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Repmdacz}zg Sound and Scene

Theatrical audiences throughout the United States have been
enjoying for many months audible motion-pictures, recorded and
reproduced by methods and apparatus developed in Bell Telephone
Laboratories and made available to producers and exhibitors by
Electrical Research Products, Incorporated. A furor has arisen in
the theatrical and motion-picture professions, excited by the won-
drous possibilities and amplified by public demand and interest.

Relating to this new art of talking motion-pictures much has
already been published, for it is based upon years of telephonic re-
search in speech and hearing, the conversion of energy between
acoustic and electrical systems, and electrical methods for record-
ing, amplifying and reproducing sound.

Publication of the technical processes involved, however, is
following the actual accomplishment in accordance with the tradi-
tion of the Laboratories that demonstration shall precede exposition
and the hazard of prophesy be avoided.

During September a series of papers was presented to the So-
ciety of Motion Picture Engineers by members of the technical staff
of the Laboratories. These dealt with the fundamental principles
of synchronized recording and reproducing of sound and scene, and
with some of the apparatus developments of the Laboratories in
that field.

The substance of these original expositions was then presented
by the authors to the readers of BELL LABORATORIES RECORD, in a
series of articles printed in the November, 1928, issue of that maga-
zine and reprinted therefrom in the present form.
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Fundamentals of Speech, Hearing and Music

By JOHN C. STEINBERG
Research Department

S OUND-PICTURLS unite two

long lines of development: one

of the recording and reproduc-
tion of sound, affecting the sense of
hearing; the other of the recording
and reproduction of visual objects,
affecting the sense of sight. The suc-
cess attained in these lines has been
largely due to research continually
carried on in the fundamental facts of
cach and to the perfection of ap-
paratus modified with each advance
in knowledge.

The present paper briefly recounts
some of the outstanding facts of the
science of sound as it affects the de-
velopment of the sound-picture. It
compasses in reality five sub-sciences:
one pertaining to hearing, the sense
organ on which all perception of
sound depends, two covering speech
and music, the types of sound most
commonly reproduced, and two cov-
ering musical instruments and the
voice, the generators of the two main
classes of sounds.

Speech is produced by streams of
air forced out through the vocal pas-
sages by the lungs. The trachea or
wind pipe is terminated at the upper
end by the larynx which contains two
muscular ledges, known as the vocal
cords, forming a straight slit through
which the air stream passes. During
speech these cords vibrate so that the
slit is alternately opened and closed
and by this action a train of sound
waves is set up in the lower part of
the throat. As these waves pass out
into the air, certain resonant and

transient characteristics are impressed
upon them by the vocal cavities and
the movements of the tongue and lips,
and it is these variations that are
interpreted as speech.

All speech sounds are produced in
this manner, except those symbolized
by the letters p, k, t, f, s, ch, sh, and
th (as in thin). These, called un-
voiced sounds because the vocal cords
play no part in their production, are

TRACHEA A\

Fig. 1—A cross-section of the human
head showing relative positions of the vocal
organs.

produced by frictional vibration set
up in the mouth itself. Both voiced
and unvoiced sounds may be divided
into two classes: those produced by a
continuous flow of air, called the con-
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tinuants, and those produced by the
sudden stoppage of the air, called
the stops. In the former class are such
sounds as a, v, and f, and in the lat-
ter class such sounds as p, g d,
and t.

Although the vocal cords lend
quality to the voice they do not give,
to any great degree, the distinguish-
ing characteristics of the speech

"OUTER EAR

Fig. 2—A cross-section of the car canal

can on/y suggest its COIII[’[{'.\’ structure,

sounds. These are produced mainly
by the mouth and nose cavities, as is
evidenced by the fact that we can
understand whispered speech, in which
the vocal cords play no part. As a
matter of fact counterparts of the
lungs and vocal cords can be located
quite outside the body and still pro-
duce intelligible speech. This is actu-
ally accomplished by the artificial
larynx, a piece of apparatus devel-
oped by Bell Telephone Laboratories
for those who have undergone an op-
cration known as tracheotomy, in
which the larynx is removed and the
wind pipe is terminated by a small
hole in the patient’s neck, through
which he breathes.

The mechanism of hearing may be

divided into three parts: the outer,
the middle, and the inner ear. The
outer car, consisting of the external
parts and the ear canal, terminates at
the drum. The middle ear contains
three small bones, the hammer, anvil,
and stirrup, which connect the drum
with the small window or diaphragm,
“Q,” of the inner ear. The inner car
is a spiral cavity, “S,” in the bone,
which is filled with liquid, and into it,
as may be seen from the illustration,
projects a spiral ledge. The liquid
above this ledge is separated from
that below it by a flexible membrane
along which are distributed the nerves
of hearing. Two windows, “O” and
“E”, retain the liquid at the base but
at the apex there is a small hole
through the membrane which allows
liquid to flow from the upper side to
the lower.

Sound enters the ear as successions
of minute changes in the air pressure
which are known as sound waves.
These cause the ear drum to vibrate,
and it is supposed that the liquid in
the inner ear vibrates similarly, af-
fecting the central membrane in dif-
ferent positions depending upon the
frequency—the high tones disturbing
one end of the membrane and the
low tones disturbing the other end.
This membrane may be compared to
the keyboard of a player piano in
operation, the keys at different parts
of the scale being disturbed succes-
sively with the progress of the music.
With the car the pattern of the dis-
turbance on the membrane is carried
to the brain and there interpreted as
speech sounds.

The range of pressure and fre-
quency that the ear can perceive is
represented on Figure 3 where the
scale of abscissas is frequencies in
cycles per second, and the ordinate
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scale is pressure in dynes. Frequencies
above about 20,000 cycles are not per-
ceived as sound nor are those below
about 20. Any frequency between these
limits, however, is recognized as
sound if its pressure is above the
lower boundary curve marked
“Threshold of Audibility.” The up-
per boundary, marked “Threshold of
I'eeling” indicates the pressure at
which feeling begins. Above this line
the sounds are felt, actually causing
pain by their excessive pressure.

Frequency and pressure are only
the physical characteristics of a
sound; our mental responses are
called pitch and loudness. Both of
these vary logarithmically with their
stimulus, difference in pitch between
two sounds corresponding to the loga-
rithm of the ratio of their frequencies,
and similarly, differences in loudness
are proportional to the logarithm of
the difference in pres-

fundamental cord tone occur. These
studies have shown further that fre-
quencies as high as Sooo or g9ooo
cycles exist in various speech sounds.
Studies on the interpretation of
speech sounds have indicated the pres-
ence of tones covering a large part
of the audible frequency range. The
location of the various parts of speech
on the entire sound area is indicated
in the illustration. Although in this
figure the speech sounds have been
grouped in sharply defined areas,
actually the sounds overlap somewhat,
and the indicated areas are those
which are most important in the in-
terpretation of the sounds. The three
voiced consonants, symbolized by the
letters v, z, and th (as in them), are
exceptions and belong in the unvoiced
consonant area.

In general, woman'’s speech is more
difficult to interpret than man’s, which

80

sure, but with loudness 1000017

the proportionality is 1w

not quite constant so

that constant loudness

lines are not truly

horizontal. Because of

this logarithmic law

the illustration is plot-

.0

ted with logarithmic

oot

scales, and in addition

an arbitrary loudness
scale is shown on the g, 3 4ny
right, the units of outlined here.
which, called sensation

units, are defined as

twenty times the logarithm of the
pressure.

Studies on the wave forms of
speech sounds have shown that the
pitch of man’s voice is of an order of
128 cycles per second, that of wo-
man'’s voice of an order of 256 cycles,
and with both, overtones of the
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sound that can be heard lies within the field
Areas covered by the most prominent speech
sounds are indicated.

may be due in part to the fact that
woman'’s speech has only one-half as
many tones as man's, so that the mem-
brane of hearing is not disturbed in
as many places. The greatest differ-
ences occur in the case of the more
difficult consonant sounds which in
woman's speech are not only fainter
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but require a higher frequency range
for interpretation. The range from
3000 to 6000 cycles for man’s voice
corresponds roughly to the range
from 5000 to 8000 cycles for wo-
man’s voice and since the car is less
sensitive at these higher frequencies
and the sounds are initially fainter,
their difficulty of interpretation is

cavities and sounding boards. Tones
of wind instruments may be produced
by the aid of reeds as with the clarinet
or with the flute, or by the lips of the
player acting as reeds, as with the
horns. Each class may be further
subdivided into melody and harmony
instruments. In the former class only
one note is usually produced at a

time; in the latter class
oo several notes arc usu-

o ally produced simul-

»  tancously. In general,

harmony instruments

are capable of produc-

ing notes over a much

o
SENSATION UNITS

wider frequency range

-0 than melody instru-

o mentsand a given type
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of instrument of the
latter class may, there-

Fig. 4 — Constant loudness lines are not quite hortzontal fore, include several

but slope down with increasing frequency as shown.

of course proportionately greater.
Musical sounds, like those of
speech, consist of a fundamental fre-
quency and various overtones, but un-
like speech are sustained for appreci-
able lengths of time, and changes in
them usually take place in definite
steps, known as musical intervals.
The frequencies that are present de-
pend upon the type of instrument and
the character of the music but the
pitch of the tone is determined by the
fundamental frequency which, how-
ever, need not be present in the musi-
cal tone, as the overtones, which are
multiples of the fundamental, may
cause the correct pitch sensation.
Musical instruments may be di-
vided into two general classes, string
instruments and wind instruments,
‘Tones of string instruments, produced
by plucking, striking, or bowing, are
usually reenforced by resonating air

instruments each cov-
ering different frequen-
cy ranges, such as the bass, tenor, and
alto trombone.

Experiments have indicated that
notes of different frequency or pitch
as produced by a musical instrument
appear about equally loud to the ear,
which might be expected as the ear
has played an important part in their
design. In Figure 4 contour lines of
equal loudness are shown for the fre-
quency range from 32 to 4000 cycles,
which has been divided into three
parts, the bass, tenor or alto, and
soprano registers, corresponding to
the notes produced by various instru-
ments. The contour lines indicate
that the notes of the lower registers
have greater sound pressures than
those of the higher. The range of
pressures for various instruments,
however, is smaller for low notes, as
has been determined by direct meas-
urements of the pressures produced
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when played by musicians. Contour
lines for loud tones show a smaller
change in pressure in going from low
to high notes than do the contour
lines for faint tones so that it would
scem that music played faintly would
cover a greater pressure range than
loud music.

Percussion instruments such as
drums and the various accessory traps
produce the greatest pressures that
are used in music and although the
fundamental frequency of the notes
which they emit is fairly low, the
complete notes are particularly rich
in tones of higher frequency, extend-
ing as high as 10,000 cycles. Al-
though these higher tones die out
rather rapidly, they are essential to
good definition.

The organ, the piano, and the harp
have the greatest span, covering a
frequency range from about 16 to
4000cycles. Allthree of these instru-
ments are characterized by a rather
prominent first overtone, so that their
effective range extends as high as
8000 cycles.

Melody instruments, owing to their
limited range, are among the easiest
to reproduce. In any given register,
wind instruments produce greater in-
tensities than string instruments, of
which the violin produces the faintest
sounds. As a class these instruments
produce notes covering the frequency
range of 32 to 4000 cycles.

From the auditory sensation area,
we have seen that the car is able to
perceive a large number of tones of
different intensity and frequency. We
have also seen that the voice and vari-
ous musical instruments produce tones
which cover a large portion of the
auditory sensation area. In order
to obtain information as to the re-
lative importance of various parts of

this area to the sensory characteristics
of speech and music, experiments
have been performed in which the
tones falling in various parts have
been eliminated from the sounds by
means of filters.

When frequencies below 100, 200,
300, or on up to 1000 cycles are pro-
gressively eliminated from speech, its
character changes markedly, the
terms ‘“‘timbre” or “tone color” best
describing the characteristic lost.
This characteristic appears to be as-
sociated with the fundamental and
the first few overtones of the voiced
sounds and their presence is neces-
sary, therefore, in order to convey
this quality, but for the correct in-
terpretation of the speech sounds fre-
quencies below 300 cycles do not ap-
pear to be essential.

When frequencies above 8000,
7000, or on down to 3000 cycles are
eliminated, the character of the
speech again changes markedly; the
term ‘“sibilance”, appearing to de-
scribe best the characteristic lost, re-
fers to the prominence of the hissing
or frictional character of speech. If
attention is directed to such sounds as
s, f, th, and z, the elimination of fre-
quencies above 6000 or 7000 cycles
is readily detectable, but it requires
rather close attention to detect the
elimination of frequencies above 8000
cycles.  Elimination of frequencies
above 7000 cycles, however, slightly
impairs the interpretation of the s
and z sounds of woman’s voice and
elimination of frequencies above 6000
cycles those of the f and th sounds
of man’s voice, and of the f, th, s, and
z sounds of woman’s voice. The im-
pairment due to eliminating higher
frequencies is usually greater in the
case of female voices.

As with speech, the tone color or
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timbre of musical tones also appears
to be associated with the funda-
mental and the first few overtones
of the note produced. Timbre is
probably more important in music
than in speech as it is one of the
things that distinguish the tones of
various instruments. In general, the
fundamental and the first three or
four overtones are necessary in order
to distinguish the tones of various
instruments. When overtones higher
than these are eliminated the tones
lose a characteristic best described by
the terms “brilliance” or “‘definition”;
they seem to lose life and become dull.
The prominence of these character-
istics varies with the type of instru-
ment, the composition of the music,
and the personality of the musician.

The notes which are used most in
music are contained in the octaves be-
low and above middle C, or from 128
to 512 cycles, and as the fourth over-
tone of 512 cycles has a vibration fre-
quency of 8192 cycles, tones of this
frequency and below occur frequently
in mnsic. A trained ear could no
doubt detect the elimination of fre-
quencies above this range from the

ordinary run of music, but the aver-
age individual would have difficulty
in detecting the elimination of fre-
quencies above even 6000 or 7000
cycles, unless he gave particularly
close attention to the percussion in-
struments.

Another phenomenon of hearing
which enters into the sensation of
sound s called masking. Lower
pitched tones in a sound deafen the
auditor to the higher tones, and this
deafening or masking effect becomes
very marked when the sound pres-
sures of the lower tones are greater
than twenty sensation units. The
optimum loudness for the interpreta-
tion of speech corresponds to a sound
pressure between o and 20 sensation
units. If the sound pressure is less
than this the fainter sounds are in-
audible while if it is greater, the
masking effect impairs the interpre-
tation. When sounds are increased in
loudness the lower registers are ac-
centuated because of this masking ef-
fect so that for most faithful repro-
duction sounds should be reproduced
with about the same loudness as the
original sounds.

3RO TSl o S ST T T S e

General Principles of Sound Recording

By EDWARD C. WENTE
Research Department

HAT sound is perceived by
the ear as the result of a dis-
turbance in the air was known

to the ancient Greceks, and that ob-
jects are set in vibration by intense
sounds must have been observed by
primitive man, but it was not until
1857, or less than a century ago, that
the first instrument was constructed
for making a graphical record of
sound waves. In that year Léon Scott
patented in France an instrument
(Figure 1) which he called the phon-
autograph. A piece of smoked paper
was attached to the cylindrical sur-
face of a drum, so mounted that when
rotated by hand it moved forward at
the same time. A stylus was attached
to the center of a diaphragm through
a system of levers in such a manner
that it moved laterally along the sur-
face of the cylinder when the dia-
phragm vibrated. Over the dia-
phragm was placed a barrel-shaped
mouthpiece. When the drum was ro-
tated, words spoken into the mouth-
piece caused the stylus to trace a
wavy line upon the smoked paper.
This wavy line was the first known
record of sound vibrations.

It was twenty years later, in 1877,
that Edison brought out an epoch-
making invention. He constructed a
machine very similar to the phonauto-
graph but differing in two important
details. The smoked paper was re-
placed by a sheet of tinfoil, and the
stylus was attached directly to the
diaphragm so that it traced an im-
pression of variable depth, as the

diaphragm vibrated, instead of a
wavy line as with the phonautograph.
After such a record had been made
the drum was returned to the start-
ing point and, with the stylus in place,
again rotated as before. The recorded
sound was then intelligibly repro-
duced. Thus Edison gave us the first
phonograph.

In subsequent models the tinfoil
was replaced by a wax cylinder. For
many years the wax record, either in
cylinder or disc form, was used al-
most exclusively for the recording
and reproducing of sound. Although
many other methods of recording
have been suggested, it is only in the
last few years that records made
photographically have come into the

Fig. 1 — Sound was first recorded on the
phonautograph of Léon Scott.

commercial field as competitors. At
the present time both the wax and
the photographic records are used
in conjunction with motion pictures.

Photographic records are now be-
ing made by many different types of
apparatus, but they may be divided
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into two general classes. In one of
these, the record is a trace of constant
photographic density but of variable
width, while in the other the width
is constant but the density varies. In
one or two proposed methods the
record is a combination of both types.

Almost all systems experimented
with today have at least one element

type of mechanical system, will hqve
at least one resonant frequency, which
means that, under the action of sound
waves, the response will be much
greater at this frequency than at any
other.

In the older methods of recording
resonance was purposely introduced
in order to obtain records of sufficient

amplitude. The fre-

Fﬂr*ﬂ e
A

Fig. 2—Photographic records of sound may be either of
constant width and wvarying density, shown above, or of
constant density and varying width, show below.

in common with the phonautograph:
a diaphragm that is set in vibration
by the sound to be recorded. The
diaphragm may be mechanically con-
nected to the engraving mechanism or
recorder as in the phonautograph, or,
it may be electrically connected as in
most modern systems. In practically
all systems the diaphragm forms an
essential element.

Unfortunately a diaphragm does
not in gencral have the same response
at all frequencies. A favorite experi-
ment in lectures on clementary physics
is to sound a tuning fork and with
it, through the air, set in vibration a
second tuning fork. In this experi-
ment it is important that the pitch,
or the resonant frequency, of the two
forks be very nearly the same, or the
motion set up in the second fork will
be too small to be observable. Dia-
phragms, and in fact almost any other

e e Lk

g1y quencies lying in the
‘ resonance region were
then much over-empha-

ized. The sound re-
| | sized

produced from such
records had a blasting
and metallic quality,
and well deserved the
title “canned music.”
Because of the com-
plex nature of speech
and music and of the
great amount of dis-
tortion introduced by
the carly recorders and reproducers,
the surprising thing is not that the
quality of reproduction was poor, but
that the reproduced sounds were at all
intelligible. In fact it has been sug-
gested that the invention of the tele-
phone, which preceded the phono-
graph, might have been delayed for
many years had the complex nature
of speech sounds been generally
known at the time, since its inventor
probably would have dismissed his
ideas as altogether impracticable.
Although considerable distortion
may be introduced by the recording
and reproducing systems before the
character of the sounds is so changed
that they can no longer be recognized,
the amount of distortion must be kept
extremely small, if all classes of
sounds are to be reproduced to such
4 dcg're'c of fidelity that the ear can-
not distinguished them from the orig-
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inal. It is necessary, therefore, to
diminish the distortion by the dia-
phragm to a negligible value.

The electrical method of record-
ing, which is today widely used in the
production of commercial sound rec-
ords, has been developed primarily so
that a diaphragm giving a uniform
response may be used and at the same
time a record of sufficient amplitude
be obtained. In the modern method
the pick-up diaphragm is made a com-
ponent part of the recording micro-
phone. Here a small amplitude of
motion will serve, as the voltage gen-
erated may be amplified to an amount
sufficient for operating a rugged and
distortionless recorder. A compari-
son of the diaphragm in the Edison
recorder with that of the microphone
used in the majority of present re-
cording systems is interesting. In the
former the maximum amplitude re-
quired for the loudest sounds is about
0.001 inch, whereas in the latter
under ordinary recording conditions
it is only about one-tenth of this
amount, and the weight of the micro-
phone diaphragm is only one-twen-
tieth as great as that of the Edison
recorder. It can thus be seen how the
problem of design of a pick-up dia-
phragm is greatly simplified in the
electrical method.

It is important, of course, that the
rest of the recording system shall also
be free from distortion. If a micro-
phone of uniform response is avail-
able, however, the design of a distor-
tionless recorder is made compara-
tively easy, for its sensitivity may to
a large extent be disregarded, as the
required power can be obtained by
vacuum-tube amplifiers. In the elec-
trical method, extraordinary improve-
ments have been made over the older
systems in elimination of distortion.

The problem of developing record-
ing apparatus is in many respects
identical with that of developing high
quality radio transmitters. With re-
cording apparatus, however, there is
the additional problem of distortion
introduced by the record itself. If,
for instance, a record is run at a speed
of ten inches per second, and a tone
having a frequency of 5,000 cycles
per sccond is recorded, the length of
one cycle on the record will cover a
distance of only 0.002 inch. In the
case of wax records the necedle must
have a very fine point; and in the
photographic record the width of the
light beam as measured along the di-
rection of motion of the film must be
extremely small. At whatever speed
the record may be driven, there will
always be some frequency beyond
which all tones will become more and
more attenuated. Although the loss
of the higher frequencies does not

Fig. 3—Noun-linear distortion changes the
shape of a sine wave form from “a” to

the flatter top type of “b”.

impair the tone quality as much as
does the presence of sharp resonance
regions, yet it reduces the intelligibil-
ity of speech and the richness and
brilliancy of musical sounds.

There is another type of distortion
commonly present in reproduced
sound, which is frequently designated
non-linear distortion. It is introduced
when the response of any element of
the system 1s not proportional to the
stimulus. A pure tone, for example,
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of sine wave form, as shown in “a”

of Figure 3, may be reproduced so as
to have a wave form like that of “b”.
Distortion of the wave form in this
manner is equivalent to the introduc-
tion of extrancous frequencies. If the
magnitude of these added frequencies
1s too great, the tone quality will be
very disagreeable. A small amount
of distortion of this kind, however,
is not noticeable, because the primary
tone will mask the extraneous one.
It 1s a well known fact that a tone
must be much more intense to be
heard if another, and particularly a
lower, tone is sounded simultaneously.

A type of distortion peculiar to re-
cording is that introduced by a non-
uniform speed of the medium on
which the record is being engraved.
This may not always be serious, but
in certain cases of sustained tones,
speed variations cause a disagreeable
flutter and in some types of music a
dectded harshness of tone.

One of the most serious problems
with which the radio engineer has to
contend is static interference. This
also has its counterpart in sound re-
production from records. As the
ether through which the radio waves
are sent is non-homogeneous because
of extrancous electrical disturbances,
so the sound record is non-homogene-
ous on account of the non-uniformity
of the material on which it is en-
graved. The noise resulting from
these irregularities is often designated
as surface noise. With the wax rec-
ord, most of this noise has its origin
in the minute irregularies of the ma-
terial and with the photographic rec-
ord, in the finite size of the grains

forming the photographic image.

