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SUBMARINE CABLES the literature does not disclose that anything has been
In the case of submarine-cable telegraphy, there is published on the experimental side either to confirm

a limitation on voltage which has not been emphasized or to oppose this result.
in the simple direct-current case discussed above. The
voltage which may be impressed on the cable is limited CHOICE OF CODES
to a definite value. Moreover, for certain reasons, the A formula will first be derived by means of which
cable has an impedance associated with it at the sending the speed of transmitting intelligence, using codes
end which may make the voltage on the cable differ employing different numbers of current values, can be
from the voltage applied to the sending-end apparatus. compared for a given line speed, i. e., rate of sending of
Inasmuch as the limitation in this case isvoltagelimita- signal elements. Using this formula, it will then be
tion at the cable, the ideal wave is one which applies a shown that if the line speed can be kept constant and
rectangular wave to the cable rather than to the appara- the number of current values increased, the rate of
tus, because it insures that the area under the curve transmission of intelligence can be materially increased.
should be the maximum consistent with the imposed Comparison will then be made between the theoretical
limitations. It would be possible to make the trans- possibilities indicated by the formula and the results
mitting-end impedance approximately proportional to obtained by various codes in common use, including the
the cable impedance throughout most of the important Continental and American Morse codes as applied to
range. This would insure that the wave applied to the land lines, radio and carrier circuits, and the Continental
cable would have approximately the same shape as the Morse code as applied to submarine cables. It will be
wave applied to the apparatus. It would probably be shown that the Continental and American Morse codes
desirable for practical reasons to make this impedance applied to circuits using two current values are materi-
infinite for direct current. ally slower than the code which it is theoretically possi-

In connection with the submarine cable a special ble to obtain because of the fact that these codes are
kind of interference is particularly important, namely, arranged so as to be readily deciphered by the ear. On
that due to imperfect duplex balance. For a given the other hand, the Continental Morse code, as applied
degree of unbalance, the interference due to this source to submarine cables, or other circuits where three cur-
may be reduced by putting networks either in the path rent values are employed, wMl be shown to produce
of the outgoing current or in the path of the incoming results substantially on par with the ideal. Taking the
current. These facts, together with the frequency dis- above factors into account, it will be shown that if a
tributions deduced above for each of the several im- given telegraph circuit using Continental Morse code
pressed waves as exhibited in Fig. 2, make it apparent with two current values were rearranged so as to make
that the beneficial reaction on the effect of duplex un- possible the use of a code employing three current
balance, which can be obtained by the use of a half- values, it would be possible to transmit over the re-
cycle sine wave instead of a rectangular wave, can be arranged circuit about 2.2 times as much intelligence
obtained more effectively by the use of a simple network, with a given number of signal elements.
either in the path of the outgoing or in the path of the It will then be pointed out why it is not feasible on
incoming currents. Either of these locations is equally all telegraph circuits to replace the codes employing
effective in reducing interferences from duplex un- two current values with others employing more than
balance, but the location of the network in the path of two current values, so as to increase the rate of trans-
the outgoing current has the advantage that it de- mitting intelligence. The circuits, for which the possi-
creases the interference into other circuits, whereas the bilities of thus securing increases in speed appear
location in the path of the incoming current has the greatest, are pointed out, as well as those for which the
effect of reducing the interference from other circuits. possibilities appear least.

Before leaving the matter of submarine telegraphy,
it may be well to point out that it is common in practise THEORETICAL POSSIBILITIES USING CODES WITH
to shorten the period during which the battery is ap- DIFFERENT NUMBERS OF CURRENT VALUES
plied so as to make it less than the total period allotted The speed at which intelligence can be transmitted
to the signal element in question. For instance, if it over a telegraph circuit with a given line speed, i. e., a
is desired to transmit an e the battery may be applied given rate of sending of signal elements, may be deter-
for, say, 75 per cent of the time allotted to that e and mined approximately by the following formula, the
during the remaining 25 per cent the circuit is grounded. derivation of which is given in Appendix B.
The resulting voltage is shown in Fig. 3F. From the W = K log m
foregoing, it is concluded that this method is less ad- Where W is the speed of transmission of intelligence,
vantageous than the application of the voltage for the m is the number of current values,
whole period, because while the shape of the received and, K is a constant.
signal is substantially the same in the two cases, the By the speed of transmission of intelligence is meant
magnitude, being proportional to the area under the the number of characters, representing different
voltage curve, will be less. A cursory examination of letters, figures, etc., which can be transmitted inagiven
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In Appendix 2, the following result is established:
Theorem 2: The only H satisfying the three above assumptions is of the form:

