3. The ensemble .
® _ sint(2Wt—n)
f(ai,t) =n:Zman7W(2Wt_n)

with thea; normal and independent all with the same standard devigfdnThis is a representation
of “white” noise, band limited to the band from O\ cycles per second and with average poNer

4. Let points be distributed on theaxis according to a Poisson distribution. At each selectedtphe
function f (t) is placed and the different functions added, giving the e

[ee]

f(t+t)

k=—o0

where they are the points of the Poisson distribution. This ensemhtebeaconsidered as a type of
impulse or shot noise where all the impulses are identical.

5. The set of English speech functions with the probabiligasure given by the frequency of occurrence
in ordinary use.

An ensemble of function§, (t) is stationaryif the same ensemble results when all functions are shifted
any fixed amount in time. The ensemble

fo(t) = sin(t +0)
is stationary ifg is distributed uniformly from 0 to 2. If we shift each function by we obtain

fo(t+t1) = sin(t +t1+6)
=sin(t+¢)

with ¢ distributed uniformly from O to 2. Each function has changed but the ensemble as a whole is
invariant under the translation. The other examples givmvea are also stationary.

An ensemble isrgodicif it is stationary, and there is no subset of the functionshia set with a
probability different from 0 and 1 which is stationary. Thesemble

sin(t +6)

is ergodic. No subset of these functions of probabit®, 1 is transformed into itself under all time trans-
lations. On the other hand the ensemble
asin(t+6)

with a distributed normally an@ uniform is stationary but not ergodic. The subset of thesetions with
a between 0 and 1 for example is stationary.

Of the examples given, 3 and 4 are ergodic, and 5 may perhapsrisidered so. If an ensemble is
ergodic we may say roughly that each function in the set ic&yf the ensemble. More precisely it is
known that with an ergodic ensemble an average of any statigtr the ensemble is equal (with probability
1) to an average over the time translations of a particulactfan of the sef. Roughly speaking, each
function can be expected, as time progresses, to go thratyhthe proper frequency, all the convolutions
of any of the functions in the set.

2This representation can be used as a definition of band tinifaite noise. It has certain advantages in that it invohesgef
limiting operations than do definitions that have been usethé past. The name “white noise,” already firmly entrencimethe
literature, is perhaps somewhat unfortunate. In opticieMight means either any continuous spectrum as contragitbda point
spectrum, or a spectrum which is flat witlavelength(which is not the same as a spectrum flat with frequency).

3This is the famous ergodic theorem or rather one aspect ®thkiorem which was proved in somewhat different formutetio
by Birkoff, von Neumann, and Koopman, and subsequently rgdimed by Wiener, Hopf, Hurewicz and others. The literaton
ergodic theory is quite extensive and the reader is refdodtle papers of these writers for precise and general fationk; e.g.,
E. Hopf, “Ergodentheorie Ergebnisse der Mathematik und ihrer Grenzgebiet&, “On Causality Statistics and Probabilitydurnal
of Mathematics and Physics, XIll, No. 1, 1934; N. Wiener, “The Ergodic TheorenDjuke Mathematical Journai;. 5, 1939.
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Just as we may perform various operations on numbers oriéunsdb obtain new numbers or functions,
we can perform operations on ensembles to obtain new enesmBluppose, for example, we have an
ensemble of function$, (t) and an operatof which gives for each functior,, (t) a resulting function

Ja(t):
0o (t) =T 1. (1).

Probability measure is defined for the ggtt) by means of that for the sét (t). The probability of a certain
subset of thg, () functions is equal to that of the subset of thégt) functions which produce members of
the given subset gf functions under the operatidn Physically this corresponds to passing the ensemble
through some device, for example, a filter, a rectifier or a mhmidr. The output functions of the device
form the ensemblg, (t).

A device or operator will be called invariant if shifting the input merely shiftise output, i.e., if

0a(t) =T (1)

implies

On(t+1t1) =T fu(t+t1)
for all f,(t) and allt;. It is easily shown (see Appendix 5 thafTifis invariant and the input ensemble is
stationary then the output ensemble is stationary. Likewfishe input is ergodic the output will also be
ergodic.

A filter or a rectifier is invariant under all time translateThe operation of modulation is not since the
carrier phase gives a certain time structure. However, tatida is invariant under all translations which
are multiples of the period of the carrier.

Wiener has pointed out the intimate relation between thariance of physical devices under time
translations and Fourier theohHe has shown, in fact, that if a device is linear as well asriava Fourier
analysis is then the appropriate mathematical tool foridgatith the problem.

An ensemble of functions is the appropriate mathematigaksentation of the messages produced by
a continuous source (for example, speech), of the signatbuged by a transmitter, and of the perturbing
noise. Communication theory is properly concerned, as ées bmphasized by Wiener, not with operations
on particular functions, but with operations on ensembiésrections. A communication system is designed
not for a particular speech function and still less for a siage, but for the ensemble of speech functions.

19. BAND LIMITED ENSEMBLES OFFUNCTIONS

If a function of timef (t) is limited to the band from O t@V cycles per second it is completely determined
by giving its ordinates at a series of discrete points sp@@pdeconds apart in the manner indicated by the
following result®

Theoreml3: Let f(t) contain no frequencies ovéf. Then

sinm(2Wt—n)
Zx“ ~(2Wi—n)
where n
X%="1(zy)

4Communication theory is heavily indebted to Wiener for meffits basic philosophy and theory. His classic NDRC report,
The Interpolation, Extrapolation and Smoothing of StagignTime SeriegWiley, 1949), contains the first clear-cut formulation of
communication theory as a statistical problem, the studypefations on time series. This work, although chiefly comeé with the
linear prediction and filtering problem, is an importantlatgral reference in connection with the present paper. \Af afso refer
here to Wiener'€CyberneticyWiley, 1948), dealing with the general problems of comnoation and control.

5For a proof of this theorem and further discussion see tHeoatpaper “Communication in the Presence of Noise” phiiisin
the Proceedings of the Institute of Radio Engineers37, No. 1, Jan., 1949, pp. 10-21.
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In this expansiorf (t) is represented as a sum of orthogonal functions. The caaffeX, of the various
terms can be considered as coordinates in an infinite dimealsifunction space.” In this space each
function corresponds to precisely one point and each poiobe function.

A function can be considered to be substantially limited toree T if all the ordinatesx, outside this
interval of time are zero. In this case all buf\2/ of the coordinates will be zero. Thus functions limited to
a bandV and duratiornT correspond to points in a space Gf\® dimensions.