The difficulties of eliminating this
noise arise from the fact that the
physical intensity of audible sounds
covers an exceedingly wide range.
The ratio of pressures of the maxi-
mum to the minimum is about ten
million. If a record of this ex-
treme range of volume were to be
recorded the amplitude of the loud-
est tone would have to be ten million
times as great as for the faintest
tone. There is a maximum amplitude
that a record can accommodate, which
in the case of the wax record is about
0.002 inch. If a tone having an in-
tensity near the maximum level is re-
corded at this amplitude, the ampli-
tude of a tone just audible would be
only 0.000,000,000,2 inch. It is dif-
ficult to get a material having a de-
gree of homogeneity corresponding
to this value.

A similar condition exists with
photographic records where the pat-
tern is formed by grains in the emul-
sion which have a magnitude some-
what less than 0.000,05 inch, depend-
Ing upon the type of emulsion used.
The range of volume considered here
Is extreme, of course, and in practice
It 1s not necessary to record a range
of this extent, but it serves to
illustrate the extraordinary require-
ments placed upon the recording
medium. When the range of frequen-
cies that are to be reproduced is in-
creased, the surface noise effect be-
comes greater. As in the case of the
different types of distortion discussed
above, the difficulties to be met are

increased as the quality of reproduc-
tion 1s improved.
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Recent Advances in Wax Recording

By HALSEY A. FREDERICK
Research Department

UCCLSS of recording and re-
S production of sound by the so-
called “electric” method with a
disc record may be considered as de-
pending on several factors. In order,
these are: the studio, with its acoustic
conditions; the microphone; the am-
plifier; the electro-mechanical re-
corder; the “wax” record; the copy-
ing apparatus and procedure; the
hard record, or ‘pressing”; the elec-
tric pick-up; the amplifier; the loud
speaker; the auditorium. The chief
problem is that of making the speech
or music reproduced in the auditori-
um a faithful duplicate of the orig-
inal sounds, using this chain of ap-
paratus. Cost, reliability, and the time
required for the process of record-
ing are among a number of other
considerations, but these are all
subordinate to the problem of fidel-
ity. While it may be convenient or
even necessary to introduce distortion
into certain of the steps to compensate
for such distortion as may be un-
avoidable in others, experience shows
that it is desirable for the sake of
simplicity, reliability and flexibility
to reduce such corrective warping to
a minimum, and to make each step
in the process as nearly perfect as
possible.

Perfection of a complete record-
ing and reproducing system may be
judged by the practical method of
listening to the overall result. Each
clement of the system must be ana-
lyzed thoroughly, however, if out-
standing excellence is to be attained.

One of the most useful of the means
of analysis is study of the response-
frequency curve. In order that all
frequencies be reproduced equally
and that the ordinary faults of re-
sonance be avoided, this curve must
be flat and, particularly, free from
sharp peaks. Good reproduction re-
quires that frequencies from 50 to
5,000 cycles be included without dis-
crimination. If however frequencies
down to 25 or 30 cycles be included,
a noticeable improvement will be ob-
tained with some classes of music,
while if the upper limit be increased
to 8,000 or even 10,000 cycles, the
naturalness and smoothness of prac-
tically all classes of reproduction will
be noticeably improved.

A second important criterion of
any system is that the ratio of out-
put to input shall not vary over the
range of currents or loudnesses from
the minimum up to the maximum
used. If this requirement be not met,
sounds or frequencies not present in
the original will appear in the repro-
duction. This is the type of distortion
commonly produced by an overloaded
vacuum-tube amplifier; it is often
called non-linear distortion.

A third requirement not entirely
dissociated from the first two is that
any shifts in the phase relations shall
be proportional to frequency.

Since our standards of perfection
in sound-reproducing systems are
growing constantly more exacting,
over-all results that seemed excellent
a short time ago are only fair to-
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day, and before long may seem in-
tolerable. It has, thercfore, been
necessary for the analysis of cach
step of the system to be constantly
more searching and fundamental.
Of the cleven links in the chain
of apparatus for electrical recording
and reproduction, only five arc pe-

Fig. 1—Section of electrical recorder.

culiar to the wax method. These are
the electro-mechanical recorder, the
wax record, the copying apparatus, the
“pressing,” and the pick-up or repro-
ducer. The extent to which the wax
method is capable of the highest
quality of reproduction will be dis-
closed by an examination of these
five links. Any consideration of the
practical advantages or disadvantages
of the method can logically follow
this examination into the quality pos-
sibilities. The considerations which
follow refer to the so-called lateral.
cut records, in which the grooves are
of constant depth and oscillate or un-
dulate in each case about a smooth
spiral. This type of record is used in
the Western Electric Company meth-
od of synchronized motion pictures

which uses disc records. Some, but
not all, of the considerations might
apply to “hill and dale” records, but
the characteristics of these records
will not be discussed.

The first piece of apparatus in the
chain unique to the wax process is
the clectro-mechanical recorder,
whose function is to receive power
from the amplifier, and with it drive
a mechanical recording stylus. The
present-day recorder is a highly de-
veloped apparatus based on extensive
experimental as well as theoretical
studies. Recorders which have been
supplied by the Western Electric
Company have been designed to op-
erate over a range of frequencies
from 30 to 5,500 cycles. The device
operates in linear fashion over the
range of amplitudes involved in
speech and music. As is seen in Figure
2, the response falls off below about
250 cycles. This falling character-
istic 1s necessary in order that the
maximum loudness be obtained from
a record for a given spacing between
grooves without cutting over from
groove to groove. A characteristic
of the pickup is that the voltage in-
duced in its windings is proportional
to the velocity with which the arma-
ture moves. In order therefore that
a 'lateral oscillation of the ncedle
point may furnish constant output
voltage, it is necessary that the lateral
velocity of the ncedle point be con-
stant. For a sine wave, velocity is
Proportional to the product of ampli-
tude and frequency, so that as fre-
quency increases, amplitude must de-
crease proportionately. With the
characteristic shown with these re-
corders, constant velocity is obtained
from about 250 cycles to 5,500 cycles.
Below 250 cycles an approximately
constant amplitude is obtained. If,
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Fig. 2—Typical frequency characteristic of a commercial recorder,

therefore, sounds of constant abso-
lute intensity are to be recorded over
this range of 30 to 250 cycles, there
is equal tendency for sounds of the
different frequencies in this range to
over-cut the record groove. Attenua-
tion of the lower frequencies by the
recording apparatus may be corrected
in reproduction by a suitable electric
network. Such a network will in-
crease the subsequent amplification
required but, as this additional ampli-
fication occurs in the first stages, it
is not expensive. Practically it has
not been found necessary or desir-
able to introduce such a corrective
network since the correction has been
largely cared for by the character-
istics of the pickups which are used.

Recent development studies have
established the possibility of flatten-
ing the response at the low-frequency
end and of raising the high frequency
cut-off of the recorder. The charac-
teristic obtained with a laboratory
model shows uniform performance
within = 1 TU from 250 to 7,500
cycles and within = 4 TU from 30
to 8,000 cycles. Although its im-
mediate practical value may be
limited by other portions of the sys-
tem, this device is of great interest in
that it establishes beyond question the
fact that an extremely broad range
of frequencies can be successfully re-
corded in the wax.

The broad, flat characteristic ob-
tained with electric recorders has
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Fig. 3—Fr(.'qucncy characteristic of a recent laboratory recorder,
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been made possible by so designing
their clements that they constitute
correctly designed transmission sys-
tems. In such a transmission system,
whether it be an electrical recorder or
a long telephone line, a correct ter-
minating impedance is required. The
load imposed by the wax is somewhat
variable but fortunately is rather
small. It has been found desirable
to make the other impedances in the
recorder relatively large so as to
dominate the system and thus. mini-
mize the effects of any changes in
the impedance imposed on the stylus
by the wax. The mechanical load used
as a terminating impedance and to
control the device has consisted of a
rod of gum rubber ten inches long.

Fig. 4—Two recording machines arranged to be driges,
synchronously with cameras,

Torsional vibrations are transmitted
along this rod at about one hundred
feet per second so that its length is
cquivalent to an ideal electrical line
of about 1,500 miles. Ioss of energy
along this rubber rod is such that 3

vibration is substantially dissipated
by the time it has travelled down the
line and back. Thus the rod consti-
tutes a substantially pure mechanical
resistance, whose magnitude is ap-
proximately 2,500 mechanical ab-
ohms, referred to the stylus point as
its point of application.

In recording, the usual procedure is
to use a disc from one inch to two
inches thick and from thirteen to
seventeen inches in diameter, com-
posed of a metallic soap to which
small amounts of various substances
have been added to improve the tex-
ture. This disc, commonly called a
“wax,"” is shaved to a highly polished
surface on a lathe, and then is placed
in a recording machine, essentially a
high-grade lathe by
which the wax is ro-
tated at a very uni-
form rate and in def-
inite relation to the
film with which it is
being synchronized.
The recorder with its
cutting tool is moved
radially across the sur-
face of the disc, com-
mon phonograph pro-
cedure being to record
from the outer edge
of the disc toward the
center, whereas with
records for Western
Electric sound pictures
the direction of cut-
ting is reversed. After
a record has been cut
the wax may be han-
dled, and with proper precautions
may be shipped from place to place.

The shape of the groove varies
somewhat in commercial practice.
'I:hat used in records for Western
Electric apparatus is approximately
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0.006 inch wide and 0.002§ inch deep,
and the pitch of the spiral is between
0.010 and 0.011 inch, so that the space
between the edges of the grooves is
about 0.004 inch. Thus the maximum
safe amplitude is about 0.002 inch. If
this is reached at 250 cycles the cor-
responding amplitude
at 5,000 cycles, assum-
ing that the sound is
constant in absolute
intensity over the in-
tervening range, will

feet per minute, at the
outside of the spiral,

be only 0.0001 inch. oo
In the records used N I
with Western Electric -°°“”\LX 0025°
apparatus the linear o
speed of the groove
past the reproducer //// .*D'RECTIONOFVV
point ranges from 140 % /////////////

range of room temperatures. The disc
must be levelled in the recording
machine with reasonable care, and the
stylus must be sharp and of a shape
to insure a clean cut. The wax shav-
ing is removed as cut by air suction.
To aid in maintaining the cut at the

777

NN

Fig. s—Details of the stylus point of the recorder. Left,

to 70 feet per minute 4 rodial section through the wax; right, a section looking

at the inside. The rate
of rotation is depend-
ent upon the outer diameter of the
grooves which is determined primar-
ily by the length of time to be cov-
ered by a single disc. When the mini-
mum linear speed and the groove
spacing are decided upon, there is
an optimum relation between the size
of the record, the rate of rotation
and the playing time.

Since any roughness in the walls of
the groove introduces extrancous
noise in the reproduced sound, it is
important that the groove be kept
truly smooth. Before starting, the
surface of the disc must be shaved to
a high polish, and the texture must be
fine and homogeneous. Not only
must the composition be correct, but
the proper temperature must be main-
tained during recording. Waxes may
be obtained commercially whose tex-
ture is satisfactory over the ordinary

from the stylus point to the center of the disc.

correct depth there is a so-called ad-
vance ball which rides lightly on the
surface, supporting the stylus at the
proper height in spite of small inac-
curacies in levelling the disc or devia-
tions from planeness. For adjusting
the advance ball with respect to the
stylus, the groove is observed with a
calibrated microscope. Maintenance
of the necessary adjustments and sat-
isfactory operation of the recording
machine requires an ordinarily skilled
mechanic with reasonable experience.

After a record has been cut, the
sound may be reproduced directly
from the wax by means of a suitable
pick-up or reproducer. Ordinary re-
producers rest much too heavily on
the records to be used on wax; the
vertical pressure between needle point
and record in an ordinary phono-
graph is of the order of 50,000
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pounds per square inch. Obviously
any such pressures would destroy a
groove in the wax.

These high pressures have been
necessary in order that the groove
might drive the needle point of the
reproducer properly; their reduction
requires reduction of the impedance
offered by the ncedle point to trans-
verse vibration. Such reduction of

—

Y

Fig. 6—Playback for reproduction directly from wax discs.

the impedance of a “playback”
mechanism requires that both its mass
and its stiffness be cut down to a mini-
mum. That now available has been de-
signed with those requirements in
view, and represents a large advance
toward ideal reproduction. Whereas
playbacks formerly in use failed to re-
produce the higher and lower frequen-
cies with much satisfaction, response
of the new piece of apparatus s not
widely different from that obtained
from finished records with the best
electric pick-ups now available. The
response 1is sufficiently good to serve
as 2 most valuable criterion in judg-
ing the quality of a record immedi-
ately after recording. At the same
time, a record may be played a num-
ber of times without great injury.
At low frequencies there is little
change and at the higher frequencies
a loss of about 2TU per playing.
The opportunity thus made available
for an artist to hear and criticize the
results of his efforts, immediately at
the end of his performance, can hard-
ly be overestimated in its value to
studio and recording operation.

After a groove has been cut into
the wax record, the usual procedure
is to render the surface conducting by
brushing into it an extremely fine con-
ducting powder. IF is then qlcctro-
plated. The technique in this step
varies somewhat among the various
companies producing records, 11
though fundamentally the process is
the same with all. The electro-plate
thus made, a negative
of the original wax, is
called a ‘“‘master.”
From it two test press-
ings are usually made,
using a molding com-
pound such as shellac
containing a finely
ground filler. If they are satisfactory
the master is then electro-plated af-
ter being treated to permit easy re-
moval of the positive plate. From the
positive, commonly called an “orig-
inal,” there is plated a second nega-
tive—a metal mold, commonly called
a “stamper.” Fromit, duplicate “orig-
inals” may be plated, and from
them, duplicate “stampers.” These
successive plating processes involve
no measurable injury to the quality
of the record, and are comparatively
simple and extremely safe in practice.
By the custom of making a number
of duplicates the master is protected
from accidents to which it would be
subject were it to be used directly for
making finished records. The stamp-
ers instead are used to mold the final
product, or “pressing”; it is not un-
usual to make a thousand pressings
from a single stamper. Test press-
tngs are commonly obtained from the
wax in twelve hours, and recent re-
finements have so reduced the time
for the .various processes that finish-
ed pressings may now, when necessary,
be obtained within three hours after
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Fig. 7—Response of the wax playback of Fig. 6 driven by a constant-velocity

wax record.

delivery of the wax. The pressing
copies the wax record with such a
high degree of accuracy that if fre-
quency characteristics alone be con-
sidered, it shows almost complete
perfection. Morecover it is cheap and
durable, and as with an ordinary
phonograph allows reproduction of
sounds without careful adjustments
or complex apparatus.

Various materials have been used

in making the pressings. In some
cases the material has been homo-
geneous, and in others the surface
and the body of the record have been
of different materials. Some records
have been of laminated structure.
There has not, however, been much
latitude allowed the experimenter in
his selection of materials. The rec-
ords must be quite hard and, to have
a reasonable life, must contain enough
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Fig. 8—Loss in response of a wax playback driven by a constant-
velosity wax record, on successive playings.
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abrasive to grind the necedle quickly
to a good fit. At the beginning of the
run of a new needle the pressures are
very high, on account of the small
bearing surface. They decrease
rapidly however, so that with an or-
dinary loud steel needle in a phono-
graph of the usual type the bearing
surface is increased to such an ex-
tent after one minute's wear that the
pressure is only about 50,000 pounds
per square inch. The high pressures
and the necessary abrasive character-
istics have introduced irregularities
which are responsible for most of the
extraneous noise commonly known as
“surface’” or “needle scratch.”
Recent development in the material
of the finished records, together with
refinement in the plating processes,
have reduced the surface noise of rec-
ords used in Western Electric Com-
pany theatre equipment by fifty to
seventy-five per cent within the last
two years. It is not necessary to re-
duce the level of surface noise to the
zero-point, but merely to the thresh-
old of audibility under the minimum
auditorium noise. Moreover, the im-
portant point is not the absolute am-
plitude of the imperfections giving
rise to surface noise but their relative
magnitude with respect to that of the

useful sound amplitudes. Thus an cf-
fective reduction in “surface” could be
made by using larger records or reduc-
ing the playing time of the present rec-
ords, in either case increasing the spac-
ing of the grooves and the amplitude
with which they are cut. Conversely,
any large reduction in surface noise
made by an improvement in the rec-
ord material would make it possible
to increase the playing time for rec-
ords of a given size. There is no
known absolute or fundamental rea-
son why further improvements in
record materials may not be expected,
with corresponding reduction in sur-
face noise. Furthermore large ad-
vances in pick-up design offer dis-
tinctly new possibilities for reduction
in “surface.”

It has sometimes been thought that
in order to reproduce high frequencies
properly, the linear speed of the rec-
ord would have to be increased or
the size of the needle point reduced.
The factor determining whether a
needle will follow the undulation of
the groove is not its diameter re-
lative to the length of the undulation,
but the relation between the radii of
curvature of the needle and the bend
of the groove. At present the bear-
ing portion of a representative needle
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Fig. 10—Response of a 4-A pick-up driven by a constant-velocity pressing.

is about 0.003 inch in diameter where-  the pick-up structure to transmit high-
as the half wave-length for a 5,000 frequency motions from the ncedle
cycle wave is 0.0014 inch. As men- point to the armature.

tioned before, the amplitude at 5,000 Large advances have been made
cycles would be only about 0.0001 inch  within the last two or three years in
if sounds of that frequency were as designing electric reproducing struc-
intense as those of lower frequencies. tures. The mechanical impedance at
With the assumption of an amplitude the needle point has been reduced so
of 0.0001 inch at 5,000 cycles and a  that the point follows the undulations

linear record speed of seventy feet
per minute, the minimum radius of
curvature of the undulation is 0.00193
inch. On a corresponding basis, the
radius of curvature of the undulation
becomes equal to that of the needle

of the groove truthfully without the
necessity of somewhat destructive
bearing pressures. At the same time
the mechanical transmitting structure
has been so designed that a very
broad range of frequencies is con-
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Fig. 9—Response of a 2-4 pick-up driven by

a constant-velocity pressing.
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point at about 7,000 cycles. As a mat- veyed properly from the needle point
ter of fact, sounds of 5,000 cycles to the armature. Moreover, proper
or more in speech and music are char- mechanical loads have been provided
acterized by lower intensity than those so that the vibrations are absorbed
of lower frequency, and the ampli- after they operate the armature; re-
tude of their undulations is corre- sonance as ordinarily considered has
spondingly less. Present commercial been eliminated.

needle points are therefore quite cap- The curves shown in Figures ¢ to
able of following the undulations up 11 show the improvement which has
to frequencies of at least 10,000 been made. The pick-up shown in
cycles. The limitations to high-fre- Figure 10 is free from the resonances
quency reproduction commonly found shown in Figure 9. In the earlier
in the past have come from imper- pick-up there were high needle-point
fections in the design of the pick-up impedances in the region of these re-
or reproducer. They were caused sonances,involvinglargedriving forces
mainly by inability of the record destructive to both needle and record.
groove to drive the needle point, with Certain records were injured by only
resultant chatter, and by failure of a few playings with this reproducer.
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Fig. 11— Response of experimental pick-up driven by a constant-velocity pressing.

The reproducer of Figure 10 is char-
acterized not only by considerably
reduced average ncedle-point imped-
ance but, as shown on the curve, by a
practical elimination of resonance.
Hence there is an even greater reduc-
tion from the maximum impedances
which occurred at resonance in re-
producers of the earlier type. Both
needles and records have a longer life
with the later type pick-up, which has
been in commerctal use for several
months. In addition, as is seen, the
higher frequencies are reproduced in
considerably better fashion. A third
curve, Figure 11, was obtained with
a more recent experimental model in
which a lighter, though very much
more rigid, structure is used to con-
nect the needle point with the arma-
ture. In this model a further large
reduction in needle-point impedance
has been effected, with corresponding
reduction in wear on the records; in
addition greatly improved reproduc-
tion has been secured at the high-fre-
quency end of the scale.

The developments and inquiries
herctofore discussed, although in
many cases undertaken for their ap-
plication to sound pictures, are of di-
rect application to phonograph re-
production for any purpose, irrespec-

tive of whether the sound is to be ac-
companied by a film. Application of
the processes to records which are
to be synchronized with motion pic-
tures has in addition involved meeting
a number of conditions not previously
encountered in the phonograph field.
One of the most important of these
relates to editing, cutting and rear-
ranging of a picture, with the attend-
ant necessity of rearranging the
specch or music. Various methods
have been used to copy or “dub” a
disc record by playing it and record-
ing on a new wax the parts that
are wanted. The prime requirement
is that the sacrifice in quality be kept
at a minimum. To attain this end
records have sometimes been copied
at very low speed. This method ap-
pears unnccessarily laborious and
slow and the results obtained are not
altogether satisfactory in the light of
possibilities presented by pick-ups and
recorders of the characteristics shown
above. Rearrangment of material on
records is entirely practicable, and
portions may be deleted, new portions
added, or new sounds added to those
alreagiy recorded; in fact any changes
of this type may be made which can
be made in the picture. Although the
detailed technique of rearranging, or
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“dubbing,” is not highly developed at
present, its advancement appears to
offer no serious technical difficulty.
Hence the refinement reached will

probably depend on the rate at which
improvement takes place, and the ex-
tent to which the method is used in
the field of sound pictures.

Sound Recording with the Light Valve

By DONALD MacKENZIE
dpparatus Development Department

F the several ways by which
sound can be recorded on
motion-picture film, one has

seemed to engincers of Bell Tele-
phone Laboratories to offer most im-
mediate promise. This employs a
light beam of constant intensity and
varying width to produce a trace of
varying density. Modulation of the
light beam is effected by an clectro-
mechanical light valve actuated by
speech currents which have been am-
plified to a suitable volume.

The light valve consists of a loop
of - duralumin tape suspended in a
plane at right angles to a magnetic
field. When the assembly of magnet
and armature is complete, the two
sides of the loop constitute a slit
0.002 by 0.256 inches, its sides lying
in a plane at right angles to the lines
of force and approximately centered
in the air gap. The ends of the loop
are connected to the output terminals
of the recording amplifier. If the
magnet is energized and the amplifier
supplies an alternating current, the
loop opens and closes in accordance
with the current alternations.

When one side of the wave opens
the valve to 0.004 inches and the other
side closes it completely, full modula-
tion of the aperture is accomplished.

The natural frequency of the valve
is set by adjusting the tension of the
tape; for reasons which involve many
considerations, the valve is tuned to
seven thousand cycles per sccond.
Under these circumstances about ten
milliwatts are required for full mod-
ulation at a frequency remote from
resonance; about one one-hundredth
of this power at the resonant fre-
quency. The impedance of the valve
with protecting fuse is about twelve
ohms.