H K
n

∑
i 1

pi log pi

where K is a positive constant.
This theorem, and the assumptions required for its proof, are in no way necessary for the present theory.

It is given chiefly to lend a certain plausibility to some of our later definitions. The real justification of these
definitions, however, will reside in their implications.

Quantities of the formH ∑ pi log pi (the constant K merely amounts to a choice of a unit of measure)
play a central role in information theory as measures of information, choice and uncertainty. The form of H
will be recognized as that of entropy as defined in certain formulations of statistical mechanics8 where pi is
the probability of a system being in cell i of its phase space. H is then, for example, the H in Boltzmann’s
famous H theorem. We shall call H ∑ pi log pi the entropy of the set of probabilities p1 pn. If x is a
chance variable we will write H x for its entropy; thus x is not an argument of a function but a label for a
number, to differentiate it from H y say, the entropy of the chance variable y.

The entropy in the case of two possibilities with probabilities p and q 1 p, namely

H p log p q logq

is plotted in Fig. 7 as a function of p.

H
BITS

p

Fig. 7—Entropy in the case of two possibilities with probabilities p and 1 p .

The quantity H has a number of interesting properties which further substantiate it as a reasonable
measure of choice or information.

1. H 0 if and only if all the pi but one are zero, this one having the value unity. Thus only when we
are certain of the outcome doesH vanish. Otherwise H is positive.

2. For a given n, H is a maximum and equal to logn when all the pi are equal (i.e., 1n ). This is also
intuitively the most uncertain situation.

8See, for example, R. C. Tolman, Principles of Statistical Mechanics, Oxford, Clarendon, 1938.
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Fig. 1—Schematic diagram of a general communication system.

a decimal digit is about 3 13 bits. A digit wheel on a desk computing machine has ten stable positions and
therefore has a storage capacity of one decimal digit. In analytical work where integration and differentiation
are involved the base e is sometimes useful. The resulting units of information will be called natural units.
Change from the base a to base b merely requires multiplication by logb a.

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

1. An information sourcewhich produces a message or sequence of messages to be communicated to the
receiving terminal. The message may be of various types: (a) A sequence of letters as in a telegraph
of teletype system; (b) A single function of time f t as in radio or telephony; (c) A function of
time and other variables as in black and white television — here the message may be thought of as a
function f x y t of two space coordinates and time, the light intensity at point x y and time t on a
pickup tube plate; (d) Two or more functions of time, say f t , g t , h t — this is the case in “three-
dimensional” sound transmission or if the system is intended to service several individual channels in
multiplex; (e) Several functions of several variables— in color television the message consists of three
functions f 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 defined in the region — similarly, several
black and white television sources would produce “messages” consisting of a number of functions
of three variables; (f) Various combinations also occur, for example in television with an associated
audio channel.

2. A transmitter which operates on the message in some way to produce a signal suitable for trans-
mission over the channel. In telephony this operation consists merely of changing sound pressure
into a proportional electrical current. In telegraphy we have an encoding operation which produces
a sequence of dots, dashes and spaces on the channel corresponding to the message. In a multiplex
PCM system the different speech functions must be sampled, compressed, quantized and encoded,
and finally interleaved properly to construct the signal. Vocoder systems, television and frequency
modulation are other examples of complex operations applied to the message to obtain the signal.

3. The channel is merely the medium used to transmit the signal from transmitter to receiver. It may be
a pair of wires, a coaxial cable, a band of radio frequencies, a beam of light, etc.

4. The receiver ordinarily performs the inverse operation of that done by the transmitter, reconstructing
the message from the signal.