A subset of the functions of bal and durationT corresponds to a region in this space. For example,
the functions whose total energy is less than or equiald¢orrespond to points in a2V dimensional sphere
with radiusr = v2WE.

An ensemblef functions of limited duration and band will be represehby a probability distribution
p(xa,...,%n) inthe correspondingdimensional space. If the ensemble is not limited in time areconsider
the ZT'W coordinates in a given interval to represent substantially the part of the function in therival T
and the probability distributiop(x, . ..,X,) to give the statistical structure of the ensemble for irderof
that duration.

20. ENTROPY OF ACONTINUOUS DISTRIBUTION

The entropy of a discrete set of probabilitis. . ., py has been defined as:

H=—> pilogpi.

In an analogous manner we define the entropy of a continuatishdition with the density distribution
function p(x) by:

H= —/ p(x)log p(x) dx
With ann dimensional distributiom(xg, . .., %) we have

H :—/.../p(xla...,Xn)|ng(Xl,...,Xn)dxl..,d)(n.

If we have two arguments andy (which may themselves be multidimensional) the joint andditional
entropies ofp(x,y) are given by

H(xy) = — // p(x,y)logp(x,y) dxdy

and
_ P(X,y)
Hu(y) = — [ pxy)log P axdy
Hy(X) = — / / p(x,y)log pé)((;,)) dxdy
where

p(x) = / p(x,y)dy
p(y) = / p(x,y)dx.

The entropies of continuous distributions have most (baitaip of the properties of the discrete case.
In particular we have the following:

1. If xis limited to a certain volumein its space, thehl (x) is a maximum and equal to legvhenp(x)
is constant (1v) in the volume.
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2. With any two variableg, y we have
H(xy) <H(X)+H(y)

with equality if (and only if)x andy are independent, i.ep(x,y) = p(X) p(y) (apart possibly from a
set of points of probability zero).

3. Consider a generalized averaging operation of the fatiguype:

py) = / a(x,y)p(x)dx

with
/a(x,y)dx: /a(x,y)dy: 1 a(x,y) > 0.

Then the entropy of the averaged distributipity) is equal to or greater than that of the original
distributionp(x).

4. We have
H(x,y) = H(X) + Hx(y) = H(y) +Hy(x)

and

Hx(y) < H(y).

5. Letp(x) be a one-dimensional distribution. The formpgk) giving a maximum entropy subject to the
condition that the standard deviatiomadbe fixed atr is Gaussian. To show this we must maximize

MO0 = - [ POy logp(X)dx
with
0% = / p(x)x*dx and 1= / p(x) dx
as constraints. This requires, by the calculus of variatiomaximizing

/ [~ P(X)10g P(X) + AP(X)X* + p(x)] dx.

The condition for this is
—1-logp(X) + W +u=0

and consequently (adjusting the constants to satisfy thstrints)

1 0kt

2mo

p(x) =
Similarly in n dimensions, suppose the second order momerg$xaf. .., x,) are fixed at;:

Ajj :/.../>qxjp(x1,...,xn)dxl---dxn.

Then the maximum entropy occurs (by a similar calculatiohgmp(x, ... ,X,) is then dimensional
Gaussian distribution with the second order mométs
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. The entropy of a one-dimensional Gaussian distributibose standard deviationdsis given by
H(x) =logVv 2reo.

This is calculated as follows:

1 _(x2/252
p(x): \/Eae (x/207)

X2
—logp(x) = logv/27o + >
H0 = = [ () logp(x)dx
X2
:/p(x)log\/ﬂodqu/p(x)T‘2 dx

o2
=logv2ro+ 5—
20

= logv/270 +logv/e
=logVv2reo.

Similarly then dimensional Gaussian distribution with associated quidiam a;; is given by

1
aij |2
PO o) = (|27TJ)|n/2 exp(~3 3 aijxx)

and the entropy can be calculated as
H = log(2me)"?|aij| 2
where|a;; | is the determinant whose elements afe

. If xis limited to a half line p(x) = 0 for x < 0) and the first moment ofis fixed ata:
a= [ pixxdx
0
then the maximum entropy occurs when
1
— Zg /3
p(x) = e

and is equal to loga

. There is one important difference between the continaodgliscrete entropies. In the discrete case
the entropy measures in asoluteway the randomness of the chance variable. In the continuous
case the measurementéative to the coordinate systerti we change coordinates the entropy will

in general change. In fact if we change to coordingies: y, the new entropy is given by

H(y):/.../p(xl,...,xn)\](g—(/) Iogp(xl,...,xn)\](i—(/) dyp---dyn

whereJ (%) is the Jacobian of the coordinate transformation. On exparttle logarithm and chang-
ing the variables ta; - - - X,, we obtain:

H(y):H(x)—/.../p(xl,...,xn)log\](g)dxl...dxn.
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Thus the new entropy is the old entropy less the expecteditbgaof the Jacobian. In the continuous
case the entropy can be considered a measure of randoralais® to an assumed standarthmely

the coordinate system chosen with each small volume elethent- dx, given equal weight. When
we change the coordinate system the entropy in the new systasures the randomness when equal
volume elementdy; - - - dy, in the new system are given equal weight.

In spite of this dependence on the coordinate system themntoncept is as important in the con-
tinuous case as the discrete case. This is due to the fadhthderived concepts of information rate
and channel capacity depend on thiierenceof two entropies and this differend®es notdepend
on the coordinate frame, each of the two terms being changétlsame amount.

The entropy of a continuous distribution can be negative Stale of measurements sets an arbitrary
zero corresponding to a uniform distribution over a unitwoé. A distribution which is more confined
than this has less entropy and will be negative. The ratesapalkities will, however, always be non-
negative.

9. A particular case of changing coordinates is the lineardformation
yj = lzaiij
In this case the Jacobian is simply the determinaqit ! and
H(y) = H(x) + log|ajj|-
In the case of a rotation of coordinates (or any measure ptiageransformationy = 1 andH (y) =
H(X).
21. ENTROPY OF ANENSEMBLE OF FUNCTIONS

Consider an ergodic ensemble of functions limited to a aeltand of widthW cycles per second. Let

p(X1,...,%n)

be the density distribution function for amplitudes. .., X, at n successive sample points. We define the
entropy of the ensemble per degree of freedom by

:—rl]_|mn/ /p X1, .-, Xn) l0gP(X1, ..., Xn) dXg ... dXn.
We may also define an entropy per second by dividing, not by, but by the timeT in seconds fon
samples. Since=2TW, H = 2WH'.