If this appliance is interposed be-
tween a light source and a photo-
graphic film we have a camera shut-
ter of unconventional design. Figure
2 shows a diagram of the optical
system for studio recording. At the
left is- a light source, a ribbon-fila-
ment projection lamp, which is focus-
sed on the plane of the valve. The
light passed by the valve is then focus-
sed with a two-to-one reduction on the
photographic film at the right. A
simple achromat is used to form the
image of the filament at the valve
plane, but a more complicated lens,
designed to exacting specifications by
Bausch and Lomb, is required for
focussing the valve on the film. The
undisturbed valve opening appears on
the film as a line o0.001 by o.128
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inch, its length at right angles to the
direction of film travel. The width of
this line varies with the sound cur-
rents supplied to the valve, so that the
film receives exposure to light of fixed
intensity during the varying time re-
quired for a given point to traverse
the varying aperture of the slit.
Recording in the studio is carried
out on a film separate from that
which receives the picture. This prac-
tice permits the use of two machines
to make duplicate sound records, an
insurance which is well worth its cost.
The practice of separate negatives
for sound and picture also permits the
picture negative to be developed and
printed according to well-established
technique, and allows the necessary

Fig. 1—The light wvalve.

latitude in developing the sound rec-
ord. The recording machine is driven
by a motor synchronously with the
camera. Lest there be any variation
in the velocity of the film past the
line of exposure, the sprocket which
carries the film at that point is driven
through a mechanical filter which
holds the instantaneous velocity con-
stant to one part in one thousand.
In the recording machine a photo-
electric cell is mounted inside the left-
hand sprocket which carries the film
past the line of exposure. Fresh film
transmits some four per cent of the
light falling on it, and modulation
of this light during the record is ap-
preciated by the cell inside the
sprocket. This cell is connected to a
preliminary amplifier mounted
below the exposure chamber,
and with suitable further am-
plification the operator may
hear from the loud speaker
the record as it is actually be-
ing made on the film. Full
modulation of the valve im-
plies complete closing of the
slit by one side of the wave
of current; this modulation
may not be exceeded or photo-
graphic overload will abound.
Adding sound to the picture
introduces no complication of

4 duralumin tape, studio tCChnique other than to

0.006 inch wide and 0.003 inch thick, is secured TeQuire sufficient rehearsing to
to windlasses A and A’ and stretched tight by the make sure of Satisfactory
spring-held pulley B. At points C and C’ insulated pick-up of the sound; micro-
pincers confine the central portions of the tape be-  phone placement mus,t be es-

tween windlasses and pulley to form a slit 0.002
inch wide. Supporting this loop and adjusting de-
vices is a slab of metal with central elevation D,

tablished and amplifiers ad-
Justed to feed to the light

which constitutes the armature of an electromag- valve currents which Just drive
net.  The central portions of the loop are sup- to the edge of overload in the

ported on insulating bridges just above the face of

fortissimo passages of music

D; here the sides of the loop are centered over « OT the loudest utterances of
tapered slot.  Viewed against the light, the valve speakers. Provision is made

appears as a slit 2 mils by 256 mils,

for combining if desired the
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contributions of several microphones
on the set. This combination is under
the control of the mixer operator in
the monitoring room, who views the
set through a double window in the
studio wall. The mixer controls also
the gain of the amplifiers for the re-
cording machines. Relays permit the
mixer to connect the horn circuit
either directly to the

no film in the machine and at a con-
venient lamp current a complete re-
hearsal is made to verify the opera-
tion of the valves at the proper level.
Film is then loaded, cameras and
sound recorders are interlocked and
starting marks made on all films by
punches or light flashes.

A light signal from the recording

recording amplifier or  |ruawe o PLANE OF PLANE OF
RIBBON OF VALVE IMAGE ON

to one or the other of  [uienT RIBBONS FILM
the monitoring photo-
electric cells in the film S U T T~
recorders. The direct == P R =

. . . - - —— -
connection 1s used in CONDENSING OBJECTIVE

. LENS SYSTEM LENS SYSTEM
preparing the sound

pick-up in the studio:
the program is rehears-
ed until satisfactory
arrangement of microphones and of
amplifier gain is effected. The clec-
trical characteristic of this direct
monitoring circuit is so designed that
the sound quality heard in the horns
shall be the same as the quality to be
expected in the reproduction of the
positive print in the theater. Acoustic
treatment of the walls of the monitor-
ing room secures the reverberation
characteristic of the theater, and the
monitoring level is so adjusted that
the mixer operator hears the same
loudness that he would wish to hear
from the theater horns. It is capitally
important that the operator judge his
pick-up on the basis of sound closely
identical in loudness and quality with
that to be heard later in theater re-
production.

After the pick-up has been estab-
lished on the direct monitoring cir-
cuit, the output of the recording am-
plifier is applied to the light valves
and the monitoring horns are con-
nected to the photoelectric cell ampli-
fiers on the recording machines. With

Fig. 2—Optical system for studio recording.

room warns the studio, which after
lighting up signals back its readiness
to start. The machine operator
starts the cameras and sound record-
ers, brings up the lamp current to the
proper value, and when the machines
are up to speed signals the studio to
start. During the recording, the
mixer operator monitors the record
through the light valves, thereby as-
suring himself that no record is lost.

In printing these sound negatives
in combination with pictures for pro-
jection in the theater, it is customary
at the present time to print one nega-
tive, masking the space needed for
the other, then to run the positive
again through the printer with the
other negative, masking the space al-
ready printed. In printing the sound
negative, the light is regulated to re-
sult in thirty-five per cent transmis-
sion of the unmodulated track after
positive development. Provision of
suitable masks in the camera has been
made to show in the finder and ex-
pose on the film only the portion
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which will be available for picture
projection. In the theater projector,
the sound gate is located fourteen
and one-half inches below the picture

Fig. 3—A studio recording machine with

the door of the exposure chamber open.

The left-hand sprocket engages twenty

perforations and is driven through a me-
chanical filter.

gate, in order to project the sound
record at a point where the film is
in continuous motion.

As with other systems for sound-
transmission, that which includes film
recording and reproduction has cer-
tain inherent faults which may be
minimized by careful design. These
are background noise, irregular re-
sponse at various frequencies, and
distortion due to non-linear charac-
teristics.

Background noise results principal-
ly from casual variations in the light-
transmission of both positive and
negative films. Raw stock that is
entirely satisfactory for pictures may
be too irregular for sound records,
since the photoclectric cell recognizes
variations of 0.1 per cent while the
cye ignores contrasts under two per

cent. The remedy is to use “positive”
stock for the sound negative as well
as for the print and to use developer
as little granular as possible in its ef-
fect. Fortunately, it is necessary to
reduce the background noise only to
a point below the threshold of audibil-
ity which will exist in the theater dur-
ing the softer parts of the program.
This point determines the level of the
faintest sound-record which can be
reproduced unmarred by noise.

Due to the facts that the element
of illumination is 0.00r1 inch wide,
instead of infinitely narrow, and that
the film is travelling at ninety feet per
minute, at a frequency of 18,000
cycles per second it will require the
time of one cycle of a sound wave for
a given point on the film to cross the
slit. Then as each successive element
of film crosses the slit, it will receive
an exposure proportional to the in-
tegral of a complete cycle of the
valve. Since the integral of one cycle
1s the same regardless of the phase
at which the integral starts, each suc-
cessive clement will receive the same
exposure, and the film will develop
to a uniform density. Consequently
no record will be made of the sound.
Fortunately this frequency is far out-
side the range of interest to us, and
the effect decreases as frequencies be-
come lower. The drooping character-
istic resulting, called the film trans-
fer loss, may be largely offset by
Jud.lc1.ous choice of electrical charac-
teristics and by tuning the light-valve
mechanically to 1 frequency near
7000 cycles. How successful these
measures are, in the range of import-
ance n program reproduction, is evi-
dent from the curves of Figure 4.
~ When the curve connecting power
input to the film system with its pow-
er output is not a straight line, dis-
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tortion results, as in purely electrical
systems. This takes the form of an
introduction of harmonics of the fre-
quencies normally present. The curve
which connects exposure of photo-
graphic emulsions with resulting opac-
ity is a straight line only when de-
velopment is so controlled as to pro-
duce a contrast-ratio™ of unity. Pic-
ture-recording practice is to develop
the positive print to a contrast-ratio
greater than unity. Development of
the sound-negative is therefore so
controlled as to give a contrast-ratio
the reciprocal of that to be expected
in the positive, so that the overall
ratio is unity. Distortion from this

and a liberal crop of harmonics is in-
evitable. However, the range of
positive film is about twenty to one,
and with the combination of light-
source and optical system developed
in Bell Telephone Laboratories, it is
not difhcult to set the unmodulated
light at a value which will give an
exposure of ten times that corre-
sponding to the beginning of under-
exposurc. Then ninety per cent mod-
ulation of the light can be permitted
without running into exposure on the
“faint” side of the wave. For sound
currents reaching one hundred per
cent modulation of the light, ninety
per cent of the wave is free from dis-
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Fig. 4—Recording and reproduction characteristics: from acoustic pressure at
microphone diaphragm to (A) light modulation by valve and to (B) current
delivered to loud speaker in theater.

cause is then so completely annulled
that the resulting harmonics are un-
detectible.

The correction just outlined is
available over only that part of the
photographic range where exposure
is correct. For exposures outside this
range, the characteristic curve of film
becomes curved in a way which can-
not be compensated in the printing,

® Technically known as ”_gamma,” it is the
slope of the Hurter and Driffield characteristic

curye,

tortion; if the average light were
halved, still eighty per cent would be
free from distortion. There is there-
fore considerable latitude in the aver-
age exposure, and the negative is sat-
isfactory if the transmission of the
unmodulated track lies between fairly
wide limits.

The volume of reproduced sound
for a given reproducing light source
varies directly with the average track
density and the per cent modulation
of this average. In printing the sound
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negative, a uniform density for the
print of the unmodulated track is de-
sired, lest there be changes in the
sound output during the showing. For
Eastman positive film a suitable trans-
mission of the unmodulated portion
of the sound print is thirty-five per
cent. At this average transmission
only the peaks of the recorded sound
will encroach on the region of under-
exposure. For the reciprocally-devel-
oped negative track the region of un-
der-exposure will have been reached
by occasional peaks on the other side
of the wave, and whatever photo-
graphic distortion exists will be bal-

anced between positive and negative.

If the entire negative exposure has
been confined to the under-exposure
region of the emulsion chosen, a
huskiness in the reproduction will re-
sult which can not be corrected by any
known technique. But with correct
exposure, which is readily possible
with the light-valve method, ninety
per cent of the wave will be clear of
under-exposure, and experience shows
that the ear detects no distortion. In
telephonic terms, everything at a level
onec TU below full modulation will
be free from distortion, and the peaks
will be substantially perfect.
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Speed Control for the Sound-Picture System

By HUGH M. STOLLER
Apparatus Development Department

between sound record and film

is required for all types of
sound-pictures. In the Western Elec-
tric System it is secured by electrical
methods for the recording apparatus
and, for the reproducer, by mechani-
cally coupling the picture projection
machine and the sound record. With
satisfactory synchronization thus se-
cured, there still remains, however,
the problem of speed control. Mu-
sical pitch varies directly with fre-
quency or rate of vibration. The
faster the record is rotated, the high-
er the pitch of the sound given out.
In order, therefore, that the repro-
duced music may be of the same pitch
as that recorded, the record must run
at an assigned speed, and to keep the

SYNCHRONIZATION

pitch from varying during the play-
ing of the record, this speed must be
prevented from changing. To attain
these ends, the speed of the driving
motor must be accurately controlled.

In determining how nearly constant
this should be held, the criterion is
the smallest pitch change that is
noticeable, and it has been found that
abrupt variations are more readily
perceived than slow ones. A good
musical ear will detect sudden
changes in pitch produced by a change
in speed of only one-half of one per
cent. To make sure, therefore, that
a discernible change in pitch never
arises, speed regulation better than
one-half of one per cent is required at
alltimes. Asfurtherallowancesseemed
desirable to provide a suitable factor

An alternating-current drive motor for the sound picture connected to the governor.
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of safety, a regulation of two-tenths
of one per cent was agreed upon.

A survey showed that no com-
mercial governing mechanism was
available which would meet the re-
quirements. The most suitable was
probably the governor used with or-
dinary phonographs. This governor
applies friction as the speed increases,

7 COLLAR FIXED TO
T\ SPINDLE

-

I
\_SLIDING
COLLAR

SPINDLE BELTED OR
GEARED DIRECT TO
STEAM ENGINE ——*

A
PIVOTING
POINT

VALVE IN
STEAM LINE
TO ENGINE —*

Fig. 1—Diagramatic representation of a
fly-ball governor showing how sensitivity
may be changed by moving the pivoting

point to the left or right.

and it becomes increasingly difficult,
because of maintenance difficulties, to
design a satisfactory governor of this
type for the larger motor required to
drive both the projecting machine and
turntable. A completely new design
seemed the only satisfactory course.

The nature of the problem and the
difficulties to be overcome are per-
haps most readily brought out by
considering a simple fly-ball governor
controlling the speed of a steam en-
gine, shown in Figure 1. Rotation
tends to make the balls move outward

due to centrifugal force. As they
move out, however, they pull up a
sliding collar and this action, through
a system of levers, closes the steam
valve supplying the engine, or in some
other manner decreases the supply of
steam, and the engine slows down.
The tendency of the balls to fly out-
ward is opposed by their weight so
that there is a definite cquilibrium
position for each speed.

As a result of this the engine will
run at a given speed for only one
load. A load greater than this will
require a wider valve opening so as
to admit more steam, and this in turn
will require a lower position of the
fly-balls to allow it. This nccessary
drop in speed to allow a wider valve
opening may be reduced, however,
by moving the position of the pivot-
ing point of the lever to the left.
This changes the lever ratio so that
smaller and smaller movements of
the sliding collar will produce greater
and greater valve openings. Inherent-
ly, however, some speed change must
be permitted in order that the valve
may be moved to accommodate the
new load. To enable the engine to
run at one speed regardless of the
load requires an additional mechan-
ism that will admit enough more
steam to the engine to carry the in-
creased load at the desired speed.

When, however, the sensitivity of
the governor is made too great by
moving the lever pivot too far to the
left, or when the additional mechan-
ism'is added to make the engine al-
ways run at the same speed, an un-
stable condition is brought about.
Under these conditions, the engine, at
each action of the governor, tends to
over-shoot its mark, either not at-
taining equilibrium speed at all or
reaching it only after several oscil-
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lations. This instability may be over-
come by adding a dashpot or some
similar contrivance to the governor
which, allowing an initial rapid ad-
justment, will later introduce a slower
compensating force that prevents os-
cillations of speed.

The same governing principles ap-
ply whatever may be the type of gov-
crning apparatus. A change in speed
must be able to cause some force to
act on the prime mover tending to
counteract this change and, if the gov-
erning is to be made very close, some
dashpot equivalent must be provided
to prevent the tendency to hunt or
oscillate back and forth before the
equilibrium speed is reached.

The prime mover for the sound-
picture equipment is an electric motor.
Either direct or alternating current
may be used but as the principles in-
volved are the same with each, only
the latter need be discussed. The
speed of the motor used is controlled
by changing the impedance in its arm-
ature circuit. With high line voltage
or light load the impedance is made
a maximum, while with low line volt-
age or heavy load the impedance is
made a minimum. A suitable gov-
ernor, therefore, must be arranged
to change this armature impedance
at a very small change in motor speed
(below 0.2 of one per cent) and must
incorporate some arrangement to pre-
vent oscillations.

In the sound-picture system the
somewhat cumbersome fly-balls with
their sliding collar and connecting
levers to the steam valve are replaced
by a few comparatively simple elec-
trical circuits which act silently and in-
stantly to correct the slightest change
in speed of the driving motor. The
electrical governing apparatus may be
split up into three parts correspond-

ing to those of the fly-ball governor.
One part will substitute for the driv-
ing link (not shown in Figure 1) be-
tween the engine and the governor
spindle, another for the fly-balls them-
selves and their connecting levers,
and a third for the steam valve that
changes the torque of the engine.

The driving link for the electrical
system is a 720 cycle generator cou-
pled to the main driving motor of the
projector unit.

The governing circuit proper is a
special bridge circuit shown as Figure
2. One arm of the bridge has a fixed
inductance and condenser in series,
which are adjusted to tune the circuit
to 720 cycles. At this frequency the
impedance of this arm is a resistance
only and the impedance of the arm D
is made a resistance of the samec
value. At 720 cycles the ratio of
these two arms, therefore, is unity, as
is that of the other two arms, made
up of the primary of a transformer
divided at its half tap. The small

TO ARMATURE
OF 7207
GENERATOR

Fig. 2—The heart of the sound-picture
governor.  Potential E shifts 180° in
phase as the speed changes from any value
below 1200 7. p. m. to any value above it.

alternator, connected across the trans-
former, thus becomes the source of
power for the bridge.

This arrangement makes an ex-
tremely sensitive analogy to the fly-
ball governor and lever system. The
potential, E, from the mid-point of
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the coils A and B to the junction of
arms C and D, which is zero at 720
cycles, shifts its phase 180° as the
speed changes from any frequency
below 720 cycles to any above it. Be-
low 720 cycles the current in C is
leading due to the predominance of
the condenser and above 720 it is
lagging due to the predominance of
the inductance. Instead, therefore, of
a gradual change as the speed changes
from its desired value there is an ab-
rupt one which furnishes a basis for
accurate speed control.

Acting as the steam valve to con-
trol the speed of the motor is an im-
pedance coil with three legs shown
as Figure 3. The two outer legs, L,
and L., are connected to the motor
armature and serve as the impedance
controlling the speed. The middle
leg, G, carries a direct current wind-
ing. As the current in this winding

AUXILIARY
ALTERNATOR

direct current flowing into the coil
G, the higher will be the torque of
the motor.

The link between the bridge and
the threc-legged inductance is a vacu-
um-tube circuit which causes more di-
rect current to flow as the motor
speed tends to fall. This complete
circuit, shown in Figure 4, includes the
detector tube V,, and two tubes V,
and V. which supply current for the
middle winding of the impedance
coil. Tube V, is a rectifier to supply
excitation for the 720 cycle alternator
and grid biasing voltage for V,, V.,
and V,.

Plate potential for V, comes from
the alternator through the transform-
er Ty, and its phasc is fixed. Grid
potential for this tube is from the
bridge output circuit, E, the phase
of which shifts 180° as the alternator
speed changes from below to above

1200r.p.m. This 180°
shift of phase changes
the potential of the

E '
720 CYCLES

grid relative to the
plate from negative to

1O VOLT
60 CYCLE

positive or vice versa,
and thereby causes a
relatively large change
in the plate current,

LINE : .
Ho——— which, flowing through
CoNTROL| P
e Ty 1 caduses a corre-
REPULSION spondingly  large
MOTOR Y=L VARIABLE change in the grid po-
L2] peacrtor & gnap

tential of tubes V, and

Fig. 3—Torque control for the driving motor is obtained V2 and thus in the di-
by a three-legged inductance coil, the impedance of which TECt current to the im-
is changed by dirvect current flowing around the middle leg. pedance coil,

increases the magnetic flux in the two
outer branches increases to saturation
and their impedance decreases. The
torque of the motor varies inversely
with the reactance of the coils, L, and
L., and as a result the greater the

The bridge circuit
makes a very sensitive governing de-
vice but.with it alone some permanent
change in speed would be required to
compensate for cach change in load
or line voltage. Something else must
be added if the speed is to be constant
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Fig. 4—Complete diagram of the governing circuit showing the three-legged
reactance coil in the center. Switch 8 is normally thrown to the left.

for all conditions. Also, some dash-
pot equivalent must be used to pre-
vent the speed oscillations mentioned.
These two functions are accom-
plished by a network composed of
R., R, R,, and C,, properly connecFed
to the other circuits. Current flowing
in the plate circuit of V, and V. to the
coil of G flows also through R. and
R.. The drop across C. which after
a short preliminary period is the same
as that through R., feeds back a po-
tential to the grid circuit of V,, and
thereby causes the additional regula-
tion required. To slow down the ac-
tion of this feed back, however, R,
in series with C, is connected in paral-
lel with R, as shown. The feed bac}&
potential is that across C, and this
rises or falls slowly as the condenser
must be charged or discharged
through the high resistance R..
Bythesemeans, in the comparatively

simple and compact electrical circuit
shown in the accompanying cut, is
provided a governor, similar in its
functioning to the fly-ball governor
of Figure 1, that will control the
speed of the driving motor under all
ordinary conditions to within the re-
quired two-tenths per cent. The switch
S, was added to the circuit so that,
when the picture-projection machine
was used for ordinary silent motion-
pictures, when such close speed regu-
lation is not required, it could be
thrown to the right and hand regula-
tion obtained by the potentiometer
P,. This is needed to vary operating
speed of the projector to meet a
definite time schedule for showing the
picture. When the schedule permits,
however, accurate speed regulation is
preferred since it enables a leader to
keep his orchestra in better step with
the picture.
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Sound Projector Systems for Motion-Picture

Theaters

By EDWARD O. SCRIVEN
Apparatus Development Department

tures accompanied by synchro-

nized speech or music are pre-
sented, the records come in two forms.
Some are composition discs similar
to ordinary phonograph records,
while others are standard motion-pic-
ture film bearing at one side a track
of alternate light and dark bands,
of varying density. In either case
there must be apparatus synchronized
with each projector to derive from
the records an electric current in
which all the variations in pitch and
loudness are accurately represented.
There must in addition be apparatus
to amplify the current, to effect its
conversion into sound and so to di-
rect the sound into the theater audi-
tortum as to create the illusion that

IN theaters at which motion pic-

PROJECTOR HEAD--+— >

it emanates [rom, rather than merely
accompanies, the picture. When a
theater is being prepared for present-
ing sound pictures, the film projectors
in use are ordinarily retained but
each is fitted with a new motor and
driving mechanism; it is provided
with a turntable and electric pick-up
for disc records, and with analogous
equipment for film records, or both.
The pick-up used for disc records is in
some ways similar to the reproducer
of an ordinary acoustic phonograph,
with a needle holder connected to a
clamped diaphragm of highly temp-
cred spring steel. To the diaphragm
there is fastened an armature made
of a special high-permeability alloy,
so arranged that as the diaphragm
and the armature vibrate, the flux in

the air-gap of a permanent

magnet varies corresponding-

ly; in appropriately placed

coils currents are induced

SR . | | luewr e Which are the electric repre-
CuloE RoLLER._ v rckue | SENtation of the wave groove
APERTURE PLATE .. | ‘e i R AREEIHER hich

P . which moves past the needle.

LENS TUBE-...) I —— s 1
LeNs TuBe il Although this instrument de-
L livers cnergy at a compara-
tively low level, it has a very

LAMP SOCKET"

uniform response over a wide
range of frequencies. That
result has been secured large-
ly by preventing distortion
which would arise from reso-
nance in any part of the sys-

Fig. 1—Arrangement of projector for reproduc- tem; the members have been

ing from sound films.

designed with natural periods
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beyond the range of frequencies to
be transmitted, and the magnet cham-
ber back of the diaphragm is filled

with a heavy oil to damp free vibra-

¢

e
:
7

| i

Fig. 2— Photoclectric cell of the type used
for reproducing from sound film.

tion. The films used with the disc
records, called synchronized films,
differ from ordinary films only in that
one frame at the beginning of each is
marked to give the starting point.