5. The destination is the person (or thing) for whom the message is intended.

We wish to consider certain general problems involving communication systems. To do this it is first
necessary to represent the various elements involved as mathematical entities, suitably idealized from their
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receiving terminal. The message may be of various types: (a) A sequence of letters as in a telegraph
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time and other variables as in black and white television — here the message may be thought of as a
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2. A transmitter which operates on the message in some way to produce a signal suitable for trans-
mission over the channel. In telephony this operation consists merely of changing sound pressure
into a proportional electrical current. In telegraphy we have an encoding operation which produces
a sequence of dots, dashes and spaces on the channel corresponding to the message. In a multiplex
PCM system the different speech functions must be sampled, compressed, quantized and encoded,
and finally interleaved properly to construct the signal. Vocoder systems, television and frequency
modulation are other examples of complex operations applied to the message to obtain the signal.

3. The channel is merely the medium used to transmit the signal from transmitter to receiver. It may be
a pair of wires, a coaxial cable, a band of radio frequencies, a beam of light, etc.

4. The receiver ordinarily performs the inverse operation of that done by the transmitter, reconstructing
the message from the signal.

5. The destination is the person (or thing) for whom the message is intended.
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PCM system the different speech functions must be sampled, compressed, quantized and encoded,
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mission over the channel. In telephony this operation consists merely of changing sound pressure
into a proportional electrical current. In telegraphy we have an encoding operation which produces
a sequence of dots, dashes and spaces on the channel corresponding to the message. In a multiplex
PCM system the different speech functions must be sampled, compressed, quantized and encoded,
and finally interleaved properly to construct the signal. Vocoder systems, television and frequency
modulation are other examples of complex operations applied to the message to obtain the signal.
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mission over the channel. In telephony this operation consists merely of changing sound pressure
into a proportional electrical current. In telegraphy we have an encoding operation which produces
a sequence of dots, dashes and spaces on the channel corresponding to the message. In a multiplex
PCM system the different speech functions must be sampled, compressed, quantized and encoded,
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By a communication system we will mean a system of the type indicated schematically in Fig. 1. It
consists of essentially five parts:

1. An information sourcewhich produces a message or sequence of messages to be communicated to the
receiving terminal. The message may be of various types: (a) A sequence of letters as in a telegraph
of teletype system; (b) A single function of time f t as in radio or telephony; (c) A function of
time and other variables as in black and white television — here the message may be thought of as a
function f x y t of two space coordinates and time, the light intensity at point x y and time t on a
pickup tube plate; (d) Two or more functions of time, say f t , g t , h t — this is the case in “three-
dimensional” sound transmission or if the system is intended to service several individual channels in
multiplex; (e) Several functions of several variables— in color television the message consists of three
functions f 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 defined in the region — similarly, several
black and white television sources would produce “messages” consisting of a number of functions
of three variables; (f) Various combinations also occur, for example in television with an associated
audio channel.

2. A transmitter which operates on the message in some way to produce a signal suitable for trans-
mission over the channel. In telephony this operation consists merely of changing sound pressure
into a proportional electrical current. In telegraphy we have an encoding operation which produces
a sequence of dots, dashes and spaces on the channel corresponding to the message. In a multiplex
PCM system the different speech functions must be sampled, compressed, quantized and encoded,
and finally interleaved properly to construct the signal. Vocoder systems, television and frequency
modulation are other examples of complex operations applied to the message to obtain the signal.

3. The channel is merely the medium used to transmit the signal from transmitter to receiver. It may be
a pair of wires, a coaxial cable, a band of radio frequencies, a beam of light, etc.

4. The receiver ordinarily performs the inverse operation of that done by the transmitter, reconstructing
the message from the signal.

5. The destination is the person (or thing) for whom the message is intended.

We wish to consider certain general problems involving communication systems. To do this it is first
necessary to represent the various elements involved as mathematical entities, suitably idealized from their
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of these three functions as components of a vector field defined in the region — similarly, several
black and white television sources would produce “messages” consisting of a number of functions
of three variables; (f) Various combinations also occur, for example in television with an associated
audio channel.