With white thermal noisg is Gaussian and we have

=logv2meN,
H =W log2reN.

For a given average pow®, white noise has the maximum possible entropy. This follfnom the
maximizing properties of the Gaussian distribution noteove.

The entropy for a continuous stochastic process has mapggies analogous to that for discrete pro-
cesses. In the discrete case the entropy was related toghstlon of theprobability of long sequences,
and to thenumberof reasonably probable sequences of long length. In theraanis case it is related in
a similar fashion to the logarithm of th@obability densityfor a long series of samples, and t@umeof
reasonably high probability in the function space.

More precisely, if we assumg(xy, ..., Xn) continuous in all the; for all n, then for sufficiently large

Iog p
n

Hl
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for all choices of(xs,...,X,) apart from a set whose total probability is less thawith § ande arbitrarily
small. This follows form the ergodic property if we divideetBpace into a large number of small cells.

The relation ofH to volume can be stated as follows: Under the same assursptmmsider then
dimensional space correspondingftxs,...,X,). LetVy(q) be the smallest volume in this space which
includes in its interior a total probability. Then

Lim logVn(0)

n—oo n

=H’

providedq does not equal O or 1.

These results show that for largéhere is a rather well-defined volume (at least in the logarit sense)
of high probability, and that within this volume the probiiidensity is relatively uniform (again in the
logarithmic sense).

In the white noise case the distribution function is given by

1 1
p(X]_, . 7Xn) = W eXp—ﬁ zxiz
Since this depends only gnx? the surfaces of equal probability density are spheres ameértire distri-
bution has spherical symmetry. The region of high probihigi a sphere of radiug/nN. Asn — o the
probability of being outside a sphere of radiy:i(N + €) approaches zero an}gdtimes the logarithm of the
volume of the sphere approaches{6greN.

In the continuous case it is convenient to work not with thieagyH of an ensemble but with a derived
guantity which we will call the entropy power. This is defineslthe power in a white noise limited to the
same band as the original ensemble and having the same entmaygher words ifH’ is the entropy of an
ensemble its entropy power is L

!
Ni = 27TeepoH .
In the geometrical picture this amounts to measuring the pigbability volume by the squared radius of a
sphere having the same volume. Since white noise has themaaxentropy for a given power, the entropy
power of any noise is less than or equal to its actual power.

22. ENTROPY LOSS INLINEAR FILTERS

Theorenil4: If an ensemble having an entroply per degree of freedom in bakd is passed through a
filter with characteristitY (f) the output ensemble has an entropy

_ 1 2
H2—H1+V—V/Wlog|Y(f)| df.

The operation of the filter is essentially a linear transfation of coordinates. If we think of the different
frequency components as the original coordinate systeameiv frequency components are merely the old
ones multiplied by factors. The coordinate transformatiatrix is thus essentially diagonalized in terms
of these coordinates. The Jacobian of the transformati@iaris sine anch cosine components)

J=i|j|v<fi>|2

where thef; are equally spaced through the baddThis becomes in the limit

1
= [ log|Y(f)]?df.
expyy [ Tog|¥(1)
SincelJ is constant its average value is the same quantity and aygplye theorem on the change of entropy

with a change of coordinates, the result follows. We may plsase it in terms of the entropy power. Thus
if the entropy power of the first ensembleNg that of the second is

Nlexpv—t/wlog|Y(f)|2df.
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TABLE |

ENTROPY| ENTROPY
GAIN POWER |POWER GAIN|  IMPULSE RESPONSE
FACTOR |IN DECIBELS
1
1w —-- .
w > 1 869 sirt(t/2)
e t2/2
0 w 1
1
1-w? --—> 2\4 sint  cost
: (3) —533 2{?3*?2}
0 w 1
1
1-wd --—> cost—1 cogt = sint
i 0411 | —387 6{ t4 *?+T&‘}
0 w 1
1
2 --- i 2
V1—w > (Z) 267 mh(t)
e 2t
0 w 1
1
|
|
|
‘ ! 8.69 ! [cog1—a)t —cost]
| e ’ at? @
~a
0 w 1

The final entropy power is the initial entropy power multggliby the geometric mean gain of the filter. If
the gain is measured bfb, then the output entropy power will be increased by the ardéttic meardb gain
overWw.

In Table | the entropy power loss has been calculated (amdexisressed ib) for a number of ideal
gain characteristics. The impulsive responses of thesesfiétre also given fMW = 27, with phase assumed
to be 0.

The entropy loss for many other cases can be obtained frose ttesults. For example the entropy
power factor Y€ for the first case also applies to any gain characteristiginitom 1— w by a measure
preserving transformation of theaxis. In particular a linearly increasing gaifw) = w, or a “saw tooth”
characteristic between 0 and 1 have the same entropy lossreEprocal gain has the reciprocal factor.
Thus J/w has the facto€?. Raising the gain to any power raises the factor to this power

23. ENTROPY OF ASUM OF TWO ENSEMBLES

If we have two ensembles of functiofig(t) andgs (t) we can form a new ensemble by “addition.” Suppose
the first ensemble has the probability density funciidry,...,X,) and the second(xy,...,%n). Then the
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density function for the sum is given by the convolution:

r(xl,...,xn)=/.../p(yl,...,yn)q(xl—yl,...,xn—yn)dyl---dyn.

Physically this corresponds to adding the noises or sigepliesented by the original ensembles of func-
tions.
The following result is derived in Appendix 6.

Theorenil5: Let the average power of two ensembledNgaandN, and let their entropy powers bg
andNy. Then the entropy power of the sulN, is bounded by

N1 +N2 < N3 <Np+Np.

White Gaussian noise has the peculiar property that it caorbbany other noise or signal ensemble
which may be added to it with a resultant entropy power apprately equal to the sum of the white noise
power and the signal power (measured from the average sighed, which is normally zero), provided the
signal power is small, in a certain sense, compared to noise.

Consider the function space associated with these ensgeraléngn dimensions. The white noise
corresponds to the spherical Gaussian distribution irsipeee. The signal ensemble corresponds to another
probability distribution, not necessarily Gaussian oresjdal. Let the second moments of this distribution
about its center of gravity baj. Thatis, if p(xs,...,Xn) is the density distribution function

aij =/~~~/p(xi—ai)(xj_O‘J)dxl“'dxn

where then; are the coordinates of the center of gravity. Nayis a positive definite quadratic form, and
we can rotate our coordinate system to align it with the ppialadirections of this formayj is then reduced
to diagonal formb;;. We require that each; be small compared ti, the squared radius of the spherical
distribution.
In this case the convolution of the noise and signal prodppecximately a Gaussian distribution whose
corresponding quadratic form is
N + bj;.