With the optical or film records,
the sounds are represented by paral-
lel bands, alternately light and dark.
Intensity or loudness is represented
by differences in density of the record,
and pitch by the closeness of the
bands. For reproduction from these
another apparatus group is required,
and it too is connected to the pro-
jector. A narrow light beam of high
intensity passes through the film rec-
ord and falls upon a photoelectric
cell to produce a current correspond-
ing to that from the original record-
ing transmitter. There is fastened
to the projector an ‘“exciting” lamp
and a system of lenses for focusing
its light upon an aperture 0.0015 inch

by 3/16 inch; by other lenses the
image of the aperture is then brought
to focus upon the film record as a
line 0.001 inch by 0.080 inch. Since
the track on the film is 0.100 inch
wide, there is an allowance of 0.010
inch on each side for variation in its
position. The position and focus of
the lens tube are fixed, but the ex-
citing lamp is mounted on a movable
carriage so that new lamps as in-
stalled may be brought properly into
focus.

A photoelectric cell of the type
used is shown in Figure 2, and the
circuit in Figure 3. When polarized
by a proper voltage, the cell passes
a current proportional, within limit-
ing values, to the intensity of the
light falling upon it. The polarizing
voltage is supplied to the cell through
such a high resistance that in opera-
tion there is obtained from the cell
a voltage across the resistance pro-
portional to the incident light. The

—=!
CONDENSER
VACUUM
2 10 TUBE
MEGOHMS MEGOHMS
TPOLARIZING
| BATTERY

I T

Fig. 3—Circuit from the photoelectric
cell to the adjacent amplifier.

voltage bears therefore at any time
an inverse relation to the density of
that part of the sound track then be-
tween the exciting lamp and the cell.

The photoelectric cell circuit is in-
herently one of high impedance. In
such a circuit local interference—
“static,” to use the radio expression
—1s readily picked up, and since the
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energy level is low, the current so ac-
quired may be appreciable in compari-
son with the sound currents them-
selves. In addition the shunting cffect
of the capacity between the conductors

Fig. 4—Amplificr to which the photoclec-

tric cell is connected, showing the sus-

pension for absorbing wvibrations. The
tubes are not in place.

is noticeable, particularly at the higher
frequencies. Hence a vacuum tube am-
plifier, which serves both to increase
the energy and to make that encrgy
available across a low impedance cir-
cuit, is closely associated with the
cell upon the projector itself. Cell
and amplifier are enclosed in a heavy
metal box made fast to the frame of
the projector, and the frame is care-
fully grounded. As a further pre-
caution, the amplifier is supported
within the enclosing box by a rather
elaborate flexible suspension, lest vi-
bration of the vacuum tubes intro-
duce noise components into the cur-
rent. The amplifier brings up the
energy level to about that obtained
from the magnet coils of the repro-
ducer for disc records.

It is evident from the relative lo-
cation of apparatus, shown in Figure
1, that it is not feasible to print the
film with the pictures directly op-
posite corresponding parts of the
sound record. Furthermore the pic-
tures move intermittently before the
projection lens, while the sound rec-
ord must of course move uniformly
in front of the photoelectric cell. Pic-
ture and sound record are therefore
separated longitudinally by 13414
inches, and a certain amount of slack
is allowed between the sprocket car-
rying the film in front of the projec-
tion lens and that carrying it before
the photoelectric cell. To prevent vi-
bration of the projector or variations
in the supply voltage or load from
varying the speed of the latter
sprocket, it is connected to the other
moving parts of the system by a me-
chanical filter which absorbs any ab-
rupt changes in speed. The driving
motor is held electrically at the cor-
rect speed, but at will the automatic
control can be disconnected and the
speed regulated manually by the op-
erator.

As with ordinary motion-pictures,
two projectors must be used alter-
nately to present a continuous pro-
gram. At the end of a record, the
music or speech coming from one ma-
chine must be blended imperceptibly
into that from the other just as the
picture from one reel is faded into
that from the next. At the end of
each sound film or disc the music
overlaps that at the beginning of the
next; to make the transition there is
a dcv_xce called a fader, a double
potentiometer. As the starting pro-
Jector goes into operation, the fader
knob is turned and the current deliv-
cred to the amplifiers is changed
quickly until it comes entirely from the
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new record. Ordinarily the fader is
installed with auxiliary dials and han-
dles, so that the operator can control
it from any position around the pro-
jectors. In its lower range, used in
changing between projectors, the steps
are rather large, whercas in the upper
range the volume changes in scarcely
perceptible steps. The fader thereby
fills another use; itmakes possible any
volume of sound desired, within rea-
sonable limits, by choice of the proper
step in the upper range, and thereby
permits equalizing the level of sound
obtained from different records.
There is provided as well a switch
for changing from film to disc rec-
ords, and the reverse,
and a key for connect-
ing a spare projector
in place of either of
the regular machines.

After passing
through the fader, the
sound currents go to
the main amplifier,
where their energy is
raised to a level ade-
quate for the loud
speakers of the par-
ticular theater. This
combination of appara-
tus is capable of mul-
tiplying the energy
100,000,000 times,
and is so designed that
all frequencies in the
range from 40 to 10,-
000 cycles are ampli-
fied about equally. A
potentiometer is pro-
vided on the amplifier
but after it has once
been adjusted at the

justments in energy level are made
on the fader instead. The amplifier*
is built in three units, of which the
first consists of three low-power tubes
connected in tandem, resistance coup-
led, with the filaments heated by a
twelve-volt battery. In the second
unit there are two medium-power
tubes with a push-pull connection,
whose filaments are heated by low-
voltage alternating current. T'wo
similar tubes in this unit act as a full
wave rectifier, and supply rectified al-
ternating current for the plate cir-
cuits of the amplifier tubes in the first

% Described by H. A. Dahi in the Recorp for
May, 1928.

time of installation it Fig. s—Western Electric projector for sound pictures,
is ordinarily not using a Simplex head. A Powers or Motiograph head may

changed; necessary ad-

also be used.
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and sccond units. The third unit has
a single stage of high-power push-
pull amplifier tubes and push-pull rec-
tifier tubes; like the second, it oper-
ates entirely on alternating current.
The three units can be arranged to
meet any conditions. In small the-
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ily contains four horns. They are
mounted behind a transvocent
screen, on which the pictures are
shown, so that the sound may secem
to come directly from the picture.
Two horns are mounted at the line
of the stage and pointed upward to-
ward the balconies and
two are mounted at
the upper edge of the
screen, or above it, and
directed downward.
One or more West-
ern Electric No. 555
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Fig. 6—Layout of a typical theater for presenting sound of the electrical energy

pietures.

aters only the first two are required,
and in larger houses the high-power
unit, the third, is used as well. For
unusual conditions two or more of
the high-power units may be oper-
ated in parallel from the output of
the second unit to give a greater vol-
ume of sound.

Following the amplifier there is an
output control panel consisting of an
autotransformer having a large num-
ber of taps which are multipled to
a number of dial switches. To the
switches are connected the loud-speak-
ing receivers, so that the impedance
of the amplifier output can be
matched to the desired number of
horns. Thereby there is secured
the most efficient use of the power
available, and adjustment of the
relative volumes of the individual
horns is made possible at any time.

A theater installation ordinar-

supplied them, they re-

duce to a minimum the
output required from the amplifier. A
horn is ordinarily fitted with one re-
ceiver, but for outdoor use or other
special requirements it may be fitted
with two, four or nine by a throat
such as that shown in Figure 8. The
maximum electrical input to a horn
for continuous safe operation is ap-

* Described by A. L. Thuras in the RECORD
for March, 1928,
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Fig. 7—R6{ponw-frcqucncy characteristic
of exponential horn and 555-1W receiver.
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proximately five watts per receiver.
To disperse the sound-waves over a
large angle, morc horns are needed
than for a comparatively small angle.
This directive characteristic of the
horns is important, since it is re-
sponsible for the illusion that the
sound comes directly from the mouth
of the horn, that is, from the screen.
When the horn is replaced by a loud
spcaker of otherwise identical char-
acteristics which radiates its sound
over a very wide angle, the sound
scems to come from a point some dis-
tance behind the screen, so that the
illusion of coming from the picture
is destroyed.

B e
s W
| &2 |

Fig. 8—Throat by which a horn may be
fitted with nine receivers, for outdoor use.

In addition to its function as a
part of the talking motion-picture
equipment the sound projector sys-
tem may also be used as a public ad-
dress system for voice reenforcement.
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Fig. 9—Cabinet for reproducing from
disc records not synchronized with pic-
tures.

Microphones may be concealed in the
footlights, and the horns so placed
as not to affect them; for announce-
ments ordinarily there will be a
transmitter in the manager’s office.

By means of auxiliary equipment
provided, the system can also be used
to provide non-synchronized music as
an accompaniment to pictures. There
is a cabinet containing two turn-
tables, each with a pick-up and means
for locating it accurately upon a rec-
ord, and a fader to make possible
continuous playing. The same ampli-
fier and loud speakers are used as for
the synchronized speech and music.
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Installation and Adjustment of Western

Electric Sound-Projector Systems

By HOWARD B. SANTEE

Electrical Research Products, Incorporated

HAT there may be realized

I the full advantages which a
Western Electric Sound-Pro-

jector System can bring to a theater,
each installation is planned and di-
rected individually by engineers of
Electrical Research Products, Incor-
porated, the organization which pro-
vides the apparatus. Preceding the
installation, engineers of that com-
pany conduct a detailed preliminary
investigation to decide upon the ex-
act apparatus, and to determine any
changes that may be needed in the
theater building. The equipment is
installed under supervision of an en-
gineer of the organization who in ad-
dition sees that whatever supplemen-
tary work was needed in the building
has been carried out properly. As
the work proceeds he sees that the
equipment is so placed and so regu-
lated as to give the best results, and
as the various pieces of apparatusare
made ready for use, he trains the pro-
jection-room employees in their op-
eration. Finally the completed in-
stallation is kept at the highest stand-
ard of operation and maintenance
through supervisory visits made at
intervals by a field engincer, and
routine maintenance work is directed
by the organization’s service group.
Although its need may not at first
be fully apparent, the preliminary
survey receives the most careful at-
tention to insure that everything will

be in readiness for the work of in-
stallation to progress smoothly, and
that the apparatus best suited for the
particular theater will be used.
Acoustic characteristics of the stage
and auditorium receive thorough
study, upon which in many cases the
success of the installation rests. Size
and location of the stage are noted,
for their bearing on placing of the
horns and of the special screen
needed. Where blue-prints of the the-
ater building are not available, the
engineer must measure the dimensions
himself and must prepare sketches
showing the size and shape of the
auditorium and the number and ar-
rangement of the seats. He must
:als.o appraise the acoustic character-
istics, discovering any sections where
there is an echo, interference, noise
from an extraneous source, or any
other hindrance to proper hearing.
A final study of acoustic conditions is
best made on completion of the in-
stallation, but data obtained during
the. preliminary survey give a useful
basis for the installation work.

_In the projection room the en-
gineer notes the type and condition
of the projection machines, the power
supply' anfi its regulation, the angle
pf projection. He sees whether there
is room between the machines to al-
low convenient operation after instal-
lation of the sound apparatus, and
whether there is a suitable space for
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the amplifier and the associated con-
trols. In cases where the room is in-
adequate he decides upon the rear-
rangement or enlargement that is
needed.

At the end of the study, the en-
ginecr’s recommendations, along with
the sketches and detailed information
on which they are based, are sub-
mitted to the home office. There all
the circumstances are examined again,
and a report embodying a final sct of
recommendations is prepared.

When details of the installation
arc fully determined, dates are as-
signed for shipping the apparatus and
for the start of the installers’ work,
and the theater management is in-
formed. The management is in addi-
tion notified at this time if architec-
tural changes are nceded in the pro-
jection booth or elsewhere, so that
they can be finished before the work
of installation is commenced.

The entire work of installation is
directed by a field engineer whose
main function is to see that all parts
of the work, and all supplementary
work in preparing the theater, are so
carried out that the completed sys-
tem will operate at its full possibil-
ities. He first establishes satisfactory
contacts with the theater manager
and staff, and with information ob-
tained from them coordinates the
work of installation, testing and re-
hearsal with circumstances necessary
for operation of the theater during
the preliminary period. Likewise he
chooses an electrical contractor, if
possible one already familiar with the
wiring in the theater. Thus he in-
sures that the work will proceed
smoothly, and that everything 'will be
ready for the scheduled opening.

Most commonly the work starts at
the projectors themselves. While

these remain practically intact in

other respects, on each the driving

motor is replaced with one whose

speed is regulated electrically. As

these motors require from four to

five seconds to come up to running

speed, it is desirable to have them

in place carly, that the projectionists

may become accustomed to them and

so be able to give full attention to

handling the records by the time

sound programs are to be presented.

Next the batteries are installed, with

their switching panel and charging
apparatus, and a motor-generator if
that is to be used. The rack for the
main amplifier is placed in position,
and the units mounted upon it. Next
the fader is installed, and its auxiliary
controls put in place and connected
to it. Likewise the monitoring horn
is mounted at a carefully chosen loca-
tion in the operating booth, so that
the projectionist will be able to hear
the program clearly at all times and
thus be prepared for the fader
changes between records. Usually
the turntable and pick-up for disc
records are then installed on each ma-
chine and, for film records, the excit-
ing lamp, lenses, photoelectric cell
and associated amplifier, and sub-
ordinate equipment; in some cases
however these members are assem-
bled on the projectors before the main
amplifier and fader are installed. Al-
though the reproducing apparatus
adds materially to the mechanism of
a projector, the parts have been so
designed for each of the commonly-
used makes of machines that their
installation does not involve loss or
extensive change of parts not im-
mediately involved. Since the con-
duit and wiring work have been keep-
ing pace with the installation of
equipment, it should now be possible
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to connect the pieces of apparatus
and check their correct installation
and the wiring work.

Installation procedure is constantly
being improved, and within a few
months a noteworthy advance is to
be made. In the present arrangement
the driving motor and disc turntable
are mounted on individual pedestals,
the film reproducer and associated
amplifier are supplied as separate
units to be mounted on the projector,
and the film-discs transfer panel is
mounted on the wall of the room.
Instead there will be a single pedestal
bearing all of these members. The
change will facilitate the work of in-
stallation and reduce the wiring need-
ed, and furthermore will make the
work of operation more convenient
as well.

With the work well advanced in
the projection room, the engineer
next turns his attention to the stage.
The horns are placed on their mount-
ings, which should be ready by this
time, at locations presumably correct
for the size and shape of the auditori-
um. After the loud-speaking receivers
are attached and connected, there is
the first opportunity to produce sound
through the complete system. A
cursory test follows to assure that no
major errors arc present, and any
immediately obvious imperfections
are corrected. Comparative tests are
then made between the reproducers
on the projectors, so that any dis-
crepancies in volume can be over-
come. Each receiver and horn is
heard separately, and then they are
operated in unison so that the en-
gineer can check their proper poling.
Before the work proceeds further, the
semi-porous screen on which the pic-
tures are to be shown is installed im-
mediately in front of the horns.

Through this the sound will pass,
seeming to come from the pictures
themselves.

Although for hearing of speech
reverberation is objectionable as pre-
venting good articulation, when not
excessive it is desirable for music
since it tends to give the effect of full-
ness and roundness.* A varying factor
complicating the situation further is
the absorbent property of the audi-
ence itself. There are theaters which
empty, are entirely too reverberant,
but which are thoroughly satisfactory
when filled. Attendance varies at dif-
ferent performances of course, so
that at best a compromise must be
tolerated in considering acoustic ad-
justments.

While the use of ordinary drapes
and similar material causes absorp-
tion of the higher frequencies to a
somewhat greater degree than the
lower, it is about the only practical
method which can be employed to
overcome acoustic difficulties from ex-
cessive reverberation and echo. Ex-
cessive damping must be avoided, to
prevent a deadness in the sounds
which may almost be depressing.
Heavily damped houses require
greater amplification than would
otherwise be necessary but the pres-
ence of the audience has less effect
than in a somewhat more reverberant
house.

Correction of specific acoustic
faults may be made with almost com-
plete success, however. Echoes may
sometimes be corrected by moving
one or more of the horns, but the re-
flecting surface must be covered with
heavy drapes when it is so located
that no suitable echo-free position

qu/r a consideration of auditorium acoustics
see Speech Interpretation in duditorinums by E.

592 ;l’mle, BELr. LABORATORIES RECORD, October,
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is available for the horns. Interfer-
ence usually results from reflection of
sounds, and likewise can be prevented
by adequate covering of the surfaces
responsible. Resonance occurs when
a surface made up of a thin, hard
material, free to act as a diaphragm
at its own natural frequency, is in the
path of the sound waves. Distortion
necessarily results, since only that
part of the sound near the natural
period of the resonator is reenforced.
Here again covering is ordinarily the
treatment used.

Bearing in mind the three prime
requisites to good hearing, that sound
be sufficiently loud for all auditors
without being unnaturally loud for
any, that successive sounds be clear
and distinct, and that the components
of complex sounds retain their rela-
tive intensities, the engineer makes
the acoustic adjustments. He usually
tests first for sound distribution, ar-
ranging the horns so that as far as
possible all parts of the house receive
the same volume. Proper flaring and
tilting of the horns is usually sufficient
to give adequate distribution. Any
acoustic peculiarities are next investi-
gated, and where possible corrected.
Many hours are often spent in mov-
ing the horns and adjusting their
placing, since slight changes in posi-
tion sometimes produce marked dif-
ferences in the acoustic effect. When
the best results demand further
acoustic treatment of the auditorium,
involving alterations to the building
or extensive change of the wall sur-
faces, the manager is so informed..

One standard practice followed in
all cases is to cover the horns, and
the back of the screen except the areas
occupied with the horns, by absorbent
drapes. It is usual also, where _the
screen is set back from the proscenium

arch, to hang drapes around it, in
shadow box effect. By these precau-
tions back-stage echoes and reflections
are avoided.

After the horn locations have been
definitely fixed and the equipment
given a final check, the engineer cal-
ibrates the amplifying apparatus for
the particular theater. He has at
hand several test records which make
available a wide variety of the types
of entertainment to be shown, each
marked with the fader setting de-
termined in a theater which has been
chosen as “standard.” By playing
these records with the fader set at
the marked value and adjusting the
main potentiometer until the proper
effects are obtained, he sets the po-
tentiometer at a presumably perman-
ent adjustment, in keeping with the
size of the theater, so that in_the
future good results can be obtained
from any records by adjustment of
the fader only. In addition, various
types of records require that varying
volumes be obtained from the differ-
ent horns. From the tests the en-
gineer can choose the relative_vol-
umes for different types of selections,
and establish the horn settings which
will normally be required.

During progress of the ms.talla-
tion, the projectionists and their as-
sistants are instructed in the opera-
tion and maintenance of the new
equipment. At the outset eth man
is given a complete operating Instruc-
tion bulletin, which gives detzuled.m-
formation on every necessary point.
By the time the theater 1 ca.librate.d
the men should be familiar with their
new duties, and should be able to pre-
sent a complete program without as-
sistance. An opportunity soon comes
to show their facility, in the rehearsal

of the opening program.
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At the early performances the clos-
est attention is given, to be sure that
the system is being operated to give
the desired effects. In addition, how-
ever, watchful attention should be
continued as a permanent function of
the theater management, if the best
results are to be secured. Whenever
a sound program is in progress either
the manager or somebody specially
appointed should be present in the
audience. By his own reactions, and
by noting the effect on the audience,
he observes the need for any changes
in volume or otherwise. Likewise
he watches for any extensive change
in the degree to which the house is
filled, or any other circumstance hav-
ing a bearing on the picture as pre-
sented. A buzzer signal and a tele-

phone are provided for communicat-
ing instructions to the operating room.

The installation enginecr remains
at the theater until it is evident that
the local staff are fully competent to
continue independently. At that time
the installation is transferred to the
service organization of Electrical Re-
search Products, Inc. The scrvice en-
gineer in whose district the theater
is located is available for emergency
calls at all times. In addition, he
makes scheduled visits to check the
equipment and recommend any minor
adjustments which may seem advis-
able. In this way each installation is
given constant engineering supervi-
sion, to keep the sound equipment
operating at the peak of performance
which is possible,

Printed fn U, 8. A,
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History of Sound Motion Pictures

Excellent accounts of the history of the development of sound motion pictures
have been published in this Journal by Theisens in 1941 and by Sponable’in 1947.
The present paper restates some of the information given in those papers, supple-
menting it with some hitherto unpublished material, and discusses some of the

important advances after 1930.

One of the numerous omissions of topics which undeniably deserve discussion
atlength, is that, except for some early work, no attempt is made to cover develop-
ments abroad. The subject of 16mm developments is discussed with a brevity
altogether out-of-keeping with its importance. This has been on the theory that
basically the problems are similar to those of 35mm sound, and that whatever has
brought improvement to onc has been applied to both.

Edison invented the motion pictures as a supplement to his phonograph, in
the belief that sound plus a moving picturc would provide better entertainment
than sound alone. But in a short time the movies proved to be good cnough enter-
tainment without sound. It has been said that although the motion picture and
the phonograph were intended to be partners, they grew up scparately. And it
might be added that the motion picture held the phonograph in such low estcem
that for ycars it would not speak. Throughout the long history of efforts to add
sound, the success of the silent movie was the great obstacle to commercialization

of talking pictures.

Early Sound Pictures Using
the Phonograph

The idea of combining recorded
sound with the motion pictures is as old
as the motion picture itself® (if we ex-
clude the carly “zoetrope” invented in
1833 by W. G. Horner).®® In a paper,
“What Happened in the Beginning,”
F. H. Richardson’ reproduced a letter in
which Thomas A. Edison quoted from
his early notes: “In the year 1887, the
idea occurred to me that it would be pos-
sible to devise an instrument which
should do for the eye what the phono-
graph does for the ear, and that by a
combination of the two all motion and
sound could be recorded and reproduced
simultaneously.” The letter proceeds to
tell of the development of the motion
picture (and is followed by letters from
Thomas Armat, George Eastman, C.
Francis Jenkins and others, related to
motion-picture inventions). Edison in
1895 tried on the public the combination
of a phonograph with his “peep show”
moving picture.%!! He built at least 50
(and probably more) of the combination
machines.

Gaumont. Leon Gaumont, in France,®
began as early as 1901 to work on com-
bining the phonograph and motion pic-
ture. He worked on the project during
several widely separated intervals. Thei-
sen® refers to a seriesof shows of the “Film
Parlant” at the Gaumont Palace in
Paris in 1913 and to demonstrations in
the United States. After 1926 the “Eta-
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blissements Gaumont” used the system
developed by Peterson and Poulsen.

Laemmle. An attempt by Carl Lacmmle
of Paramount in 1907 to exploit a
combination of phonograph and motion
picture is mentioned in Sponable’s
paper.¢ This was a German development
called “Synchroscope.” It was handi-
capped by the short time which the rec-
ord would play, and after some appar-
ently successful demonstrations, was
dropped for want of a supply of pictures
with sound to maintain programs in the
theaters where it was tried.!3

Pomerede, Amet, Bristol. Theisen’s

paper® mentions combinations of phono- *

graph and motion pictures using flexible
shafts or other mechanical connections,
by Georges Pomerede? (1907 patent),
and E. H. Amet™ (1912 to 1918) who
used electrical methods for the sound.
Wm. H. Bristol'® began his work on
synchronous sound about 1917.