2. A transmitter which operates on the message in some way to produce a signal suitable for trans-
mission over the channel. In telephony this operation consists merely of changing sound pressure
into a proportional electrical current. In telegraphy we have an encoding operation which produces
a sequence of dots, dashes and spaces on the channel corresponding to the message. In a multiplex
PCM system the different speech functions must be sampled, compressed, quantized and encoded,
and finally interleaved properly to construct the signal. Vocoder systems, television and frequency
modulation are other examples of complex operations applied to the message to obtain the signal.

3. The channel is merely the medium used to transmit the signal from transmitter to receiver. It may be
a pair of wires, a coaxial cable, a band of radio frequencies, a beam of light, etc.
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We wish to consider certain general problems involving communication systems. To do this it is first
necessary to represent the various elements involved as mathematical entities, suitably idealized from their

2

p(e)
p(f|e)

e f

ˆe = argmax

e
(f |e) p(e)



• This presentation was created by Lane Schwartz 

• You are free to reproduce and adapt this work 
under the terms of the Creative Commons 
Attribution-ShareAlike 4.0 International License.



References (Primary)
• An Essay towards solving a Problem in the Doctrine of 

Chances. Thomas Bayes. Philosophical Transactions of the 
Royal Society of London. 1763. 

• Certain Factors Affecting Telegraph Speed. Harry Nyquist. 
Bell Labs Technical Journal. 1924. 

• Transmission of Information. Ralph Hartley. Bell Labs 
Technical Journal. 1928. 

• A Mathematical Theory of Communication. Claude 
Shannon. The Bell Systems Technical Journal. October 
1948.



References (Secondary)

• The Mathematics of Communication. Warren 
Weaver. Scientific American. July 1949. 

• Mathematical Theory of Claude Shannon. Eugene 
Chiu, Jocelyn Lin, Brok Mcferron, Noshirwan 
Petigara, Satwiksai Seshasai. 2001.



Image Credits
• Chart of the Morse code letters and numerals. By Rhey 

Snodgrass & Victor Camp. 1922. http://commons.wikimedia.org/
wiki/File:International_Morse_Code.svg 

• Daguerrotype of Morse in Paris. 1840. http://
commons.wikimedia.org/wiki/File:Samuel_Morse_1840.jpg 

• J-38 “straight key” telegraph. Lou Sander. 2007. http://
commons.wikimedia.org/wiki/File:J38TelegraphKey.jpg 

• English letter frequencies. Nandhp. 2010. http://
commons.wikimedia.org/wiki/
File:English_letter_frequency_(frequency).svg

http://commons.wikimedia.org/wiki/File:International_Morse_Code.svg
http://commons.wikimedia.org/wiki/File:Samuel_Morse_1840.jpg
http://commons.wikimedia.org/wiki/File:J38TelegraphKey.jpg
http://commons.wikimedia.org/wiki/File:English_letter_frequency_(frequency).svg


Image Credits
• Harry Nyquist. American Institute of Physics. http://

en.wikipedia.org/wiki/File:Harry_Nyquist.jpg 

• Ralph Hartley. Hartley family. http://commons.wikimedia.org/
wiki/File:Hartley_ralph-vinton-lyon-001.jpg 

• Claude Shannon. http://en.wikipedia.org/wiki/
File:Claude_Elwood_Shannon_(1916-2001).jpg 

• George Boole. Circa 1860. http://commons.wikimedia.org/wiki/
File:George_Boole_color.jpg 

• Thomas Bayes. http://commons.wikimedia.org/wiki/
File:Thomas_Bayes.gif

http://en.wikipedia.org/wiki/File:Harry_Nyquist.jpg
http://commons.wikimedia.org/wiki/File:Hartley_ralph-vinton-lyon-001.jpg
http://en.wikipedia.org/wiki/File:Claude_Elwood_Shannon_(1916-2001).jpg
http://commons.wikimedia.org/wiki/File:George_Boole_color.jpg
http://commons.wikimedia.org/wiki/File:Thomas_Bayes.gif