The entropy power of this distribution is
1/n
[MN-+b0)]

or approximately

— [ gy

i 1
=N+ " Z b .
The last term is the signal power, while the first is the nomeqr.

PART IV: THE CONTINUOUS CHANNEL

24. THE CAPACITY OF A CONTINUOUS CHANNEL

In a continuous channel the input or transmitted signalsbeicontinuous functions of timé(t) belonging
to a certain set, and the output or received signals will béupged versions of these. We will consider
only the case where both transmitted and received signalsnaited to a certain band/. They can then
be specified, for a tim&, by 2ZTW numbers, and their statistical structure by finite dimemaialistribution
functions. Thus the statistics of the transmitted signéltve determined by

P(x1,...,%n) = P(X)
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and those of the noise by the conditional probability disttion

PX17~~~’Xn (ylv oee ,yn) = Px(y)

The rate of transmission of information for a continuousroied is defined in a way analogous to that
for a discrete channel, namely
R=H(x) — Hy(x)

whereH (x) is the entropy of the input andy(x) the equivocation. The channel capacitys defined as the
maximum ofR when we vary the input over all possible ensembles. This st in a finite dimensional
approximation we must vaig(x) = P(xg,...,%,) and maximize

/P ) logP(x dx+//P X,Y) Iog ))dxdy

This can be written

/ P(x,y) Iog )E))dxdy

using the fact thaf P(x,y)logP(x)dxdy= /P(x) logP(x)dx. The channel capacity is thus expressed as
follows:

X,Y)
C= L|mMax /Px )lo dxd
T Py V195 XM

It is obvious in this form thaR andC are mdependent of the coordinate system since the numerato

P(x,y)

and denominator in lo P will be multiplied by the same factors wherandy are transformed in

any one-to-one way. This integral expression@ds more general thaH (x) — Hy(x). Properly interpreted
(see Appendix 7) it will always exist whil (x) — Hy(x) may assume an indeterminate form- 0 in some

cases. This occurs, for examplexiis limited to a surface of fewer dimensions tham its n dimensional

approximation.

If the logarithmic base used in computifit(x) andHy(x) is two thenC is the maximum number of
binary digits that can be sent per second over the channklanfiitrarily small equivocation, just as in
the discrete case. This can be seen physically by dividiegsgiace of signals into a large number of
small cells, sufficiently small so that the probability diegn®x(y) of signalx being perturbed to pointis
substantially constant over a cell (eithexadr y). If the cells are considered as distinct points the situas
essentially the same as a discrete channel and the proafshese will apply. But it is clear physically that
this quantizing of the volume into individual points canimo&ny practical situation alter the final answer
significantly, provided the regions are sufficiently smahus the capacity will be the limit of the capacities
for the discrete subdivisions and this is just the contirumapacity defined above.

On the mathematical side it can be shown first (see Appendhxaf)f u is the message;is the signal,

y is the received signal (perturbed by noise) aniglthe recovered message then

H (%) —Hy(x) > H(u) — Hy(u)

regardless of what operations are performedida obtainx or ony to obtainv. Thus no matter how we
encode the binary digits to obtain the signal, or how we dedbd received signal to recover the message,
the discrete rate for the binary digits does not exceed tharotl capacity we have defined. On the other
hand, it is possible under very general conditions to finddargpsystem for transmitting binary digits at the
rateC with as small an equivocation or frequency of errors as ddsifhis is true, for example, if, when we
take a finite dimensional approximating space for the sigmadtions,P(x,y) is continuous in botlx andy
except at a set of points of probability zero.

An important special case occurs when the noise is addectsiginal and is independent of it (in the
probability sense). TheR(y) is a function only of the difference= (y — x),

Px(y) = Q(y_ X)
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and we can assign a definite entropy to the noise (independéme statistics of the signal), namely the
entropy of the distributio®@(n). This entropy will be denoted by (n).

Theorenil6: Ifthe signal and noise are independent and the receivedisigthe sum of the transmitted
signal and the noise then the rate of transmission is

R=H(y) —H(n),
i.e., the entropy of the received signal less the entroph@hbise. The channel capacity is
C =MaxH(y) —H(n).
P(X)
We have, sincg = x+n:
H(xy) =H(x.n).
Expanding the left side and using the fact thandn are independent

H(y) + Hy(x) = H(x) + H(n).

Hence
R=H(x) —Hy(x) = H(y) —H(n).

SinceH (n) is independent dP(x), maximizingR requires maximizingd (y), the entropy of the received
signal. If there are certain constraints on the ensembleaasinitted signals, the entropy of the received
signal must be maximized subject to these constraints.

25. CHANNEL CAPACITY WITH AN AVERAGE POWER LIMITATION

A simple application of Theorem 16 is the case when the ngisanhite thermal noise and the transmitted
signals are limited to a certain average poWerThen the received signals have an average p&veN
whereN is the average noise power. The maximum entropy for thevedeignals occurs when they also
form a white noise ensemble since this is the greatest dessitropy for a powelP+ N and can be obtained
by a suitable choice of transmitted signals, namely if thaynfa white noise ensemble of power The
entropy (per second) of the received ensemble is then

H(y) =WIlog2re(P+ N),

and the noise entropy is
H(n) =WIlog2reN.

The channel capacity is
P+N
C=H(y)—H(n)=WIlog :l .

Summarizing we have the following:

Theoreml7: The capacity of a channel of ba¥Ml perturbed by white thermal noise powémhen the
average transmitter power is limitedRas given by

P+N
N
This means that by sufficiently involved encoding systemscae transmit binary digits at the rate

C=WIlog

P+N o . . .
09, ———— DITS per second, with arpitrarily small fTrequency of err S not possinle 1o transmit at a
Wlog, :\rl bit d, with arbitrarily small f erroitsis not possible to transmit at

higher rate by any encoding system without a definite pasftequency of errors.
To approximate this limiting rate of transmission the traitsed signals must approximate, in statistical
properties, a white noise.A system which approaches the ideal rate may be describenllags: Let

6This and other properties of the white noise case are diedusem the geometrical point of view in “Communication ireth
Presence of Noiselbc. cit.
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M = 25 samples of white noise be constructed each of durdtiohhese are assigned binary numbers from
0 toM — 1. At the transmitter the message sequences are brokenaigrimips ofs and for each group
the corresponding noise sample is transmitted as the sigwmahe receiver théM samples are known and
the actual received signal (perturbed by noise) is compartdeach of them. The sample which has the
least R.M.S. discrepancy from the received signal is chasahe transmitted signal and the corresponding
binary number reconstructed. This process amounts to cigptise most probablea(posterior) signal.
The numbeM of noise samples used will depend on the tolerable frequenéerrors, but for almost all
selections of samples we have

.. logM(e,T) P+N
LimLim ————— =Wlog——
eLOTLoo T 9 N

)

so that no matter how smallis chosen, we can, by takinig sufficiently large, transmit as near as we wish

to TWIlog PE N

. P+N . . .
Formulas similar taC = Wlog + for the white noise case have been developed independently

by several other writers, although with somewhat diffeiatgrpretations. We may mention the work of
N. Wiener! W. G. Tuller® and H. Sullivan in this connection.