Siren Type of Amplifier. An ingenious
attempt to obtain amplification in re-
production used the movements of the
phonograph needle to vary the opening
of an air-valve, connected to a source of
air pressurc. This device was employed
for sound pictures by Oskar Messter5!6
(Germany 1903—4). In England, where it
was known as the “Auxetophone,” it had
some use for phonographs. Its invention
is credited by the Encyclopedia Britan-
nica to Short (1898), with improve-
ments by the Hon. C. A. Parsons.

Edison. In 1913 Edison made a seri-
ous effort to provide synchronized
phonograph sound. The equipment is on
exhibit at the Edison Museum in West
Orange, N.J. The phonograph is of

By EDWARD W. KELLOGG

special construction, to provide maxi-
mum volume and long playing, the
cylinder record was oversize, and the
horn and diaphragm considerably larger
than those of home phonographs. Be-
tween the reproducing stylus and the
diaphragm was a mechanical power am-
plifier, apparently using the principle of
capstans used on shipboard. There was a
continuously rotating amber cylinder
and a hard rubber brake-shoe subtending
about 130° of arc. One end of the shoe
was connccted to the reproducing stylus
in such a manner that an upward dis-
placement of the stylus would increase
the pressure between shoe and cylinder;
and the other end of the shoe was con-
nected through a slender rod to the dia-
phragm, in such a way that the shoe
movement resulting from increased fric-
tion would give an upward push on the
diaphragm.'” One may well imagine
that the adjustment of this device to give
substantial gain without producing chat-
tering must have tested the skill of the
best of operators. Nevertheless, it must
have worked, for the record indicates
that the Edison talking-picture show ran
for several months in Keith’s Colonial
Theatre in New York, with much ac-
claim, and was shown in other large
cities of America and in other countries.
The arrangement for synchronizing
was not in accordance with present prac-
tices. The phonograph behind the
screen determined the speed, being con-
nected through a string belt to a syn-
chronizing device at the projector. The
belt pulleys were about 3 in. in diameter.
The belt passed from the phonograph up
over idler pulleys and overhead, back to
the booth. The synchronizing device
applied a brake to the projector, and the
brake-shoe pressure depended on the rel-
ative phase of phonograph and projec-
tor, increasing rapidly as the projector
got ahead in phase. With an even force

Anber c,,n..::?:;'(@
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Fig. 1. Mechanical power amplifier of
Thomas A. Edison and Daniel Higham.
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Tainter,

on the projector crank, norinal phase
relation was maintained. The projec-
tionist watched for synchronism and
had a slight degree of control by turning
the crank harder if the picture was behind
or easing it off if it was aliead.

So far as I have learned, there were
few further efforts (at least in the U.S.)
to provide sound for pictures by means
of phonograph (mnechanical) recording
until the Warner Brothers’ Vitaphone
system of 1926.

Photographic Sound Recording

A history of sound pictures necessarily
includes the many efforts to record sound
photographically, whether or not the ex-
perimenters made any attempt to com-
bine the sound with pictures, or were even
interested in that application. Despite
the obvious advantages, from the syn-
chronized-sound standpoint, of a photo-
graphic record of the sound on the same
film with the picture, it does not appear
that this consideration was necessarily an
important factor in directing experimen-
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of A. G. Bell, C. A. Bell and Sumner
1886.

tation toward photographic recording,
nor even that ultimate application to
synchronous sound for motion pictures
was (in many cases) a main objective.
It was rather that photographic recording
represented a new medium, which
secined to offer promise of much superior
results. A mechanical system seems in-
herently crude where such delicacy is
needed as in reproducing sound; in
contrast to which recording by a beam of
light would scem ideal. The experi-
menters have all been conscious of the
handicap imposed by the necessity of
making ponderable mechanical parts
vibrate at high frequency.

So we find that efforts to record sound
photographically began before there
were such things as motion pictures on
strips of film. Before the invention of the
tclephone, Alexander Graham Bell,
interested in aiding the deaf, had made
photographic records of “manometric
flames,” showing voice waves. His pat-
ent, No. 235,199, filed in 1880, shows a
system for transmitting speech over a
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beam of modulated light, and uses ,
light-sensitive device (selenium cells) tq
detect the received fluctuations, thus
anticipating the essential principle of the
reproducing system which was used in
many later experiments.

Blake. Prof. E. W. Blake of Brown
University in 1878 made photographic
recordsof speech sounds on a moving pho-
tographic plate, using a vibrating
mirror. %18

Fritts. U.S. Patent No. 1,203,190,
filed in 1880 by Charles E. Fritis,5°
discloses photographic soundtracks and a
great variety of devices for recording and
reproducing, but there docs not appear
to be evidence of much significant ex-
perimental work.

Bell and Tainter. In the Smithsonian
Muscum in Washington, D.C., arc a
number of large glass disks carrying spiral
sound tracks. These were made by a
method described in U.S. Patent No.
341,213 (filed 1885) to Alexander Gra-
ham Bell, Chichester A. Bell and Sumner
Tainter. Light from a steady source was
transmitted in a relatively narrow beam
through a piece of stationary glass, and
then further restricted by a slit where it
reached the circular photographic plate.
Just above the place where the light
entered the stationary glass, a tiny jet of
ink (or other light-absorbing liquid) was
directed against the surface. The nozzle
was attached to a “sounding board”
(small plate) which picked up the sound
vibrations. The jiggles of the nozzle
caused waves in the stream of ink which
flowed down over the surface, and these
modulated the transmitted light.

Some years ago it became desirable, in
connection with a patent suit, to demon-
strate that the spiral track was really a
soundtrack. Contact prints (on celluloid
films) were made of several of the most
promising looking of the glass plates, and
a reproducing system arranged, giving
the record the benefit of modern equip-
ment in this respect. The approximate
best speed was found by trial. (The
original recording machine was hand-
cranked). The photographic image
had suffcred from age and was very
noisy, and the total recording lasted
only a few seconds. But it was with some-
thing of the thrill of an antiquarian that
we listened to the voice from the past.
“Thisis....Iam...in the ... labora-
tory.” The date was given too ¢ . . .,
eighteen eight- . . ?»

Others. Sponable’s  historical paper
mentions numerous other workers and
their patents. Several of these modulated
the light by means of a small mirror
connected to a diaphragm so that vibra-
tion caused rotation, thus anticipating
featl{rcs of equipment used by C. A.
Hoxie in the work at General #lectric
Co. Of the developments which, although

not leading to any commercial system,
deserve special mention, I shall speak of
several inventions or discoveries which
laid foundations for later developments,
and of the direct contributions to photo-
graphic recording of Rithmer, Lauste, de
Forest, Reis and Tykociner.

Basic Inventions and Discoverics

Selentum Cells. For many years, re-
production from photographic-sound rec-
ords was made possible by the selenium
cell. The photoconductive properties of
selenium were discovered by Willoughby
Smith in 1873, and a practical selenium
cell was made by Werner Sicmens in
1876.1 The responst of a selenium cell to
changes in illurnination is sluggish, mak-
ing it a very imperfect tool for sound re-
production, whereas the photoemissive
effect on which photocells depend is
practically instantaneous, but the elec-
trical output from a selenium cell is very
much greater.

The Photocell. The first indication of
photoemission was discovered by Hertz in
1887 and later studied by Hallwachs
(1888), Stoletow (1890) and Elster and
Geitel (1889 to 1913).19.20 Although by
1900 much had been learned, practical
photocells did not become generally
available till some years later, nor were
they of help toward sound reproduction
without electronic amplifiers.?%

Thermal Emission — The ‘‘Edison
Effect’ Edison discovered in 1883 that a
small current could flow through evacu-
ated space in a lamp bulb, between a
hot filament and a separate electrode.
The Fleming “Valve,” invented in 1905,
made use of this principle, played an im-
portant part in early wircless telegraphy
and was the forerunner of thermionic
amplifiers.”

The Audion. The invention of the
“Audion” by Lee de Forest in 1907
marked the beginning of the electronic
era. As has been emphasized by many
writers, it was the electronic amplifier
which unlocked the door to progress and
improvement in almost every phase of
sound transmission, recording and re-
production. However, amplifying tubes
did not become generally available to
experimenters for over a decade. The
de Forest patent® (acquired by the
Telephone Company) was basic and un-
challenged, but the vacuum techniques
of some of the foremost laboratories of
the country® were needed to make of
the audion a dependable and reasonably
rugged tool.*

The Oscillograph. The oscillograph,
consisting of a small mirror mounted on a
pair of conductors, close together, in a

* Much higher vacuum than de Forcst had been
able to obtain was necessary. This was inde-
pendently accomplished by I. Langmuir of
General Electric Co. and H. D. Arnold of
Western Electric Co.%¢

strong magnetic field, was invented by
Blondel in 1891 and improved in 1893 by
Duddell, who put it into practically
the form still used. It has played a vital
part in photographic sound recording.

Magnetic Recording. The invention by
Poulsen of Copenhagen in 1900 of re-
cording magnetically on a steel wire laid
the foundation for modern tape record-
ing, which has almost revolutionized
methods of making original record-
ings.??

Auditorium  Acoustics. The modern
science of room acoustics and acoustic
treatment dates from the work of Prof.
Wallace C. Sabine of Harvard in the
years 1895 to 1900.® With little other
equipment than a whistle, a stop watch
and brains, he worked out the acoustic
principles on which successful sound re-
cording and reproduction so largely
depend.

Gas-Filled Incandescent Lamps. Beyond a
certain point, optical-recording systems
cannot give increased exposure by in-
creasing the size of the source, but only by
increasing the intensity (candles per
square centimeter), which means higher
temperature. Early incandescent lamps
were well exhausted because all gas re-
sults in loss of heat by convection and
hence lowered efficiency. In 1911-13
Irving Langmuir of General Electric Co.
studied the effects of inert gas not only on
heat loss, but also on the rate of evapora-
tion of tungsten from the filament surface,
which is the factor which determines
permissible operating temperature. He
showed that such gases as nitrogen, or
better yet argon (the heavier the better),
at pressures well up toward atmospheric
or even higher, could with suitably formed
filaments so retard the evaporation of
tungsten that the higher permissible
temperature much more than compen-
sated for the added heat convection,
thus giving several-fold increase in effi-
cency as well as whiter light. With the
gas, the evaporated tungsten is carried to
the top of the bulb instead of blacken-
ing the sides, in the optical path.?®

Magnetic Materials. The development
of several alloys of iron, nickel and cobalt
having extraordinary magnetic proper-
ties is reported by H. D. Arnold and G.
W. Elmen in the Bell System Technical
Journal of July 1923, and by Elmen in the
January 1929 and July 1929 issues. The
extremely high permeability and low
hysteresis of Permalloy have made it
possible to greatly reduce distortion in
transformers and in many electrome-
chanical devices, and to provide more
successful magnetic shielding than would
otherwise be possible. In another alloy
which has been called Perminvar, con-
stancy of permeability and low hysteresis
(making for low distortion) have been
carried still farther. Another alloy named
Permendur can carry very high flux den-
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sities before saturation, making it pos-
sible to produce intense fields which make
for sensitivity and damping in devices of
the moving conductor type.

Important for the reduction of cost
and weight of magnetic devices was the
discovery by the Japanese physicist T.
Mishima of the properties of certain alu-
minum-nickel-cobalt alloys for perma-
nent magnets,*° and subsequent improve-
ments.

Improvements in  Vacuum Tubes and
Phototubes. In any list of the advances
which contributed in an important way
to the technical attainments in modern
sound reproduction, several improve-
ments in amplifier tubes deserve an im-
portant place. Among these are:

(1) The Wehneldt (oxide coated)
cathode and other low-temperature
emitters, which in turn made indirectly
heated unipotential cathodes possible.

(2) The screen-grid tube.

(3) The pentode.

(4) Remote cutoff or exponential
tubes, and other variable gain tubes.

(5) The caesium phototube with its
high sensitivity to infrared light.

(6) The gas-filled phototube with its
increased output.

Early Work on Sound on
Motion-Picture Film

Riihmer. Ernst Rithmer in Berlin®&%! in
1901 began publication of the results of
his work on photographic sound record-
ing, which extended over a period of
about twelve years. As sources of modu-
lated light he superimposed voice currents
on the continuous currents in electric
arcs. He used considerably higher film
spceds than those used for pictures.
Sponable reported (ref. 6, p. 278) that
some of Riihmer’s Photographophon
films were brought to this country by the
Fox Film Corp., and that the articula-
tion was clear; also, this reference shows
a sample of Rihmer’s soundtrack. A
variable-area track by Rithmer is shown
in the Theisen history (ref. 5, p. 421), the
Scientific American of 1901%! being cited as
reference. Presumably Riihmer experi-
mented with both systems.

Lauste. This Society has taken special
note of the work of Eugene Augustine
Lauste, in a 1931 report of the Historical
Committee,” in a paper by Merritt
Crawford® and in placing his name on
the Society’s Honor Roll. The young
Frenchman joined the staff of Thomas A.
Edison in 1887, where he did construc-
tion and experimental work till 1892.
For two years he worked on another
project and then, in association with
Maj. Latham, developed a projector
which was the first to incorporate the
extra sprocket and free loops with the
intermittent. Lauste’s interest in photo-
graphic sound recording was first
aroused when in 1888 he found in an old
copy of the Scientific American (May 21,
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1881) an account of Dr. Bell’s experiment
in transmitting sound over a modulated
light-bcam, and converting to clectrical
modulation by means of a sclenium cell.
This suggested the thought of recording
the sound photographically on the same
strip with the picture. It was not till
about 1900 that he began to find oppor-
tunity to work on this project. He
worked for several years in the United
States and then went to England where
he pursued his expcriments. A British
patent (No. 18,057, filed in 1906) shows a
well thought-out system. Lauste re-
ceived some financial backing in 1908
from the manager of the London Cine-
matograph Co.
To modulate the recording light,
Lauste used rocking mirrors and what
have been described as “grate-type
light-valves.” The mirror system was
too scnsitive to camera vibrations, and
the grate-type valves which he was able
to build had too much inertia. In 1910
he began working with modulators ot
the string galvanometer type, with ex-
cellent results. The historical account
by Theisen,® shows photographs of some
of Lauste’s apparatus. He spent some
time with Ernst Rithmer in Berlin, a
stimulating and profitable association.
He visited America in 1911 and as part of
his demonstration made what was prob-
ably the first actual sound-on-film
motion picture made in the U.S. A neces-
sary return to England, shortage of capi-
tal, and the war, halted Lauste’s sound-
picture researches. In his paper on
Lauste, Crawford expresses the thought
that had it not been for this unfortunate
interruption, plus very limited resources,
and had electronic amplifiers been avail-
able to Lauste, commercialization of
sound pictures might well have gotten
started a decade before it actually did.
E. E. Ries filed application in 1913 for
a patent (No. 1,473,976, issued in 1923)
in which broad claims were allowed on
the essentials of a single-film system.
The patent became the basis of later
litigation.®

Tykociner. In 1918 and following,
Prof. J. T. Tykociner of the University of
Illinois carried on experiments and de-
veloped a system. This work was de-
scribed before the American Institute of
Electrical Engineers and in the SMPE
Transactions. After pointing out that
three new tools had in comparatively
recent times become available for the
solution of the sound-picture problem,
(namely, high-frequency currents, pho-
toelectricity, and thermionic amplificrs),
Prof. Tykociner gives a broad discussion
of requirements and possible arrange-
ments. As a source of modulated light he
used for the most part a mercury arc
with either modulated continuous cur-
rent or modulated high-frequency cur-
rent, and for reproduction a Kunz
(cathode of potassium on silver) photo-
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cell. The light from the mercury arc is
particularly potent photographically, but
is sluggish in following the input modula-
tion, which results in some loss of the
higher audio frequencics.

Forcign Developments Which Led
to Commercial Systems

Tri-Ergon (meaning ““the work of three”).
Josef Engl, Joscph Massole and Hans
Vogt, in Germany, began in 1918
the development of a system of sound
pictures which later was commercial-
ized under the name Tonbild Syndicat
AG (abbreviated to Tobis).%%® They
used a modulated glow discharge for
recording, and a photocell for repro-
ducing. Of chief concern in this country
were the Tri-Ergon patents,’ in which
numerous claims allowed by the U.S.
Patent Office were so broad that had
their validity becn sustained they would
have almost swamped the industry.
In particular, one patent (1,713,726)
which claimed the usc of a flywhcel on
the shaft of a roller or sprocket which
carrics the film past the translation
point, to take out speed variations, was
the basis of prolonged litigation, being
finally declared invalid by the U.S.
Supreme Court (1935).1¢ But in the
meantime the efforts to avoid what
were thought to be dangerous in-
fringements of the Tri-Ergon flywheel
claims, had for seven years steercd
the course of mechanical designs on the
part of the major equipment manu-
facturers into inferior or more com-
plicated constructions. (See section on
Mechanical Systems.)

In Germany the Tri-Ergon patents
controlled the situation. The large
picture producing companies, U.F.A. and
Klangfilm (a subsidiary of Siemens &
Halske and A.E.G.), took licenses under
the Tri-Ergon patents. A brief account
of the patent negotiations and agree-
ments in this company and in Germany
will be found in the Sponable paper.©

Pcterson and Poulsen in Denmark de-
veloped a system (1923) which was com-
mercialized in Germany under the
name Tonfilm.® They used an oscillo-
graph as the recording light modulator
(giving a variablc-area soundtrack),
and a sclenium cell for reproduction.
(One of the Tri-Ergon U.S. patents®
claimed the use of a photocell for this
purpose, and it is likely that a German
patent accounts for the use of a se-
lenium cell by Poulsen and Peterson.)
This system was used by Gaumont in
France and by British Acoustic Films,
L.

The de Forest Phonofilm

Dr. de Forest tells the story of this
work in the 1923 Transactions.3® The ac-
count is particularly interesting because
he tells much of his viewpoint as he
started, and then, after describing the
system which he had evolved, gives his
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reflections on the applications and future
of sound motion pictures.

The man whose invention gave us
amplifiers in which the heaviest object
that had to be moved was an clectron,
surely had a right to wish to do away
with moving mechanical parts in micro-
phoncs, light-modulators and Iouq-
spcakers. For microphones he experi-
mented with the conductivity of gas
flames and of open arcs as affected by
sound waves, and with fine platinum
wires heated to a dull red by a direct
current and subjected to the cooling
effect of the air vibrations superimposed
on a slight continuous air movement.
The changes in resistance of the wires
with variations of tempcrature gave
rise to telephonic currents.

For light modulators he tried “the
speaking flame” (probably the *“‘mano-
metric” flame of Kénig) and a tiny
incandescent lamp, carrying voice cur-
rents supcrimposed on direct current.
The lamp was designed to have very
rapid filament cooling (partly by using
a short filament, so that heat conduction
to the lead-in wires would be high).
On listening to these sources by means of
a photocell and amplifier, de Forest
was convinced that they gave excep-
tional quality (even compared with
the condenser microphone), but they
proved entirely inadequate for making
a uscful soundtrack giving very small per-
centage of modulation and probably also
underexposure. Finally a successful
source of modulated light for recording
was found in a gas-filled tube excited
by modulated high-frequency currents
from a 5- to 10-w radio telephone trans-
mitter. This was named the “Photion.”
A slit, 13 to 2 mils wide and 3/32 in.
long, adjacent to the film, was used to
restrict the size of the exposing beam.

A similar slit was used in reproduction.
Both potassium photocells and Case
Thalofide’™* cells were used in repro-
ducing cquipment, the greater sensi-
tivity obtainable with the Thalofide
cell being a consideration offsetting the
faster response of the photocell. The
design and construction of amplifiers
using his Audion were of course very
familiar to de Forest.

Lament is expressed that loudspeakers
depending on some principles other
than diaphragms and horns were not
to be had, but after some discourage-
ments with “talking arcs’” and sound
radiators on the thermophone prin-
ciple, the commercially available horn
and diaphragm speakers were accepted
as the only solution at the time. *

Practical models of recording and re-
producing equipment were built, and re-
*Itis of intercst that in the early part of our
lnvestigation which led to the direct radiator
dynamic speaker (Tvans. AIEE, 1925, p. 461)
Chester W. Rice and I tried talking arcs and
thermophones, and also a corona discharge

device —all of which avoid mechanical moving
parts — but none of these appeared promisinLl-”

cqrdings made, using principally a com-
bined camera and recorder, and many
demonstrations given.

The de Forest paper reviewed carlier
history of efforts to record sound photo-
graphically, and gave appreciative ac-
knowledgment of the help that had been
given by Theodore W. Case.3 -

To have guessed wrong on some sub-
Ject is no reflection on the insight of an
experimenter, but scveral instances are
striking, in the light of later develop-
ments. Speaking of the cfforts to pro-
vide sound by means of the phono-
graph, the author said: “The unda-
mental  dificultics involved in this
method were so basic that it should have
been evident from their inception, that
commercial success could hardly be
achieved in that direction.”” (Consider
the Warners’ Vitaphone.) Speaking of
loudspeakers, after saying that the loud-
speaker has been developed “to a high
state of perfection” but left much to be
desired, he said: “I am convinced that
final perfection will come not through
any refinements of the telephone and
diaphragm, but by application of en-
tirely ditferent principles.” (Yet phe-
nomenal improvements were made with
the identical clements, through refine-
ments.)

In speaking of the future of sound
pictures, Dr. de Forest gave a definite
“No” to the question whether the existing
type of silent drama could be improved
by the addition of voice. But he foresaw
the evolution of an entirely new type o
dramatic scheme and presentation, tak-
ing advantage of the freedom which had
been such an asset to the silent moving
picture (as contrasted with the stage)
but using sound and voice where these
could be effective. He also had visions
of great utility for travel films, newsreels,
records of notable persons, and educa-
tional films.

The work just described was done
from 1918 to 1922. About a year and a
half later®® Dr. de Forest gave a brief
account of progress, reporting improve-
ments in many details, better articula-
tion, thirty theaters equipped, much
interest on the part of operators, films
made of a number of celebrities and
contracts with leading chain exhibitors.
Again the opinion was expressed that
the talking picture would not ever take
the place of the silent drama.

The Phonofilm system was used in
numerous theaters, with sound films
made under Dr. de Forest’s direction;
but he did not succeed in interesting the
established American picture producers.
Perhaps the industry was prospering too
well at the time, but judging from the
initial coolness of film executives to
the technically greatly improved systems
a few years later, it is casy to imagine
that numerous imperfections which un-
doubtedly existed (as, for example,

defective film-motion, limited fre-

quency range, and loudspcakers that
gave unnatural voices, and perhaps too,
demonstration films that were uninter-
esting) contributed to loss of the im-
pressiveness needed for doing business.

Several years later the “de Forest
Phonofilm Co.” was bought by Schles-
inger of London and South Africa.

Work at the Theodore W, Casc
Laboratory (Moviectone)®

Theodore W. Case®” became inter-
csted in modulating light and deriving
telephonic currents from it in 1911,
while a student at Yale. In 1914 he
organized his laboratory at Auburn,
N.Y., devoting special attention to
the study of materials whose resistance
is altered by light, of which sclenium was
the best known cxample. These studies
resulted (1917) in the development of
the Thalofide cell, in which the photo-
sensitive material is thallium oxysulfide.
These cells, which are especially sen-
sitive in the near infrared range, were
widely used in Navy communication
systems during World War I. Case was
joined in 1916 by E. I. Sponable.
Experiments were continued with the
help of an Audion amplificr obtained
from de Forest. One of Casc’s postwar
developments was the barium photo-
clectric cell.

In 1922 attention was turned seriously
to sound pictures. Manometric* flames
(oxyacetylence) were tricd as a possible
source of modulated light. Soon after-
ward Case found that the light from an
argon arc in one of the tubes that had
been used for infrared signalling could
be rcadily modulated and was photo-
graphically potent. These tubes had
oxide-coated hot cathodes. A tube for
recording, based on this principle, was
developed and named the Aco-light.54!
It operated at between 200 and 400 v.
Helium was substituted for argon in
1922, with benefit to the actinic power
and also to the speed with which the
light followed the current variation.
The commercial Aeo-lights were rated
at 350 v.

From 1922 to 1925 Case cooperated
with de Forest, furnishing numerous
items of experimental equipment.

Several sound cameras were built
under the direction of Sponable, in
1922, 1923 and 1924. The 1924 model
was a modified Bell & Howell camera
rebuilt to Sponable’s specifications by
the Bell & Howell Co. The film motion
in this and other cameras was unaccept-
able until they had been reworked for
greater mechanical precision. In the
final designs of sound camera the sprocket
was driven through a mechanical filter,
consisting of damped springs and a
flywheel on the sprocket shaft. The
sound was recorded on the sprocket.

* A gas jet so arranged that sound vibrations
produce changes in the gas supplied to the jet.
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The Aeo-light was mounted in a tube
which entered the camera at the back.
Dircctly against the film was a light-
restricting slit made by silvering a thin
quartz plate, ruling a slit 0.0006 in.
wide in the silver, and cementing over
it a thin piecce of glass which was
then lapped to a thickness of about
0.001 in. The slit was thus protected
from collecting dirt from the film. The
end of the Aco-light, where the glow was
concentrated, was close behind the
slit. A Bell & Howell contact printer
was modified to make possible the in-
dependent printing of picture and sound.

Up to the fall of 1925, when the work-
ing arrangement with de Forest was
terminated, the Case laboratory efforts
were directed largely to recording
principles and apparatus. It was decided
then to work on a system independently
of de Forest, and one of the next proj-
ects was to build reproducing equip-
ment in the form of an attachment
which could be used with existing pic-
ture projectors. It was in this design
that the decision was reached to place
the soundhead under the projector,
and the offsct of 20 frames or 14} in.
between picture and sound was estab-
lished. The speed of 90 ft/min was
adopted for the Case system. In the
first projector attachment a light-re-
stricting slit was used similar to the
onc used in the camera, but later a
straight tungsten filament was imaged
on the film, and in a still later model,
a concentrated straight-axis helical fila-
ment was imaged on a slit which was
in turn imaged on the film.

With the essential elements of a sound-
on-film system developed, Case and
Sponable began study of the patent
situation, with a view to obtaining
licenscs, if necessary, for the commercial
use of their system. There appeared to
be no very strong patents to interfere,
except those on the use of thermionic
amplifiers. A contract between General
Electric, Westinghouse and Radio-Cor-
poration on the one hand and Western
Electric Co. on the other, was in effect,
specifying the fields of activity in
which each might use amplifiers, but,
if I have not misinterpreted the account
in Sponable’s historical paper, sound-
pictures had not been specifically men-
tioned, and there was some question
as to the right to license use in the Case
system, the eventual decision being
that both groups had rights. The Bell
Telephone Laboratories were interested
themselves in developing sound pictures,
and so were not immediately ready to
license what would be a competing sys-
tem. However their engineers were
much interested in the performance
attained, and there was some thought
of combining efforts. There were dem-
onstrations of both systems, but no
plan to merge them was reached. The
experience of Case and Sponable at
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General Electric Co. was rather similar.
In 1926 demonstrations were made to
representatives of the Fox Film Corp.,
who became greatly interested, and
finally to William Fox. After thorough
testing on their own premises, the Fox
Film Corp. purchased rights to the Case
developments (July 23, 1926), leaving
the question of amplifier rights to be
worked out later. The Fox-Case Corp.
was organized to exploit the system,
which was given the name Movictone.
Courtland Smith, who had been with the
Fox Film Corp. and had been instru-
mental in bringing about the purchase,
was made president of the Fox-Casce
Corp. The Movictone News scrvice was
established.

Sponable left the Case organization to
give his services to the new company, one
of the first of his activities being the de-
sign of recording studios in New York and
later in Hollywood. In 1927 he de-
veloped a scrcen which transmitted
sound freely, permitting loudspcakers to
be located directly behind the picture.
The first public showing of Movictone re-
cordings was in January 1927.

The Fox-Case Corp. obtained license
to use amplifiers, first in 1926 through the
Western Electric Co. and the Vitaphone
Corp., and the next year revised con-
tracts were made with Electrical Re-
search Products, Inc. (ERPI), which was
formed in January 1927 to handle the
sound-picture business for the Western
Electric and Telephone companics.

In the Movietone reproducing system,
Western Electric amplifiers and loud-
speakers were used. The years 1928 and
1929 were marked by rapid expansion in
facilities and personnel, successful show-
ings and stepped-up schedules of news-
reel releases. In March 1929 the making
of silent pictures by Fox was discon-
tinued. Six months later the Fox and
Hearst newsreel services were united.

The British Movictone News was or-
ganized in 1929. In 1930 William Fox
sold his interests in Fox Film and Fox
Theatres.

As the Fox Film Corp. was already an
ERPI licensee, and therefore had rights
to use other Western Electric develop-
ments, the Western Electric light valve
was adopted for the Movietone service
(as well as for Fox studio recording), dis-
placing the Aeo-light.

Work at Western Electric Co. and
Bell Telephone Laboratories

The Western Electric Co. brought to a
comunercial stage almost simultaneously
a sound motion-picture system based on
disk records, and onc based on sound on
filin, Various developments which laid
the foundations for these systems had
been taking place through a number of
years. The citation of the life and work
of Edward B. Craft in this Journal* indi-
cates that his interest and enthusiasm
were in large measure responsible for the
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undertaking of a full-scale project for fic—
veloping systems of sound for' motion
pictures. Craft was assistant chief engi-
neer of the Western Electric Co. from
1918 to 1922, when he became chief en-
gincer, With the transfer in 1924 of re-
search activities to the newly organized
Bell Telephone Laboratorics, Craft was
made executive vice-president, and con-
tinued to guide activities.*?

Whether or not there was a definite
policy of not putting all of the cggs in one
basket, work on both systems was stepped
up at about the same time (1922) and
pushed with equal vigor.

The two systems had identical re-
quirements with respect to many cle-
ments, but, in particular, microphones,
amplifiers and loudspeakers. The West-
ern Electric Co. had acquired rights to
de Forest’s Audion in 1913 and made
great improvements in it during the next
few years, building up wide experience
in its applications and circuitry.

Sccond only to electronic amplifiers in
importance for the development of high-
quality recording and reproducing sys-
tems was a microphone of uniform re-
sponse and with low distortion. With
amplifiers available Dr. E. C. Wente®
was able largely to ignore the question of
output level, and to develop by 1916 a
microphone of the condenser type, hav-
ing extraordinarily high fidelity and frec-
dom from distortion and noise. =¥

In the loudspeaker ficld, the company
had had considerable experience and had
developed units for public address work.
The public address installations had af-
forded experience with auditoriums and
requirements for intelligibility, while
experience in acoustics for sound pickup
had been gained in radio broadcasting.

With respect to the recording itself
and reproduction, I shall separate the
two stories of the disk and photographic
systems.

The Disk System

In 1946 there was published a history
of sound recording in the laboratories of
the Western Electric Co.*® Since the
transmission of speech was the main
business of the Telephone Co., a pro-
gram of studying every aspect of speech
waves was initiated about 1912, and as
part of this project, efforts were directed
to rccording the sound. The interest
soon spread to include music. In connec-
tion with work with disk records, Cran-
dall and Kranz built an clectromagnetic
reproducer in 1913. In 1915 H. D,
Arnold suggested that the improvement
of disk recording be undertaken, using
the then available clectrical equipment
(which included amnplifiers). By this
time the clectrical reproducer had been
irmproved.

The war interrupted these projects,
blut they were resumed soon after jig
close. ¢

Provement of wax re-
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cording and the phonograph. The story
of this development was told in 1926 to
the American Institute of Electrical En-
gineers.®? The recording system made
use of a magnctically driven cutter so
designed that with constant current .in-
put, the vibratory velocity of the cutting
stylus was substantially constant from
about 200 to 5000 cycles, while from 50
to 200 cycles the amplitude was con-
stant, a characteristic practically neces-
sary to avoid overcutting by the low
notes. Two features of the design were of
special interest: (1) the separation of the
total mass that must be driven into three
parts (armature, stylus-bar and coupling
disk), connected together through por-
tions of shaft whose torsional flexibility
was carcfully calculated to make of the
structure a mechanical low-pass filter of
calculable mechanical impedance; and
(2) a mechanical resistance consisting of
a thick-walled rubber tube (which may
be thought of as practically a rod of soft
rubber) subjected at one end through the
coupling disk to torsional vibrations.
The propagation of torsional waves in
such a soft rubber rod is so slow that in a
length of about 6 in. there would be
many wavelengths for all but the lowest
frequencies.

Vibrations imparted to the rubber
reach the far end very much attenuated,
are reflected, and propagated back to-
ward the start, but are of neligible magni-
tude when they reach it. Under such con-
ditions the rubber linc acts as a nearly
pure mechanical resistance to load the
filter, and, if properly matched to the fil-
ter impedance, results in practically com-
plete (and therefore uniform) transmis-
sion through the filter structure, through-
out the frequency band below the filter
cutoff. The features just described are, I
believe, the inventions of H. C. Harrison.
The great improvement in records which
electrical recording brought, is well
known to all of us.

Without a better reproducing system
than the phonographs of the types in use
about 1920, the improvements in the
records would have been largely lost, so
there was developed a greatly improved
(nonclectrical) phonograph called the
Orthophonic (also largely the outcome of
H. C. Harrison’s approach to the prob-
lem). However this part of the program
h?d no dircct bearing on the talking-
picture project. In early 1925 the Colum-
bia and Victor Companies took licenses
from Western Electric Co. to use the re-
coxrdin;; methods and apparatus, and to
build phonographs of the Orthophonic
type.

Sound-on-Dis}: Synchronized With Pic-
tures, Little time was lost in trying and
df:monstrating synchronized sound and
pictures using the new clectrically re-

cordcd.disks. Craft arranged for 2 dem-
onstration at Yale University in 1922 and
another in February 1924, the equipment
and many details of the system having

been developed and improved in the
interval,

To provide sound for pictures, using
the disk-record system, it was necessary
to have records which would play con-
tinuously for at least the projection time
of a 1000-ft reel (about 11 min), to plan
a synchronous drive, and to use clectrical
reproduction in order that, with the help
of amplifiers, adequate sound output
could be had.

It was not desirable (in view of back-
ground noise) with rccord naterials then
available, materially to reduce ampli-
tudes of cuts, and so groove pitch had to
be kept nearly the same as then in current
usc (about 100 grooves per inch). To
maintain quality the minimum linear
groove velocity must not be reduced.
With a given groove pitch and minimum
velocity, the maximum playing time for
a given record diameter is obtained by
recording to half the maximum diame-
ter, and the required playing time deter-
mines the needed size and corresponding
rotation spced. While the engincers
could take some leeway, the choice of 16
in. outside diameter and 33} rpm, ap-
proximately met the conditions indi-
cated.

For synchronous recording, the cam-
era and the recording turntable can be
driven by selsyn motors, which driving
system gives the cquivalent of both being
geared together and driven from one
shaft. Starting marks on both film and
disk are of course essential.

For reproducing, the turntable and
projector were mechanically geared to-
gether. A simple magnetic pickup, if not
damped, has a high-frequency resonance
in which the armature whips, giving ex-
cessive output and high mechanical im-
pedance at the ncedle tip.® The mag-
netic pickup used in the sound-picture
system was designed for use with replace-
able stcel needles and damped by en-
closing the moving elements (except the
needle-holder and necdle) in oil.#

The turntable driving systems?-5
evolved for the sound pictures are dis-
cussed in the section on “Mechanical
Systems” — the great problem being (as
had been the case throughout the history
of sound recording) to obtain sufficiently
nearly constant speed.

The loudspeakers which had been de-
veloped for public address applications®?
were of the “balanced armature” type,
had good power-handling capacity, and
were regarded as fairly satisfactory from
the standpoint of articulation. Designs of
horns had been evolved which fairly suc-
cessfully controlled the directivity for
auditorium purposes. In 1923 Dr. Wente
built a speaker of the moving-coil type
which gave greatly improved quality®®
(especially the better bass response which
is possible with the moving-coil drive),
but in terms of efficiency and power-
handling capacity it was not satisfactory.
It was not until 1926 that a speaker of

the moving-coil type was developed by
Wente and Thuras® which met the re-
quirements for quality, cfficiency and
power-handling capabilitics. Spcakers
of this design rapidly superseded those of
earlier design, and continued in use for
years.

According to the account of Lovette
and Watkins*® the sound-on-film system,
on which another group of engineers had
been engaged, was capable in 1924 of
matching the quality of the disk system,
but the latter represented an older art in
which there were fewer uncertainties.
The greater confidence with which the
company could offer the disk system,
and with which a potential customer
would consider it, were responsible for
choosing it as the first to be pushed.
However, interest on the part of most of
the picture producers was cool, nor did
Craft, conscious of the numerous failures
of previous efforts by others, think it de-
sirable to hasten the commercialization
of cither system until its weaknesses were
worked out.

Samuel Warner and Vitaphone.®® With
many details omitted, the foregoing is
the description of the sound-on-disk sys-
tem which became known as Vita-
phone. Col. Nathan Levinson,’® then
serving the Western Electric Co. in the
Pacific district where he had had close
association with Samuel L. Warner,
made a business trip to New York early
in 1925 and saw a demonstration of the
sound pictures. He felt sure that Mr.
Warner would be interested, and ar-
ranged for a demonstration at the first
opportunity. Samuel Warner was more
than convinced, and his cnthusiasm
quickly spread to his brothers. More
thorough tests were arranged, using
cameramen, technicians and artists of
the Warner staff, in cooperation with
Western Electric engineers. The adop-
tion of sound by a large picture-produc-
ing company would mean a huge outlay,
and its success was a question not only of
technical performance, but of the artistic,
dramatic and psychological results which
could be achieved through the addition
of sound. The tests were convincing to
the Warner Brothers, if not to the execu-
tives of some other picture companies
who witnessed them. To develop and
market sound motion pictures and
equipment, the Vitaphone Corporation
was organized in April 1926, with
Samuel L. Warner as its president.

The first major Vitaphone sound pic-
ture to be relecased was Don Juanh4®
(August 1926) in which music by the
New York Philharmonic Orchestra was
featured. The new loudspeaker de-
veloped by Wente and Thuras was ready
in time for this. Preparations were made
for producing sound pictures in Holly-
wood, where sound stages were crected
embodying the recommendations of the
foremost experts in acoustics. The pro-
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duction of The Jazz Singer with Al Jolson,
was begun in the spring of 1927 and it
was shown in New York on October 6.
I'ts success was such that the industry was
convinced “overnight” that the day of
sound pictures had arrived.

Improvements in the Disk System. Un-
der the title “Recent Advances in
Wax Recording”*® H. A. Frederick tells
of a number of advances subsecquent to
the 1926 account by Maxficld and
Harrison. By improvements in record
material and wax processing techniques,
it had been possible to reduce surface
noise by 3 to 6 db. A new pickup (4A) is
described with smoother response and
good to about 4500 cycles, as compared
with 4000 cycles for the previous model.
A response curve for the commercial re-
corder shows practically uniform response
to 5500 cycles. Laboratory models of re-
corder and reproducer are mentioned as
carrying the response to 7500 cycles. The
new recorder used a longer rubber damp-
ing line. Frederick gives the groove pitch
as 10 mils and the minimum groove ve-
locity as 70 ft/min. He also reported very
satisfactory results with re-recording.

Western Electric Sound on Film

Menton has been made of funda-
mental studies of speech waves, begun in
1912 and carried on through several
years until interrupted by the war.
Amplifier tubes became available as
laboratory tools in 1913. Photographic
records of speech waveshapes were made,
using at first a carbon transmitter, an
amplifier and a Duddell oscillograph.
The weakest link in this chain of equip-
ment was the transmitter, whose response
varied greatly with frequency and which
had a high level of background noise,
making it difficult to get reliable traces of
consonants and other relatively weak
speech sounds. The development of a
better transmitter was one of the first
undertakings of Edward C. Wente,® who
came to the company in 1914.4-47

The Condenser Transmitter. If the charge
on a pair of condenser plates is main-
tained through a sufficiently high re-
sistance, the voltage is directly propor-
tional to the separation of the plates, so
that a transmitter based on this principle
is an amplitude-sensitive device. If the
diaphragm, which is one of the condenser
plates, is so stiff in relation to its mass that
resonance occurs above the required fre-
quency range, the diaphragm deflection is
proportional to the instantancous air pres-
sure. Wente met this mechanical require-
ment by using a stretched steel dia-
phragm 0.002 in. thick and spaced 0.001
in. from a relatively massive backplate.
The very thin layer of air contributes
greatly to the stiffness of the diaphragm,
but the flow of air through the narrow
space toward and from a relief space
around the edges causes damping, so
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that a nearly flat (uniform) response was
obtained up to about 15,000 cycles.

Wente left the company in 1916 for
graduate study and returned in 1918, In
the meantime Dr. I. B. Crandall had
made a theoretical analysis of the air-
film damping, and improved the instru-
ment by means of grooves of appropriate
size and shape in the backplate.?® For
measurement purposcs it was essential to
calibrate the condenser transmitter, and
Wente accomplished this by working out
the theory of the thermophone, which
enabled him to make a reliable pressure
calibration.*¢ Free field calibrations were
made later, using a Rayleigh disk as
reference. In a later design,?” which was
used commercially for sound recording,
the sensitivity was greatly increased, in
part by use of aluminum alloy 0.001 in.
thick instead of 0.002 in. steel for the
diaphragm, and in part by not carrying
the response as far into the high-fre-
quency range. (In 1931 W. C. Jones
published a pressure calibration curve
for a #394 transmitter which showed a
rapid drop above about 7000 cycles.t)
The condenser tramsmitter is rated as a
a very insensitive device, but it is of in-
terest that a diaphragm deflection of a
millionth of an inch will give a fifth of a
volt, the gradient in the space between
electrodes being 200 v per mil. It is the ex-
treme stiffness of the diaphragm which
makes the sensitivity low.

Photographic Recordings. The condenser
transmitter with amplifier gave better
waveshape traces, but the narrow mirror
of the bifilar (or Duddell) oscillograph
causes diffraction effects which make the
light-spot at the filin blurred or fuzzy.
Prof. A. C. Hardy showed?® that this
trouble could be largely eliminated by
radical changes in the optical system in
which the oscillograph vibrator is used,
but his analysis was not published until
1927 (in time to be of much help in the
General  Electric  recording  develop-
ments, but the Western Electric experi-
ments with the oscillograph were before
1920).

An article in a British Journal (1920)
came to Wente’s attention, describing
experiments of Prof. A. O. Rankine in
transmission of sound over a becam of
light. The light modulator, in which a
rocking mirror caused an image of one

[8]

\i

To Objeotive
~~. leos & Pila

Fig. 3. Light-valve ribbon and pole
picce arrangement; section at right
angles to ribbons.

grating formed on another grating to
move transversely to the bars, appeared
well adapted to making photographic
records of the variable-density type.
While a variable-density record would
not give as much information to the eye
as a variable-area record, it could be
analyzed by instruments of the micro-
densitometer type. The faithfulness of the
recording could be checked by playing it
back. (The previous oscillographic re-
cordings had not been designed for
playing back.)

Some of the recordings were played in
May 1922 for Craft and others. A few
months later apparatus-development en-
gincers were requested to construct an
clectrically interlocking driving system
for camera and recorder. Further demon-
strations were given in December 1922,
In these recordings the principle was
recognized, that for lincar relations be-
tween exposing light and print transmis-
sion, the product of positive and negative
“gammas” should be unity. .

Light Valve. The grating type of modu-
lator had scveral drawbacks, one of
which was diffraction by the grating.
Because of these difficulties, Wente in
January 1923 proposed using a two-
string light valve.®=¢4 Such a valve was
ready for test a month later. The tension
on the ribbons was adjusted to bring
their resonance to 6500 cycles. Condens-
ing lenses imaged the light source on the
slit between the ribbons, and an objec-
tive lense imaged the valve slit on the
film.

Results with the light valve were
definitely better than with the previous
modulators, and arrangements were

made for tests on a larger scale. A record-

ing studio was set up in 1923 and sound
pictures made for demonstration pur-
posces.

In the latter part of 1922 and subse-
quently, much of the study of filin emul-
sions, exposures and developments was
carricd on by Dr. Donald MacKenzie.
He showed that by running the lamp at
slightly over-voltage, it was possible ade-
quately to expose positive fili, which
thereafter was the standard sound-re-
cording stock. The relatively fine grain
of the positive stock was of great benefit
from the standpoint of resolution and low
background noise,
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In 1928 MacKenzie described the
light-valve model in usc at the time, and
recording and processing practice (ex-
posurc ranges and developments) as
worked out at the Bell Telephone Labo-
ratorics.® The valve is mounted with
the slit between ribbons horizontal — so
that its image on the film is transverse to
the film. The ribbons are in a strong
magnetic field and currents in the two are
in opposite directions, so that they are
deflected (cdgewise) to increase or de-
crease their separation depending on the
direction of the current. The width of the
slit with no current in the ribbon was
0.002 in., and it was masked to a length of
about 0.2 in. It was imaged on the film
witha 2 :1 reduction. With the slit width
0.002 in., the light could be modulated
100% by a vibration of cach ribbon of
0.001 in. amplitude. Since the ribbon
nced be only slightly wider than its
double amplitude, thick enough to be
opaque, reasonably easy to handle and
long cnough between supports to make
the decflection substantially uniform
throughout the length of the slit, it can
be extremely light and readily put under
cnough tension to place its mechanical
resonance above the required audio
range. Rather than attempting to control
the resonance by damping beyond that
obtainable electromagnetically, an elec-
trical low-pass filter was used in the in-
put, to prevent the passage of any im-
pulses of high enough frequency to ex-
cite the resonance. However the cutoff
was not too far below the frequency of
resonance to permit a considerable rise
in amplitude just before cutoff, the maxi-
mum being at about 7000 cycles. This
rise was regarded as advantageousin that
it compensated for loss of high-frequency
response due to image spread in the film.
For monitoring, a photocell behind the
film picked up some of the light which
went through the film.

The subject of sensitometry for sound-
tracks of the variable-density type also
received attention from many other
writers for a number of years after the
advent of photographic sound.