In the case of an arbitrary perturbing noise (not necegsatilte thermal noise) it does not appear that
the maximizing problem involved in determining the charoegacityC can be solved explicitly. However,
upper and lower bounds can be set@in terms of the average noise powéthe noise entropy powe; .
These bounds are sufficiently close together in most paatases to furnish a satisfactory solution to the
problem.

Theoreml8: The capacity of a channel of bakid perturbed by an arbitrary noise is bounded by the
inequalities

binary digits in the timél .

P+Ng P+N
<C<WIlo
Nt — = 9 N1

Wlog
where

P = average transmitter power
N = average noise power
N1 = entropy power of the noise.

Here again the average power of the perturbed signals wilt $eN. The maximum entropy for this
power would occur if the received signal were white noise aodld beWlog2re(P+ N). It may not
be possible to achieve this; i.e., there may not be any erlsaphkransmitted signals which, added to the
perturbing noise, produce a white thermal noise at thevecdiut at least this sets an upper bounH ty).
We have, therefore

C=MaxH(y)—H(n)
<WIlog2re(P+ N) —Wlog 2reN;.

This is the upper limit given in the theorem. The lower limdincbe obtained by considering the rate if we

make the transmitted signal a white noise, of pofen this case the entropy power of the received signal
must be at least as great as that of a white noise of p&ueN; since we have shown in in a previous

theorem that the entropy power of the sum of two ensembleseistey than or equal to the sum of the

individual entropy powers. Hence

MaxH (y) > Wlog2re(P+ Nj)
"Cybernetics, loc. cit.

8“Theoretical Limitations on the Rate of Transmission ofolmhation,” Proceedings of the Institute of Radio Engineers37,
No. 5, May, 1949, pp. 468—78.
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and

C > WIlog2re(P+ Ni) —Wlog 2reN
P+ Ny
Np

=W log

As P increases, the upper and lower bounds approach each ahveg, Isave as an asymptotic rate

P+N

Wlog N
1

If the noise is itself whiteN = N; and the result reduces to the formula proved previously:
P
C_Wlog(1+ N)'

If the noise is Gaussian but with a spectrum which is not rezody flat, N; is the geometric mean of
the noise power over the various frequencies in the Mdnd@hus

Ny = expviv/wlogN(f)df

whereN(f) is the noise power at frequendy
Theoreml9: If we set the capacity for a given transmitter powegqual to
P+N—-n

C=WIlog N
1

thenn is monotonic decreasing Bsincreases and approaches 0 as a limit.
Suppose that for a given power the channel capacity is

Pi+N—m

Wlog N
1

This means that the best signal distribution, géy), when added to the noise distributigfx), gives a
received distributiom(y) whose entropy power i€ + N — 7). Let us increase the power B + AP by
adding a white noise of powetP to the signal. The entropy of the received signal is now attlea

H(y) =WIlog2re(Py+N—n1+ AP)

by application of the theorem on the minimum entropy powea aum. Hence, since we can attain the
H indicated, the entropy of the maximizing distribution mhbetat least as great amdnust be monotonic
decreasing. To show that— 0 asP — o consider a signal which is white noise with a laRjeWhatever
the perturbing noise, the received signal will be approxétyaa white noise, iP is sufficiently large, in the
sense of having an entropy power approaciitnagN.

26. THE CHANNEL CAPACITY WITH A PEAK POWER LIMITATION

In some applications the transmitter is limited not by therage power output but by the peak instantaneous
power. The problem of calculating the channel capacity éntthat of maximizing (by variation of the
ensemble of transmitted symbols)

H(y) —H(n)

subject to the constraint that all the functiof(s) in the ensemble be less than or equal8, say, for all
t. A constraint of this type does not work out as well matheoadiiy as the average power limitation. The

most we have obtained for this case is a lower bound vaIidIfoEa an “asymptotic” upper bound (valid

S _ S
for IargeN) and an asymptotic value @ffor N small.
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Theorem20: The channel capacit@ for a bandW perturbed by white thermal noise of powris
bounded by

2S
C>Wlog——
> g SN
whereS is the peak allowed transmitter power. For sufficientlybaﬁsfy

2
=S+N

wheree is arbitrarily small. Ass — 0 (and provided the banli starts af)

C/Wlog(1+§) — 1.

We wish to maximize the entropy of the received S|gnaINIfs large this will occur very nearly when

we maximize the entropy of the transmitted ensemble.

The asymptotic upper bound is obtained by relaxing the ¢mmdi on the ensemble. Let us suppose that
the power is limited t&&not at every instant of time, but only at the sample pointse Maximum entropy of
the transmitted ensemble under these weakened condsioagainly greater than or equal to that under the
original conditions. This altered problem can be solvedyaghe maximum entropy occurs if the different
samples are independent and have a distribution functiéchvigiconstant from-+/Sto 4+-+/S. The entropy
can be calculated as

Wlog4S.

The received signal will then have an entropy less than

Wlog(4S+ 2meN)(1+¢)

with e — 0 as§ — o0 and the channel capacity is obtained by subtracting th@eyof the white noise,

Wlog2reN:

2S+N
WMM&QWM@H%WMMWM:WwWJ_ﬂ+d

This is the desired upper bound to the channel capacity.

To obtain a lower bound consider the same ensemble of furgcticet these functions be passed through
an ideal filter with a triangular transfer characteristidieTgain is to be unity at frequency 0 and decline
linearly down to gain O at frequendy. We first show that the output functions of the filter have akpea

Lo . . . . sin2twt . .
power limitationS at all times (not just the sample points). First we note thamlae'ziwt going into
v
the filter produces
1sin’ 7Wt
2 (TWt)?

in the output. This function is never negative. The inputchion (in the general case) can be thought of as

the sum of a series of shifted functions ]
sin2r\Wt

ai
27Wt

wherea, the amplitude of the sample, is not greater tk@ Hence the output is the sum of shifted functions
of the non-negative form above with the same coefficientes€hunctions being non-negative, the greatest
positive value for any is obtained when all the coefficierashave their maximum positive values, i.¢/S.

In this case the input function was a constant of amplity@and since the filter has unit gain for D.C., the
output is the same. Hence the output ensemble has a peak Bower
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The entropy of the output ensemble can be calculated fromaothtne input ensemble by using the
theorem dealing with such a situation. The output entrogisal to the input entropy plus the geometrical

mean gain of the filter:
W W W—f\2
24f _ _
/O logG olf_/O log( - ) df=-aw.

Hence the output entropy is

WIog4S—2\N:WIog{'?S

and the channel capacity is greater than

2 S
Wlogﬁﬁ.

We now wish to show that, for sma% (peak signal power over average white noise power), theredan
capacity is approximately

S
C_Wlog(1+ N)'

. S S . . .
More preC|seI>C/WIog<1+ N) —1 asN — 0. Since the average signal powers less than or equal

to the peals, it follows that for alls
P S
<WI 14+ — | <WI 1+— ).
C< og( +N)_ og( +N>

. , . S
Therefore, if we can find an ensemble of functions such thegt tlorrespond to a rate neawylog|( 1+ N

and are limited to ban@/ and pealSthe result will be proved. Consider the ensemble of funatiofithe
following type. A series of samples have the same value, eithefSor —+/S, then the next samples have
the same value, etc. The value for a series is chosen at rarmtobability% for +v/S and% for —V/S. If
this ensemble be passed through a filter with triangular ga@macteristic (unit gain at D.C.), the output is
peak limited to+S. Furthermore the average power is ne&bnd can be made to approach this by taking
sufficiently large. The entropy of the sum of this and thertiemoise can be found by applying the theorem
on the sum of a noise and a small signal. This theorem willyaippl

S
VIS

: - . S .
is sufficiently small. This can be ensured by takﬁgsmall enough (afteris chosen). The entropy power
will be S+ N to as close an approximation as desired, and hence the ragmsimission as near as we wish

to SN
_|_
WIog(T>.

PART V: THE RATE FOR A CONTINUOUS SOURCE

27. HDELITY EVALUATION FUNCTIONS

In the case of a discrete source of information we were ablgetermine a definite rate of generating
information, namely the entropy of the underlying stoclegstocess. With a continuous source the situation
is considerably more involved. In the first place a contirslpwariable quantity can assume an infinite
number of values and requires, therefore, an infinite nurabbinary digits for exact specification. This
means that to transmit the output of a continuous sourceexist recoveryat the receiving point requires,
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in general, a channel of infinite capacity (in bits per segoréince, ordinarily, channels have a certain
amount of noise, and therefore a finite capacity, exact tngsson is impossible.

This, however, evades the real issue. Practically, we arenterested in exact transmission when we
have a continuous source, but only in transmission to wigh@ertain tolerance. The question is, can we
assign a definite rate to a continuous source when we requiy@aertain fidelity of recovery, measured in
a suitable way. Of course, as the fidelity requirements aneased the rate will increase. It will be shown
that we can, in very general cases, define such a rate, hawngroperty that it is possible, by properly
encoding the information, to transmit it over a channel vehoapacity is equal to the rate in question, and
satisfy the fidelity requirements. A channel of smaller @dtyds insufficient.

It is first necessary to give a general mathematical forrranatf the idea of fidelity of transmission.
Consider the set of messages of a long duration,Tsagconds. The source is described by giving the
probability density, in the associated space, that thecgowill select the message in questiix). A given
communication system is described (from the external pafintew) by giving the conditional probability
Px(y) that if message is produced by the source the recovered message at theinggedmt will bey. The
system as a whole (including source and transmission sysetascribed by the probability functid{x, y)
of having messageand final outpuy. If this function is known, the complete characteristicshef system
from the point of view of fidelity are known. Any evaluation fifielity must correspond mathematically
to an operation applied tB(x,y). This operation must at least have the properties of a simmalering of
systems; i.e., it must be possible to say of two systems septed byPi (X,y) andP»(x,y) that, according to
our fidelity criterion, either (1) the first has higher fidglit2) the second has higher fidelity, or (3) they have
equal fidelity. This means that a criterion of fidelity can bpnesented by a numerically valued function:

V(P(x,y))

whose argument ranges over possible probability functRirsy).

We will now show that under very general and reasonable gsisomns the function/(P(x, y)) can be
written in a seemingly much more specialized form, namelgraaverage of a functiom(x,y) over the set
of possible values of andy:

V(P(eY) = [[ Pexy)p(xy) dxdy

To obtain this we need only assume (1) that the source andrsyate ergodic so that a very long sample
will be, with probability nearly 1, typical of the ensembéd (2) that the evaluation is “reasonable” in the
sense that it is possible, by observing a typical input artgudx; andy;, to form a tentative evaluation
on the basis of these samples; and if these samples aresadreaduration the tentative evaluation will,
with probability 1, approach the exact evaluation based full&nowledge ofP(x,y). Let the tentative
evaluation bey(x,y). Then the function(x,y) approaches (86 — ) a constant for almost afk, y) which
are in the high probability region corresponding to the esyst

p(%.y) = V(P(x.y))
and we may also write

p(xy) = [[ POxy)p(xy) dxay

// P(x,y)dxdy= 1.

This establishes the desired result.

The functionp(x,y) has the general nature of a “distance” betweandy.® It measures how undesirable
it is (according to our fidelity criterion) to receiwyewhenx is transmitted. The general result given above
can be restated as follows: Any reasonable evaluation ceeploesented as an average of a distance function
over the set of messages and recovered messagasy weighted according to the probabiliB(x,y) of
getting the pair in question, provided the duratioof the messages be taken sufficiently large.

The following are simple examples of evaluation functions:

since

9ltis not a “metric” in the strict sense, however, since ingrait does not satisfy eith@(x,y) = p(y,X) or p(x,y) + p(¥,2) > p(X,2).
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1. R.M.S. criterion.
2

v=(x(t) —y(t))".
In this very commonly used measure of fidelity the distancefion p(x,y) is (apart from a constant
factor) the square of the ordinary Euclidean distance batvibe pointx andy in the associated

7y T y .

2. Frequency weighted R.M.S. criterion. More generally care apply different weights to the different
frequency components before using an R.M.S. measure oityid€his is equivalent to passing the
differencex(t) — y(t) through a shaping filter and then determining the averageepowthe output.