In the matter of the frequency range
attained in the early light-valve record-
ings, MacKenzie shows an overall (light-
valve input to photocell output) curve
which was substantially flat to 5000 cy-
cles, a figure not far from what could be
obtained at the time with disks.

; Recorder. The Western Electric record-
Ing machine employed a sound sprocket,
having a filtered drive and protected by
a-fecd sprocket from jerks from the maga-
zines.’ The film was exposed while on
the sound sprocket. For synchronism

the camera and recorder were driven by
selsyn motors,

Soundl'zmd. For reproduction from pho-
tOgraphxc soundtracks the Western Elec-
tric Co. built a “soundhead,” to be

mounted under the picture projector, 2=
similar in many respects to that pre-
viously mentioned as used in the Fox-
Case development. I shall come back to
the subject of the mechanical features of
the film-motion systemn, so shall mention
here only some optical and clectrical
features. The scanning light on the film
was an image of a mechanical slit, il-
luminated by a low-voltage incandescent
lamp, with condensing lenses. The fila-
ment was a close-wound helix with straight
horizontal axis. The photocell and pre-
amplifier were cushion-mounted to pre-
vent microphonic noises. Owing to the
very high impedance of the photocell and
its small output, a very short (low-ca-
pacity) connection to the first amplifier
tube is important. The preamplifier
brought the level up to about equal to
that of the disk pickups.

Standard Speed. In the carly theater in-
stallations most projectors were equipped
for both disk and filn reproduction. It
was obvious that for sound pictures the
recording and reproducing speeds must
be closely held to a standard. The prac-
tice had become widespread of projecting
silent pictures at considerably higher
speeds than that of the camera, which
had for years been nominally 16 pictures/
sec or 60 ft/min. The higher projection
speeds shortened the show so that more
shows could be run in a day, and the
public had become inured to the fast
action. But there was a better justification
in that flicker was much reduced.

TFor pictures with sound on film there
was further benefit from increased speed
in that it resulted in better high-frequency
response and, in some degree, reduced
percentage of speed fluctuation. A speed
of 85 ft/min for silent pictures had becn
recommended for a standard, but prac-
tice varied widely. A speed of 90 ft/min
or 24 frames/sec was chosen for both of
the Western Electric sound-picture sys-
tems (sound on disk and sound on film)
and this became the standard. On the
theory that exhibitors would demand the
option of running silent films at other
speeds, the Western Electric engineers
adopted a driving system with an ac-
curate control which could be made in-
active at the option of the projectionist.®
Either a repulsion motor or a d-c motor
might be used. For 90 ft/min a 720-cycle
generator fed a bridge with one arm
tuned to 720 cycles. At the correct speed
the bridge was balanced, but if the speed
was not correct the unbalance gave rise
to a correcting current which increased
or decreased the motor speed as required.

Commercialization. In January 1927
Electrical Research Products Inc. was
formed as a subsidiary of Western Elec-
tric and the Telephone Co. to handle
commercial relations with motion-pic-
ture producers and exhibitors.

The adoption of sound systems by the

motion-picture industry (except for the
case of Fox Movictone and Warner Vita-
phone) is discussed in another section of
this paper.

Developments at General Electric Co.

Interest in photographic sound re-
cording at the General Electric Co. ins
Schenectady stems from the develop-'
ment prior to 1920 of a photographic
telegraph recorder for radio reception, ¢
by Charles A. Hoxie. Transoceanic radio
service was by long waves, and static
interference causcd the loss of many
letters. It was thought that a visual record
of the incoming signals, even though
mutilated by static, might be deciphered
at leisure in many cases in which the
signals were forever lost if the operator,
depending on car alone, failed to recog-
nize a letter.

For the usual reception, by ear, the in-
coming continuous-wave code signals
were heterodyned to give interrupted
tones of audio frequency, short for dot
and longer for dash. Hoxie’s recorder
made an oscillographic record of these
code signal tones, on a moving strip of
sensitized paper. Instecad of actuating a
receiver diaphragm the electrical signals
vibrated a reed armature, which, through
a delicate knife-edge arrangement, im-
parted rotary motion to a mirror, which
caused a small spot of light to dance back
and forth across the sensitive strip.

Since the code recorder vibrated at
audio frequency, it was a short step to try
it and modifications of it for recording
voice, and this was one of the many ex-
periments which Hoxie tried which
started him on more systematic experi-
mentation in the field of photographic
sound recording. Negative film was used
at first, in order to get adequate cx-
posure, but Hoxie was among the first to
appreciate the advantage of the ﬁner—['
grain positive film. 7

As in the case of the telegraph re-
corder, the track ran down the middle of
the film, and was ncarly an inch in
width. In Hoxie’s recording and repro-
ducing machine the film was drawn over
a physical slit on which intense light was
concentrated. The width of the slit was
about 0.001 in. Since an open slit would
quickly fill with dirt, a wedge of fused
quartz was ground to a thin edge and
cemented in place between the metal
edges which formed the slit. The face
against which the film was to run was
then lapped and polished. A photocell
close behind the film picked up the
transmitted light, and an amplifier and
loudspeaker completed the reproducing
system. The results were highly gratify-
ing. Theisen® says that Hoxie’s first sound
recorder was completed in 1921, and with
it he recorded speeches by President
Coolidge, the Seccretary of War and
others, and the recorded specches were
broadcast over Station WGY (Schenec-
tady) in 1922,
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Hoxic called his optical phonograph
the Pallophotophone, meaning *“‘shaking
light sound.” We do not know the iden-
tity of the Greek scholar. In another ex-
perimental development, Hoxie causcd
the vibration of a sound-pickup dia-
phragm to rock the mirror. This device,
called the Pallotrope, was used with a
photocell as a photoelectric microphone.

Narrow Sound Track Found Sufficient.
Hoxie continued his experimenting for
several years before any decision was
reached to embark on an all-out program
of developing a system of sound for mo-
tion pictures. One of Hoxie’s experi-
ments which undoubtedly played a part
in interesting executives in such a pro-
gram was that of reproducing with part
of his track width masked. The de-
velopment of the General Electric model
of the Duddell oscillograph had centered
in the General Engineering Laboratory
(where Hoxie worked) and it was ex-
tensively used as a laboratory tool
throughout the company. With such a
background it would be natural to think
of a photographic sound track as showing
the outlines of the sound waves.

In any case the wide soundtracks
made in the Hoxie equipment were of the
variable-area type. A spot of light moved
parallel with the slit, illuminating a
larger or smaller fraction of its length.
However, the active edge of the light
spot was by no means sharp. While ex-
perimenting with reproduction from this
sound track, Hoxie observed that mask-
ing off part of the track had little effect
on the sound except some reduction in
volume. He repeated the experiment with
still more of the track masked off, until
he was using only a sample, about { in.
wide. This experience was sufficient to
demonstrate that a track wide enough to
show the wave outlines was by no means
necessary for sound reproduction. The
narrow strip being scanned was obviously
a variable-density record of the sound.

At that early stage of the experiment-
ing we had not seen it demonstrated by
actual accomplishment that a satisfactory
variable-area recording could be confined
within so limited a band, but at any rate
this test proved that a photographic
sound record could be placed along the
side of the picture without stealing more
picture width than could be tolerated.

Loudspeaker and Phonograph Develop-
ments. Another factor which undoubtedly
influenced General Electric executives
toward incrcased interest in sound was
the success of the loudspeakers developed
by C. W. Rice and myself for broadcast
radio reception.® The coil-driven (or
“dynamic”) paper cone, freely sus-
pended, surrounded by a baffle and
driven by an amplifier with adequate
undistorted power, so far surpassed its
predecessors in quality of reproduction
that within a few years its use for radio
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reccivers and phonographs became prac-
tically universal.*

Following the loudspeaker develop-
ment, the success of the clectric phono-
graph helped to make the sound motion
picture seem like a logical next project.

Chester W. Rice. I trust that I will be ex-
cused if I take this opportunity to pay a
brief tribute t6 my colleague, whose
vision and initiative were largely re-
sponsible for our undertaking the loud-
speaker project. His thoroughness and
tireless energy insured that no hopeful
lead was left uncxplored. He brought to
bear on his work an extraordinary mea-
sure of ingenuity and mastery of engi-
neering and physical principles, which he
was constantly supplementing by study,
and his standards of excellence would
permit no compromise with an inferior
result.

No one could have been more scrupu-
lously fair and generous in giving credit
to other workers. His death in 1951 was a
great loss to his associates and to science.

C. W. Stone’s Leadership. In addition to
L. T. Robinson, head of the General En-
ginecering Laboratory, the man who
played the major role in initiating and
promoting a large-scale project for de-
veloping talking pictures, was C. W.
Stone, manager of the Central Station
Dept., who had taken great interest in
all of the sound developments. His en-
thusiasm, confidence and influence en-
couraged those who were engaged in de-
velopment, helped to secure the financial
backing and established fruitful contacts
outside the company.

Practical designs; Assistance of Prof. A. C.
Hardy and L. E. Clark. When, about 1925,
a program of developing commercial
sound-on-film equipment was under-
taken, Robinson was made responsible
for the general program, and, together
with others in the Research Laboratory,
I was asked to assist in problems where
there seemed to be call for research. En-
gineers in the General Engineering and
Rescarch Laboratories had had ex-
perience in sound, first with loud-
speakers® and then in cooperation with
the Brunswick Balke Callender Co.,
electrical recording and reproduction for
phonographs® (the work represented in
the Brunswick Panatrope® and the

#* Many of the clements of this type of loud-
spcaker, such as coil drive, cone diaphragms
and the baffle had been proposed individually
by early inventors, but not in the full combina-
tion. Nor, I believe, was the principle of plac-
ing the inechanical resonance of the diaphragm
(with its suspension) at or below the lowest
important frequency proposed, except that
Adrian Sykes (U.S. Pats. 1,711,551 and
1,852,068) advocated it for a microphone, The
Farrand loudspeaker (U. S. Pat. 1,847,935, filed
1921. See Radio Club of America, Oct. 1926)
had a large cone, coil-drive and low resonance-
frequency, but no baffle or associated power am-
plifier. It had considerable commencial success
during the 1920’s.
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Brunswick electrically rccorded‘ disks).
Our part in the phonograph project was
tapering off, freeing some of the personnel
to devote time to the newer develop-
ment. Our group, however, had inade-
quate background in optics and pho-
tography. Professor A. C. Hardy was en-
gaged as consultant and soon did us two
invaluable services: he straightened us
out on a number of optical and photo-
graphic questions, and he recommended
that we engage the services of L. E. Clark,
then completing some advanced work at
Massachusctts Institute of Technology.
“Pete’s” presence was a guarantee that
we would not again get off the beam on
optical questions, but his associates at
General Electric, then at Photophone
headquarters in New York, and later in
Hollywood, carry a memory of some-
thing far more cherished than his valu-
able technical help.

Variable-Area System Chosen. A funda-
mental question on which we took Prof.
Hardy’s advice was in regard to the ad-
vantages of the variable-arca type of
soundtrack.® At the time of Hoxie’s tests
with a masked track, the only tracks that
had been made, sufficiently narrow and
still fairly satisfactory, were of variable
density. A better understanding and ap-
plication of optical design was needed to
make clear, sharp-edged variable-area
tracks within permissible limits of
width. %60 :

With the right kind of lenses and opti-
cal design, an imaged slit soon displaced
the contacting physical slit with which
the first tracks had been made. Hoxie’s
special galvanometer was not ade-
quately damped, but General Electric
had long since been building oil-damped
oscillographs of the Duddell type, whose
response was good up to 5000 cycles.
The optics of the recording system are
similar in principle to those of the oscillo-
graph, as explained in one of Hardy’s
papers.®® Prof. Hardy had shown how im-
portant design improvements could be
made, greatly increasing the light in-
tensity at the film. An optical system was
designed®® using a regular oscillograph
galvanometer, and following suggestions of
Prof. Hardy and of L. E. Clark.

The general mechanical features of the
first recording machines were due prin-
cipally to Hoxie, while H. B. Marvin (of
the General Engineering Laboratory)
designed amplifiers, optical systems and
other necessary equipment. High-quality
microphones were available in the West-
ern Electric Condenser Transmitter (de-
veloped by E. C. Wente of the Bell Lab-
oratorics)¥ 7 which was used in broad-
cast studios and had been an essential
tool in the loudspcaker®® and phontograph
developnents. ¥

General Electric had a well estab-
lislxed‘ mofiou-picturc laboratory under
ﬂ;; dl;ectxon of C. E. Bathcholtz, for
general company and publicity service,

Journal of the SMPTE Volume 64

so that with the cooperation of that de-
partment, pictures with sound could be
made. A number of demonstrations were
given in 1926 and 1927, using this equip-
ment. Motion-picture producers showed
interest, but no contracts were made at
that time.

An incident of much interest to those
who were connected with the photo-
graphic recording project was a visit to
Schenectady in December 1925 by E. I
Sponable from the Case Laboratories.'
He showed and demonstrated the com-
bined camera and sound-recording sys-
tem which he and his associates had de-
veloped, giving us the benefit of his ex-
perience and  participating in  som¢
demonstrations. However, no arrange-
ments for combining the efforts resulted.

The Road-Show Wings. The first public
entertainment picture to be shown, with
the General Electric developed sound
system, which by this time had been
named the Kinegraphone, was a story of
the Air Force activitics in World War I,
entitled Wings and produced by Para-
mount. The sound effects were added
after the picture had been shot. The sys-
tem and equipment were demonstrated
and briefly described by H. B. Marvin.%

Wings was exhibited in 1927 as a
“road show” (about a dozen scts of
equipment having been supplied), for
few motion-picture theaters at the time
Wings was shown were equipped for
optical sound reproduction. Multiple-
unit cone-and-baffle type loudspeakers®
were used, with a bank each side of the
screen. The sound-reproducing device or
“head’ was mounted on the top of the
projector, no standard sound offset hav-
ing been established at the time the ap-
paratus was designed. The picture
width was reduced from 1 in. to % in. to
make room for a soundtrack. Ninety
ft/min had by this time been agreed
upon for film speed.

There were many, even of the most en-
thusiastic advocates of sound-picture de-
velopment at General Electric, who did
not think of the chief function of the syn-
chronized sound as giving speech to ac-
tors in plays, but there was high confi-
dence that there was a large potential
market for sound systems for furnishing
sound effects and background music and
providing voice for lectures and speeches.

G.E.-Westinghouse-RCA Working
Arrangements

At the time that the synchronized
sound development was taking shape, the
three-cornered arrangement hetween
General Electric, Westinghouse and RCA
was in effect. RCA was the sales outlet
for all radio and kindred equipment.
Manufacturing was divided between
General Electric and Westinghouse. Re-
scar?h and development continued to be
carr.xed on at both manufacturing com-
pauies, and before production was

started, designs were coordinated be-
tween them and had also to be accepta-
ble to RCA, which maintained a Tech-
nical and Test Dept. in New York, to
Pass on performance.

At Schenectady, in view of the pros-
pects of manufacturing on a much larger
scale than could be handled in the Gen-
eral Engincering Laboratory, the film
project had becn transferred (1927) to
the Radio Dept. where it was under the
direction of E. W. Engstrom. The change
brought new personnel into the activity.
The names of E. D. Cook and G. L.
Dimmick deserve mention.

Devclopments at Westinghouse

Engineers at the Westinghouse Elec-
tric and Manufacturing Co. in East
Pittsburgh did not turn their attention to
photographic sound recording until
about 1926 when the project at Schenec-
tady had gained some momentum.

One of the first rescarch projects under-
taken was to adapt the Kerr cell to
photographic recording. The develop-
ment was described to this Society in 1928
by V. K. Zworykin, L. B. Lynn and C. R.
Hanna.® Nitrobenzene has the property
of rotating the plane of polarization of a
light beam, when the liquid is subjected to
an electrical field at right angles to the
direction of the light. The amount of
rotation depends on the square of the field
gradient. Practically, several hundred
volts per millimeter are required. Nicol
polarizing prisms are used on each side
of the cell and rotated to extinguish the
light at minimum applied voltage. With
increase of voltage, the transmitted light
then varies as the sine of the increase in
angle of rotation.

One of the design problems is to keep
within satisfactiory limits the distortion
resulting from the nonlinear relation be-
tween voltage and transmitted light.
Another difficulty is that commercial
nitrobenzene is yellow, absorbing the
photographically valuable blue light.
The investigators were able by double

‘distillation to reduce very largely the

absorption of blue light. A third problem
was avoidance of electrical arcs through
the liquid, which quickly contaminate it.
Proper choice of electrode material and
surfaces, and purification of the liquid
made it possible to produce cells which
were regarded as practical.

The unique property of the Kerr cell
light modulator which makes it of special
interest is its extreme speed. The only
limitation is in the ability of the modula-
tion-voltage supply system to charge the
extremely small capacity of the cell. As
contrasted with this, other light-modula-
tion systems either involve moving
mechanical elements, or electrical dis-
charges through gases, which have defi-
nite frequency limitations,

Zworykin, Lynn and Hanna were in
the Westinghouse Research Laboratory,
which was under the direction of Mr.

Kintner. A group under Max C. Batscl
was responsible for development and de-
sign of commercial cquipment. One of
this group was J. D. Scabert, whose con-
tribution to the theater loudspeaker
problem will be described in the para-
graph with that heading. Hanna’s
analysis of the damped flywhecl prob-
lem® laid the foundation for the highly
successful rotary stabilizer discussed
under that heading in the section deal-
ing with Mechanical Systems.

Organization of RCA Photophone, Inc.

RCA Photophone, Inc. was organized
in 1928 as an RCA subsidiary to carry on
commercial exploitation of the sound-on-
film system. Carl Dreher (later with
RKO) was its first chief engineer, fol-
lowed in 1929 by Max C. Batsel from the
Westinghouse Co. A laboratory was es-
tablished in New York to which a num-
ber of engineers were transferred from
the Technical and Test Dept. of RCA.

New Designs of Commercial Units. Be-
tween the launching of the Wings show
and the offering by RCA Photophone,
Inc., of a commercial sound system,* a
number of design changes and advances
had been made. C. L. Heisler had de-
signed a new recording machine (R-3)
and a combined picture and sound pro-
jector (P-2),7° both of which embodied
new principles in film motion. A sound
attachment or ‘“soundhead” was de-
veloped, by which existing silent projec-
tors could be adapted for sound. The
offset between picture and sound had
meantime been standardized at 14}
in., with the soundhead mounted under
the projector. Because of the much more
stringent requirement for accurate and
constant speed for sound than for picture,
the driving motor was made part of the
soundhead, and the projector mechanism
driven from the soundhead through
gears. The first commercial soundhead to
be offered by the RCA group (desig-
nated as PS-1) was of Westinghouse de-
sign, but the manufacturing was carried
on by both companies.

Theater Loudspeakers. The flat baffle
type of loudspeaker®® used in the Wings
equipment and in almost universal use
for home receivers, while excellent for
music and sound effects, had not proved
satisfactory for speech reproduction in
reverberant theaters. While a certain
kind of directivity can be had by using
arrays of direct-radiator loudspeakers,
vibrating in phase, this did not confine
the radiation in the direction of the

* H. B. Franklin in Sound Motion Piclures® gives
May 14, 1928, as the date of an announcing
advertisement in New York and Los Angeles
papers; however the Progress Report, Trans.
SMPE, No. 31, 438, May 1927, states that
Photophone equipment is to be sold direct to
theaters, and that recording efforts would be
concentrated on music scores.
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audience as successfully as the use of
short horns. The first successful units of
this type were developed by J. D. Seabert
in 1929 (then of Westinghouse). The
horns used at first expanded from about
the cone area to an opening abut 3 ft by
4 ft. The name “directional baffle” was
used to distinguish these horns, whose
primary function was to confine the ra-
diafion within a limited angle, from the
small-throat horns whose basic function
was to load the diaphragm, in addition to
confining the radiation. The directional
baffle type of unit was the subject of later
developments by Dr. H. F. Olson and
his associates.”! =7

In spite of the benefits of directive
baffles, in many motion-picture theaters
satisfactory speech reproduction was not
achieved until absorption had been ap-
plied to reduce reverberation.

Location Equipment. The RCA equip-
ment also included a truck for location
and newsreel service.”® With batteries for
power supply, the truck carried a motor
generator for driving apparatus designed
for 60-cycle operation, and a studio-type
film recorder, to be driven in synchro-
nism with a cable-connected camera.
For more remote or inaccessible loca-
tions, a single-film system was provided,
with portable batteries and amplifier,
governed direct-current camera motor,
and a sound attachment, mounted on the
top of the camera.” The first commercial
uses of RCA Photophone recording equip-
ment were for newsreel service. Two types
of light modulator were employed in the
earliest Photophone single-film location
equipments, one of which used a gal-
vanometer designed by W. O. Osbon and
K. A. Oplinger, under the direction of
C. R. Hanna, with optics generally
similar to those of the studio system, and
the other the Kerr cell (or Carolus cell)
system developed by L. B. Lynn and V.
K. Zworykin.*®

Location equipment (sound trucks) of
improved design followed within a short
time. Of special interest was a new optical
system requiring only 3 w for the lamp.”¢

Disk Equipment. Although the RCA
group was convinced of the inherent ad-
vantages of sound on film for motion-
picture sound, disk equipment was
wanted in all of the earlier theater in-
stallations, and accordingly combined
sound-on-film and synchronous disk
equipment was designed and built by the
G.E. and Westinghouse companies and
supplied by RCA Photophone, Inc.

A number of developments and in-
ventions took place at both of the manu-
facturing companies which did not come
into commercial use for several years,
and these will be described presently.

Commercialization. The establishment of
commercial relations with picture pro-
ducers is described in the latter part of
the following section.
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The Motion Picture Industry
Adopts Sound

Many Commercially Unsuccessful Efforts.
The historical outline with which our
story began contains a very incomplete
account of the many cfforts to combine
sound and picture, some of which at-
tained a fair degree of technical success,
elicited praisc and held public interest
for short periods. We mentioned the
work of Edison, Lauste, Riimer, and
de Forest, and might add Pathé Iréres
and Léon Gaumont* in France.® Many
of these were ahead of their time, for
without amplifiers, the production of
adequate and natural sound was prac-
tically impossible. Even after amplifiers
became available the experimenters had
litle better success in getting picture
producers seriously interested. The ar-
ticle by Lovette and Watkins'® states
that by the end of 1924 practically every
major producer in Hollywood had re-
jected Western Electric’s sound-picture
system.

Economic Hurdles. The same authors
give such a convincing statement of the
financial obstacles from the producer’s
standpoint that I cannot do better than
quote them:

“The motion picture producers had
large inventories of silent films, which
had cost millions to produce. They
had great numbers of actors and ac-
tresses under long term contracts, most of
whom knew no dramatic technique
except that of pantomime. The industry
was universally equipped with stages and
studios suited only to the silent film
technique.

“Moreover, world-wide foreign mar-
kets had been established for silent
films. To serve these markets, it was
merely necessary to translate the words
printed upon the film from English to
any language desired. Finding stars and
supporting casts who spoke the various
languages of the world, or finding ways
to give the illusion of their speaking
them, appeared to be an insuperable task.