Thus let
e(t) = x(t) —y(t)
and -
F(t) = [we(T)k(t —7)dr
then

oy = = [ fvPan

]
pley) = 1 [ x) -y dt

4. The structure of the ear and brain determine implicithg@eluation, or rather a number of evaluations,
appropriate in the case of speech or music transmissionceTibefor example, an “intelligibility”
criterion in whichp(x,y) is equal to the relative frequency of incorrectly interptetvords when
message(t) is received ag(t). Although we cannot give an explicit representatiop©f y) in these
cases it could, in principle, be determined by sufficientgipentation. Some of its properties follow
from well-known experimental results in hearing, e.g.,d¢heis relatively insensitive to phase and the
sensitivity to amplitude and frequency is roughly loganitih.

3. Absolute error criterion.

5. Thediscrete case can be considered as a specializatidndh we have tacitly assumed an evaluation
based on the frequency of errors. The funciidr y) is then defined as the number of symbols in the
sequence differing from the corresponding symbolsxdivided by the total number of symbols in
X.

28. THE RATE FOR A SOURCE RELATIVE TO A FIDELITY EVALUATION

We are now in a position to define a rate of generating infoiondbr a continuous source. We are given
P(x) for the source and an evaluatigrdetermined by a distance functigix,y) which will be assumed
continuous in botkx andy. With a particular systerR(x,y) the quality is measured by

V= //p(x,y)P(w)dxdy

Furthermore the rate of flow of binary digits correspondmBx,y) is

R= //nylog )é))dxdy

We define the rat®; of generating information for a given quality of reproduction to be the minimum of
Rwhen we keep fixed atv; and varyPx(y). That is:

Ry = Mm //P (x,y)log ZS( )g/) dxdy
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subject to the constraint:
vi= / / P(x.y)p(xy)dxdy

This means that we consider, in effect, all the communioasigstems that might be used and that
transmit with the required fidelity. The rate of transmissin bits per second is calculated for each one
and we choose that having the least rate. This latter rateeisate we assign the source for the fidelity in
guestion.

The justification of this definition lies in the following neié.

Theoren®1: If a source has a raf®, for a valuationv it is possible to encode the output of the source
and transmit it over a channel of capadtwvith fidelity as neax, as desired providedy < C. This is not
possible iRy > C.

The last statement in the theorem follows immediately froendefinition ofR; and previous results. If
it were not true we could transmit more th@rbits per second over a channel of capa€ityThe first part
of the theorem is proved by a method analogous to that usethieorem 11. We may, in the first place,
divide the(x,y) space into a large number of small cells and represent th&tisih as a discrete case. This
will not change the evaluation function by more than an aahily small amount (when the cells are very
small) because of the continuity assumed40x,y). Suppose thaPi(x,y) is the particular system which
minimizes the rate and givéy. We choose from the high probabilifis a set at random containing

2(R1+6)T

members where — 0 asT — . With largeT each chosen point will be connected by a high probability
line (as in Fig. 10) to a set ofs. A calculation similar to that used in proving Theorem hbws that with
largeT almost allx’s are covered by the fans from the choggmoints for almost all choices of thgs. The
communication system to be used operates as follows: Tketedl points are assigned binary numbers.
When a messageis originated it will (with probability approaching 1 8 — o) lie within at least one
of the fans. The corresponding binary number is transm{ttedne of them chosen arbitrarily if there are
several) over the channel by suitable coding means to giueadl probability of error. Sinc&; < C this is
possible. At the receiving point the correspondyrig reconstructed and used as the recovered message.

The evaluation; for this system can be made arbitrarily closevioby taking T sufficiently large.
This is due to the fact that for each long sample of mesgégeand recovered messagg) the evaluation
approachesg; (with probability 1).

It is interesting to note that, in this system, the noise enréicovered message is actually produced by a
kind of general quantizing at the transmitter and not preduzy the noise in the channel. It is more or less
analogous to the quantizing noise in PCM.

29. THE CALCULATION OF RATES

The definition of the rate is similar in many respects to thieniten of channel capacity. In the former

R= Mm/nyIog )E))d dy

with P(x) andv; :/ P(x,y)p(x,y)dxdyfixed. In the latter

C= Max/ny og )E))d dy

with P (y) fixed and possibly one or more other constraints (e.g., aragegpower limitation) of the form

K= [JP(x,y)A(xy) dxdy.
A partial solution of the general maximizing problem for&enining the rate of a source can be given.
Using Lagrange’s method we consider

//{ (%,Y) Iog PP )g/) + uPX,y)p(X,y) + v(X)P(x,y) | dxdy
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The variational equation (when we take the first variatiofP@ry)) leads to
Py(x) = B(x)e MY

where) is determined to give the required fidelity aBk) is chosen to satisfy
/ B(x)e M0V dx = 1.

This shows that, with best encoding, the conditional prditalof a certain cause for various received
y, By(x) will decline exponentially with the distance functip(x,y) between thecandy in question.
In the special case where the distance functioqy) depends only on the (vector) difference betwgen
andy,
p(Xy) = p(x—y)
we have
/B(x)e"\p(x‘y) dx=1.

HenceB(x) is constant, saw, and

Py(x) = ag Y,
Unfortunately these formal solutions are difficult to exaiin particular cases and seem to be of little value.
In fact, the actual calculation of rates has been carriedhoorily a few very simple cases.

If the distance functiop(x,y) is the mean square discrepancy betweandy and the message ensemble
is white noise, the rate can be determined. In that case we hav

R= Min [H(x) — Hy(X)| = H(x) — MaxHy(x)

with N = (x—y)2. But the MaxHy(x) occurs whery —x is a white noise, and is equalé log 2reN where
W is the bandwidth of the message ensemble. Therefore

R=W;log2reQ— W log 2reN
=W log %
whereQ is the average message power. This proves the following:

TheorenR2: The rate for a white noise source of powgand band\; relative to an R.M.S. measure
of fidelity is

R:W1Iog%

whereN is the allowed mean square error between original and reedveessages.

More generally with any message source we can obtain ingigsdlounding the rate relative to a mean
square error criterion.

Theoren3: The rate for any source of bakd is bounded by

Q1

WllogW < Rnglog%

whereQ is the average power of the sour€g, its entropy power ani the allowed mean square error.

The lower bound follows from the fact that the Mdx(x) for a given(x—y)2 = N occurs in the white
noise case. The upper bound results if we place points (ngbeé proof of Theorem 21) not in the best way
but at random in a sphere of radiyf€) — N.
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APPENDIX 5

Let S be any measurable subset of thpensemble, an& the subset of thé ensemble which give§;
under the operatiom. Then
S=TS.
LetH* be the operator which shifts all functions in a set by the tim&hen
H S =H TS =TH'S
sinceT is invariant and therefore commutes with. Hence ifm[S| is the probability measure of the s&t
mHAS)) = MTH'S] = mH*S]
=m[S] = m[§]

where the second equality is by definition of measure ingtspace, the third since thk ensemble is
stationary, and the last by definition @imeasure again.

To prove that the ergodic property is preserved under ianaiperations, lef; be a subset of thg
ensemble which is invariant under, and letS; be the set of all functiong which transform intds;. Then

H'S, =H'M S =TH 'S =5
so thatH*S; is included inS; for all A. Now, since
mH*S)] = m[Sy]

this implies
HS =%
for all A with m[S;] # 0,1. This contradiction shows th& does not exist.

APPENDIX 6

The upper bound\3 < N1 + Ny, is due to the fact that the maximum possible entropy for agud¥w + N,
occurs when we have a white noise of this power. In this caseritropy power i$; + No.

To obtain the lower bound, suppose we have two distributions dimensionsp(x;) andqg(x) with
entropy powerdN; andN,. What form shouldp andq have to minimize the entropy powd¥; of their
convolutionr (x;):

) = [ Pr)atx—y) dy.
The entropyHs of r is given by

Hz = —/r(xi)logr(x;)dxi.

We wish to minimize this subject to the constraints
Hy =~ [ p(x)logp(x) dx

Hy = —/q(Xi)logq(m)dN-
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We consider then
U =~ [ [rx)logr(x) + Ap(x)logp(x) + ua(x)loga(x)] dx
o =- / [+ logr (x)]dr (x) + A[1+l0g p(x)]ap(x) + (1 + loga(x)]dq(x)] dx
If p(x) is varied at a particular argument= s, the variation irr(x) is
or(x) =q(x—s)

and
/q X —s)logr(x)dx — Alogp(s) =

and similarly wheryg is varied. Hence the conditions for a minimum are

/q X —s)logr(x)dx = —Alogp(s)

/p s)logr(x)dx = —pulogq(s).
If we multiply the first byp(s) and the second bg(s) and integrate with respect gpwe obtain
Hz = —\H;
Hz = —uH2

or solving for\ andy and replacing in the equations
H1/q s)logr(x)dx = —Hgzlogp(s)
Hg/p s)logr(x)dx = —Hslogq(s).
Now suppose(x;) andq(x;) are normal
A |n/2 1 vy
p(xi) = 2 )n/2 eXp—s3 ZAUXlXJ

|Bij "2
E IJ)n/zexp 2ZB”X.XJ

Thenr (x;) will also be normal with quadratic fori@;;. If the inverses of these forms aag, bij, ¢ij then

axi) =

Cij = &j + bjj.

We wish to show that these functions satisfy the minimiziogditions if and only ifaj; = Kbj; and thus
give the minimurHs under the constraints. First we have

logr (xi) = |09 |CIJ| 3 Y Gijxix;
n
/q(xi—s)logr(m)dn = §|09§|Cij|—§zcij35j —3 Y Gijbj.
This should equal

Hsz[n

|2 |A|J| 2> Ass

. . H . H . . .
which requireAjj = —1Q-. In this caséhjj = —lBi- and both equations reduce to identities.
TR =R,
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APPENDIX 7

The following will indicate a more general and more rigorapproach to the central definitions of commu-
nication theory. Consider a probability measure space @/htesnents are ordered pajixsy). The variables

X, y are to be identified as the possible transmitted and recsigadls of some long duratidn Let us call

the set of all points whosebelongs to a subs&; of x points the strip ove$;, and similarly the set whose

y belong to$, the strip ovelS,. We dividex andy into a collection of non-overlapping measurable subsets
X; andY; approximate to the rate of transmissiRfy

=%ZP(>W)I09

where

P(Xi) is the probability measure of the strip ovér
P(Yi) is the probability measure of the strip ovér
P(X,Y;) is the probability measure of the intersection of the strips

A further subdivision can never decrede For letX; be divided intoX; = X + X{" and let

P(Y1)=a P(X1) =b+c
P(X{)=b P(X{,Y1) =d
P(X{)=c P(X{,Y1) =

P(X1,Y1)=d+e

Then in the sum we have replaced (for e Y; intersection)

d+e d e
(d+e)log by dlog%+elog§:.

a(b+c)

It is easily shown that with the limitation we have by, d, €,

d+e]d®  dde
= <=
{b+c} ~ bdce

and consequently the sum is increased. Thus the variousbfgossbdivisions form a directed set, with
R monotonic increasing with refinement of the subdivision. My defineR unambiguously as the least
upper bound foR; and write it

XY)
=7 /P (%,Y) Iog Py dxdy

This integral, understood in the above sense, includesthethontinuous and discrete cases and of course
many others which cannot be represented in either form.ttivigl in this formulation that ifx andu are
in one-to-one correspondence, the rate frota y is equal to that fronx toy. If vis any function ofy (not
necessarily with an inverse) then the rate frefo y is greater than or equal to that froxto v since, in
the calculation of the approximations, the subdivisiong afe essentially a finer subdivision of those for
v. More generally ify andv are related not functionally but statistically, i.e., wevda@ probability measure
spacqy, V), thenR(x,v) < R(x,y). This means that any operation applied to the received kigvien though
it involves statistical elements, does not increldse

Another notion which should be defined precisely in an absfi@mulation of the theory is that of
“dimension rate,” that is the average number of dimensi@agiired per second to specify a member of
an ensemble. In the band limited cas¥ Bumbers per second are sufficient. A general definition can be
framed as follows. Lef,(t) be an ensemble of functions and J&t[f,(t), fz(t)] be a metric measuring
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the “distance” fromf, to fz over the timeT (for example the R.M.S. discrepancy over this interval.} Le
N(e,0,T) be the least number of elemerftavhich can be chosen such that all elements of the ensemble
apart from a set of measufere within the distanceof at least one of those chosen. Thus we are covering
the space to withim apart from a set of small measureWe define the dimension ratefor the ensemble

by the triple limit

A =Lim Lim Lim M
6—-0 e=0 T—w  Tloge

This is a generalization of the measure type definitions wiedision in topology, and agrees with the intu-
itive dimension rate for simple ensembles where the des@sdlt is obvious.
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