“The art of the silent film had at-
tained superb quality and the public
was satisfied. Why then, producers
asked, should Hollywood scrap the
bulk of its assets, undertake staggering
conversion costs, and force upon the
public a new and doubtful experimental
art?

“Nor were the exhibitors equipped
for sound. Many, it was argued, would
not be able to mecet the cost of sound
picture equipment.”

These obstacles would not have pre-

* Gaumont, in addition to many inventions
and other activities, was a pionecr and successful
leader in the motion-picture business, and prob-
ably camc nearer to success with phonograph
sound than others.  See account, and reflerences
given in the Theisen history® from which ref. 77
is taken.
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vented the producers from introducing
synchronized sound, had they been con-
vinced that it would give their pictures
greater appeal. A factor which many
developers of sound equipment probably
did not fully recognize, was that to
contribute to the illusion, the sound must
have a degree of naturalness far sur-
passing that which had sufficed for simply
transmitting information, or making
words understood.

How It Looked in 7926-7. To many,
the silent motion picture, with its freedom
of action, its settings for much of its
action in natural backgrounds, was
better entertainment than stage drama,
and when one tried to imagine what a
talking motion picture would be like,
one’s thoughts immediately turned to
examples of thcater drama. I have
already quoted some of Dr. de Forest’s
reflections. The prevailing thought at
the General Electric Co. as our system
began to take shape is probably typical.
Many, even of the most enthusiastic
advocates of the sound-picture develop-
ment were not convinced that the chief
function of the synchronized sound would
be to give speech to the actors in plays.
The art of telling stories with pantomime
only (with the help of occasional titles)
had been so highly developed, that
giving the actors voices seemed hardly
necessary, although readily possible.
Such a view was actually a very high
tribute to the movie makers of the silent
era. However, a very large business in
synchronized sound seemed assured (even
without any use of the system for dia-
logue) in furnishing sound eflects, back-
ground music, and providing voice for
lectures, speeches and travelogue com-
mentary.

As one who shared in this misjudg-
ment, I would like to suggest to readers
that it is difficult today to divest oneself

. of the benefit of hindsight. At that time,

the principal examples of sound pictures
we had seen were demonstration films,
very interesting to us sound ecngincers
working on the project, but scarcely
having entertainment value. None of us
had seen a talking motion picture with a
good story, and picture and script well
designed for the purpose. When in 1927
such a picture was shown (The Jazz
Singer) the story, the music and the
dialogue were splendidly adapted to
produce a fascinating picture with
great emotional appeal, in which no
clement could have been spared without
serious loss. In short, the excellence of
showmanship played no small part in
making it clear to everyone who saw
it that the day of “Talkics” was here,
The Jazz Singer and its predecessor
Don Juan, it might be noted, had the
benefit of a newly designed loudspeaker, 5
very much superior to those used in the

Western Electric 1924 demonstrations.
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Warners and Fox Take the Step. Warner
Brothers committed themselves to the
adoption of sound pictures in 1926,
license contract being concluded in April,
followed by large investments in sound
stages and cquipment. In July of the
same year the Fox Film Corp. became
committed, forming the Fox Case Corp.
which took license for the Case Labora-
tory developments in April, and in
Deccember from Western Elecuric Co.
for rights to use amplifiers. Both Warners
and Fox operated theater chains. With
two major picture producing and ex-
hibiting organizations definitely launched
on a program of making and showing
pictures, could the other great picture
companies remain on the sidelines?

Large Producers Agree to Choose Same
System.® Early in 1927 the first Fox
Movictone Newsreel subjects were shown.
The other picture companies must by
this time have become convinced that
sound pictures were inevitable, for a
part, if not the whole of motion-picture
entertainment. In February 1927, the
“big five” — M-G-M, First National,
Paramount, Universal and Producers’
Distributing Corp. (or PDC), jointly
asked the Hays organization to study
and make recommendation as to what
system should be adopted. The Movie-
tone and Vitaphone (disk) had already
become commercial systems, Western
Electric was offering a sound-on-film
(light-valve) system, and General Electric
had made a number of demonstrations
of a variable-area system (later offered
to the industry with some modifications
through RCA Photophone). There had
as yet been no formal standardization,
and those participating in the conference
probably felt some uncertainty about
interchangeability of recordings. It is
not strange that the picture companies
thought it would be advantageous for
all to adopt the same system.

By far the most ambitious demonstra-

tion of sound motion pictures that had
as yet (February 1927) been witnessed
was the Warner Vitaphone Don Juan
(shown August 1926),% 43 with perform-
ances by noted artists and score and back-
ground music for the play by the New
York Philharmonic Orchestra. And the
sound quality was good. But it was
a demonstration of synchronized sound,
and not of sound motion-picture drama.
The producers, still “on the fence,”
continued their “watchful waiting.”
_ The presentation of The Jazz Singer
in October 1927 dispelled all doubts.
But whether the future lay with the disk
or the film system was a question not
completely settled for several years.

f‘Bzg Five” Sign Contracts with ERPLS
Wlﬂ} such large producers as Warners
makmg pictures with sound on disk and
Fox with Movictone releases on film, it
appeared that exhibitors might be
saddled with a dual system. Perhaps it

was the hope that one or the other would
very soon forge ahead in the race that
caused further hesitancy, but in April
and May of 1928 (about six months
after the showing of The Jazz Singer)
Paramount, United Artists, M-G-M,
First National, Universal and several
others signed agreements with Electrical
Research Products Inc. (the commercial
outlet for the Western Electric systems)
for licenses and recording equipment.

Getting Started.! There followed a period
of feverish activity in crection of sound
stages, and procurement and installation
of recording channels and equipment.
Deliveries of apparatus were far behind
the desires of the customers, and there
was great shortage of engineers and
technicians with sound-picture back-
ground. The manufacturers and asso-
ciated organizations lent or lost many
of their personnel. Intensive training
courses and much instructive literature
alleviated the situation. The Transac-
tions of the SMPE for the fall of
1928 are little short of an encyclopedia
of sound recording and reproduction by
both disk and film. To this body of litera-
ture, the engineers and processing lab-
oratory experts from the producing com-
panics soon began making their contribu-
tions.

Scarcely a step behind the building
and equipping of recording studios.was
the installation of sound reproducing
systems in theaters. Theater chains con-
trolled by the picture-producing com-
panies which had already signed con-
tracts, used sound systems of the corre-
sponding make, but the business of
furnishing sound equipment to the great
number of independent theaters was com-
petitive between ERPI, RCA Photo-
phone and many other suppliers. An
idea of the rate of growth of the sound
pictures, may be had from the following
figures given in Sponable’s paper.® At
the end of 1927 there were some 157
theaters in the U.S. cquipped for sound,
of which 55 were for both disk and
film and 102 for disk only. At the end
of 1928, of the 1046 ERPI theater in-
stallations, 1032 werc for disk and film.
By the end of 1929 ERPI had cquipped
about 4000 theaters in the U.S. and 1200
abroad, and RCA Photophone had
equipped some 1200 in the U.S. and
600 abroad, most of these being for both
disk and film. The SMPE Progress
Report of Iebruary 1930 states that at
the time, Hollywood studios were pro-
ducing only 5% silent pictures. Instal-
lations by other manufacturers brought
the total number of theaters cquipped
for sound in the U.S. to over 8700. There
were at the time 234 different types of
theater sound equipment including the
large number which were designed for
disk only. At the end of 1930 there were
about 13,500 theaters equipped for sound,
and about 8200 not equipped, according

to the SMPE Progress Report of August
1931.

Contracts for Photophone Variable-Area
Recording. In 1928 RCA bought the
theater chain interests of B. F. Keith
and of Orpheum, and the film producing
company Iilm Booking Office or F.B.O.,
and organized Radio Keith Orphcum
or RKO. The new company (RKO),
with Photophone equipment, and draw-
ing heavily on the RCA group for much
of its initial sound personnel, made
many feature and shorter pictures, using
the name Radio Pictures for its product.
RCA Photophone made arrangements
for license and cquipment with Pathé
Exchange Inc.,, Mack Sennectt, Tiffany
Stahland with Educational Pictures Corp.

One of the first feature pictures made
by Pathé was King of Kings directed by
Cecil de Mille. The Pathé Newsreels
were an important item, using a number
of RCA mobile recording equipments
or “sound trucks.”

Disney switched to the RCA Photo-
phone system in January 1933. Republic
Pictures Inc. used the RCA system be-
ginning October 1935 and Warner
Brothers in June 1936. Columbia Pic-
tures Inc. began May 1936 to use the
RCA variable-arca system for part of
its operations, but continued for several
years to release on variable-density.

Cinephone. The Powers Cinephone
system was developed by R. R. Halpenny
and William Garity for Patrick A. Pow-
ers, who financed the project. It was
basically similar to the system of de
Forest, with whom Powers had permis-
sive contracts. Cinephone was put on
the market in September 1929 and used
for several years by Walt Disney and
others.

Type of Contract. Most of the initial
contracts between the equipment-manu-
facturing companies and the picture
producers were on a lease (rather than
outright sale) basis, for a stipulated
term of years, with equipment servicing
and enginecring assistance as part of the
suppliers’ obligation, and royalties de-
pending on the film footage recorded.

Evolution of a New Art,* Under Difficul-
ties. The idea that the silent motion
picture would continue to have its place
in theater entertainment died hard.
What The Jazz Singer had proved was
that with a suitable story and presenta-
tion, a sound picture could have an ap-
peal far beyond what was possible
without sound. It had not proved that
sound would help in all types of presen-
tation. In March 1929, Fox discontinued
making silent pictures. In speaking of
this in his historical paper® of 1941,
W. E. Theisen calls it a daring decision,
“since a large number of the leaders of
the industry still felt that sound films
were only a passing fad.” In “The
Entertainment Value of the Sound
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Movie” (Trans. SMPE, No. 35, 1928),
H. B. Franklin, President of West Coast
Theatres, says: “The silent motion
picture is too well established. . .to
vanish because of this new development.”

It took time, much work and some
mistakes for the industry to learn to use
sound to full advantage, and the great
pressure under which writers and pro-
ducers worked during the years of trans-
ition was not conducive to best results.
Two quotations from 1928 papers are
illuminating. In “The Public and Sound
Pictures” (Trans. SMPE, No. 35) Wm. A.
Johnson, Editor of Motion Picture News,
speaks of the great demand for sound
pictures, and says: “The present hastily
turned out crop of talkies are for the
most part crude and disappointing.”
In “Reaction of the Public to Motion
Pictures with Sound” (7rans. SMPE,
No. 35), Mordaunt Hall, motion-picture
editor of the New York Times, describes
the shortcomings of many cfforts as due
to stories not adapted to talkies, actors
who didn’t articulate, or had poor
voices, and misjudgments in production.

We tend, fortunately, to forget the
troubles that are past. Still more do we
forget the troubles other people had.
We who took part in the development of
sound equipment may be tempted to
think that we made the talking picture
possible. But if we give the credit they
deserve to the writers, directors, actors
and their bosses, and to the patient
guinca pigs who bought tickets, perhaps
the only bouquet left to hand ourselves
is to say that our stuff was not so bad as
to make the talkies impossible.

Mechanical Systems

Of all the tell-tales that remind the
listener that the sound he hears is from
a record and not “live pickup,” the
most unmistakable is that due to speed
variations — known as ‘“wow” or
“futter,” and it is probably the most
painful and devastating to realism. The
importance of correct and constant
speed was recognized by Edison and
all his successors in sound recording,
but standards were not very high.
Phonographs sold despite their short-
comings. But sound for pictures could
succeed only by providing better enter-
tainment than silent pictures. In those
systems which gained eventual accept-
ance by the motion picture industry, the
engineers spent much effort on providing
constant speed. In his story of the de-
velopment of the Fox-Case system, for
example, Sponable® tells of having to
rebuild cameras, and of mounting a fly-
wheel on the sprocket shaft and driving

* Many exccllent discussions of the requircments
for the new form of cntertainment have been
published. One such is Chapter IX “Comments
on Production,” of H. B. Franklin’s Sound Motion
Piclures.*
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The literature dealing with speed
fluctuations has been devoted largely
to discussions of measures for improving
the performance of recorders and re-
producers in this respect.” Until the re-
cent important contribution by Frank
A. Comerci,#*® such information as
has been published regarding subjective
thresholds or tolerances has been limited
largely to continuous tones. Further sys-
tematic quantitative studies with typical
program material are very desirable.
There is no question however that all
the present and future improvements
in equipment performance are well justi-
fied in terms of more satisfying sound re-
production. Some of the more general
discussions of the subject will be found
in the literature.’:70 s

Wow Meters. Of prime importance
toward improving recording and repro-
ducing machines is ability to measure
the departures from uniform speed.
Onc of the first such meters was built
about 1928 by M. S. Mead® of the
General Engineering Laboratory at Sche-
nectady. It was improved by H. E. Roys
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and used extensively at Camden, N.J.,
being the basis of the flutter-measuring
equipment described by Morgan and
Kellogg.t® This meter made an oscillo-
graphic recording of the fluctuations. An
extremely simple and light-weight in-
dicating flutter bridge used in RCA
servicing is described in the Journal.®
Flutter-measuring instruments are de-
scribed by Scoville.®® These are of
the indicating type with band filters, by
which flutter at different rates can be
separated. Another design is described
by Herrnfeld.?* A widely used wow
meter designed by U. R. Furst of Furst
Electronics, Chicago, has been commer-
cially available since 1947 or earlier.

Disk System. In the disk system the
change from 78 to 33} rpm increased the
difficulties, for at the low speed even a
very heavy turntable (although very
helpful toward eliminating rapid flutter)
was not a practical answer. A flywheel
driven through springs, or what we
call a “mechanical filter,” was a well-
known expedient, but such a system is
oscillatory and will inultiply rather
than reduce the speed fluctuations if
the disturbances are of a frequency
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anywhere necar that of ) the  reso-
nance, unless the systcm‘ is damped
by adequate mechanical resist-
ance, 69-70,81,91.94,100,102,104,105 The require-
ment that the transient disturbance of
starting shall disappear in not more than
one revolution is more difficult to meet
with extrcmely large inertia. The ac-
ceptable 333-rpm reproducing turntables
had much more inertia than had been
customary for 78-rpm machines, and
were driven through springs, with ¢nough
damping to reach equilibrium reasonably
quickly, and dependence was not placed
on making the natural frequency low
in comparison with that of the slowest
disturbance (once per revolution). Damp-
ing in some designs was provided by ap-
plying friction to the springs,*-% and
in others by a viscous drag on the turn-
table. In either case it was essential to
have high indexing accuracy in the low
speed gear or worm-wheel.

For 333-rpm recording turntables,
the Western Electric engineers went
to extraordinary refinement.’®®? On
the theory thatit would not be practically
possible to produce gears with no ec-
centricity or indexing errors, they made
their 333-rpm worm-wheel in four lami-
nae, all cut together in one operation.
Then they separated and reassembled
them, cach rotated 90° with respect to
its neighbor. Each had its own spring
connections to the turntable. Damping
was by means of vanes in oil. Four vanes
were rigidly connected to the turntable,
while the pot and four other vanes were
driven from the gears through a system
of equalizing levers (which might be
compared to whiffletrees) which im-
parted to the pot and its vanes a rotation
which was the average of that of the
four gear laminae. The effect of this
was to divide by four the magnitude of
each disturbance due to imperfection in
the cutting of the gear, but to make it
occur four times per revolution instead
of once, and both of these effects are
helpful toward filtering out irregularities.

Filtering Systems for Film. In a very
iudicial appraisal of the relative advan-
tages of film and disk, P. H. Evans®
speaks of the disk system as giving
better speed constancy. He was of
course referring to the cxperience up
to the time of writing. There can be no
question that film presents a more diffi-
cult problem. Synchronous drive and
the maintenance of free loops require
that it be propelled by sprockets. In the
carlier systems of driving the film, it seems
to have been regarded as sufficient to
Provide constant rotational speed for
the sprocket (often called the “sound
sprocket”) which carries the film through
the point of recording or reproduction.
To obtain such constant sprocket speed
It was practically necessary to use
mechanical filtering to take out irregu-
larities originating in the gearing.*"’

But the spring-driven sprocket was very
sensitive to jerks from the film, so that it
was necessary to employ extra sprockets
with slack film between to isolate the
filtered sound sprocket. It was also
necessary to have an unusual degree of
precision and concentricity in the sound
sprocket. (Fig. 4A).

But there remained the question of
what imperfections there might be in
the film perforations, or how much it
had shrunk since the holes were punched.
Shrinkages up to 19, were not uncommon.

A sprocket can propel a film at uniform
speed only when the pitch of the teeth
and that of the holes match perfectly. *
Otherwise there are continual readjust-
ments of the film on the sprocket, pro-
ducing in general 96-cycle flutter, plus
random small variations. A paper by
Herbert Belar and myself®® shows
graphically the startling breaking up
of single tones into a multiplicity of
side tones by a 96-cycle speed change
such as might result from a shrinkage of
about 1%,

Recorders, since they are working
with fresh film, may give very little
96-cycle flutter at the sprocket. The
Western Electric recorders of the earlier
1930’s were designed on this basis.%
The large sprocket was of precise con-
struction and a nearly perfect fit for
unshrunk film. It was on the shaft with
a flywheel, and driven through damped
springs. Another sprocket (unfiltered)
drew the film from the magazine and
resisted the pulls from the take-up
magazine.

The engineers who designed the re-
corders supplied by RCA took no chances
with sprocket teeth. In the first General
Electric recording machines the film
was carried past the recording light on
a smooth drum (with a flywheel on its
shaft) and a soft-tired pressure-roller
prevented slipping.®” Between the drum
and the sprocket which fed the film
through the machine at synchronous
speed were flexible loops of film which
(so long as they remained under suffi-
ciently low tension to retain their
flexibility) would not transmit appre-
ciable disturbances from the sprocket to
the drum. Because of uncertain shrinkage
the drum must be free to choose its
own speed. The simplest expedient was
to let the film pull the drum, like a belt.
Machines built this way worked so well
at times that they delayed the effort to
design something on sounder principles.
My own part in the development of a
better machine lay originally in the

* Sprocket propulsion of the film through the
light beam has certain advantages for printers,
as will be explained in the section on printer
improvements. This mechanical section, how-
ever, seems the logical place for a brief review of
studies by J. S. Chandler and J. G. Streiffert
of the Eastman Co., directed to the reduction of
sprocket-tooth flutter.
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Film 5. Schematic representation of the magnetic drive for film motion, showing
also provision for damping by use of a movable roller with dashpot.

recognition that the stretch of film which
pulled the drum, in combination with
the inertia of the flywheel, constituted
an oscillatory system, although its period
varied so greatly that the irregular
action did not look like that of any
oscillator we were accustomed to seeing.
Another trouble was that the film loop
was not free enough for isolating the
drum. The cure for the bad effects of
oscillatory action would be to provide
damping. One way to provide this would
be by bending the film around a flexibly
supported idler roller,'°® connected to
a dashpot. Another mecasure would be
to use eddy-current damping at the fly-
wheel by mounting a copper flange on
the flywheel, spanned by a set of mag-
nets. To use stationary magnets would
provide damping but would also produce
a steady drag, making a really flexible
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film loop impossible.1?:1%s By mount-
ing the magnets so that they could be
driven somewhat above flywheel speed,
it became possible to provide a forward
torque as well as damping, thereby
relieving the film of all but a small
part of its tension. (Figs. 4B, 5).%4~%
The first magnetic-drive machine (an
experimental model) (Fig. 6) employed
both the damped idler roller and the
rotating magnetic damper, but the latter
was so effective that the first was super-
fluous. By adjusting the magnet current
the film loop could be caused to run
anywhere between a very slight deflec-
tion and a nearly semicircular bend.
A production model (the R-4) recorder
was designed in 1929 and was in pro-
duction in 1930.% It was followed by
other models (PR23 in 1933 and PR-31
in 1947%) employing the same principle.
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The magnetic drive probably carried
the idea of isolation of the film drum
from disturbing forces farther than it
has been carried in any other film-
recording machine. Its extreme cffec-
tiveness as a filter system was demon-
strated by Russell O. Drew and myself
at the SMPE’s 1940 spring convention.®®

Although only a few were built, I
should mention another recorder, the
R-3,7 designed by C. L. Hecisler of the
General Electric Co., which preceded
the magnetic type. This had the smooth
drum with flywheel to carry the film
past the recording point, and the sprocket
drive to hold synchronism. The drum
was driven through a continuously ad-
justable-speed friction drive, which might
be compared to a cone pulley, and the
spced adjustment was automatically

controlled by the length of the loop of

film between the sprocket and drum,
which loop was measured by the position
of a movable deflecting roller.

Effect of the Tri-Ergon Patents *5' Men-
tion has been made of the development,
beginning in 1918, of a sound system
by Vogt, Massole and Engl, to which
the name Tri-Ergon was given. They
obtained very broad patents in Germany
and were allowed some extremely broad
claims in the United States. The patent
which figured most seriously in litiga-
tion was No. 1,713,726 in which one
claim covered the usc of a flywheel on
the shaft of the roller which carried film
past the translation (recording or re-
producing) point. Another claim covered
carrying the film on a short roller and
scanning it at the overhanging cdge,
and a third (based on a showing of flexi-
bly mounted rollers pressing against and
deflecting the stretches of film on either
side of the drum) called for a spring-
pressed roller engaging the film between
the sprocket and the roller (drum).
Patent attorneys in the RCA group and
Western Electric felt very confident
that the broad flywheel claims could be
safely disregarded because anticipated
in many old sound-recording and re-
producing devices, but the patent de-
partments would not approve construc-
tions using the overhung film for scanning
until after about 1930, when W. L.
Douden of the RCA patent department
discovered an older disclosure of the
same idea in a patent application of
C. A. Cawley* (to which RCA obtained
rights).

Film-Transport  System of ~ Soundheads.
So the first reproducing machines to be
marketed avoided the overhanging film

* The Cawley application had been filed Jan. 28,
1921, but had been held up on technicalitics.
It was put into suitable shape and issued Sept.
29, 1931 as a parent patent, No. 1,825,438, and
three divisional patents, of which No. 1,825,441
contained the claims to the overhang feature.
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Fig. 6. Original model of magnetic-drive recorder.

feature, and instead pulled the film
through a sound gate, where the scanning
light passed through it and into the pho-
tocell. TFriction in the gate made this
arrangement much less favorable to
constant speed than the use of the over-
hung principle. For constancy of film
spced no further measures were used
than to try to provide good sprockets to
pull the film through the gate, and to filter
the motion of the sprocket by use of a
flywheel, and driving through springs.
To damp this filter, the RCA PS-1
used grease-pads acting on the flywheel
(Fig. 4A) and the Western Electric used
a balanced pair of oil-filled sylphon bel-
lows which acted as a dashpot supple-
menting the driving springs.® A practical
improvement over filtering the sound
sprocket was to drive a heavy flywheel
on the sound-sprocket shaft by multipleV
belts directly from the motor, and then
by gearing take from this shaft whatever
power is nceded to drive the projector.
The heavy flywheel and tight coupling
to the motor gave the sound-sprocket
drive such high mechanical impedance
that its speed constancy was not ma-
terially disturbed by the irregularities
of the projector load.

The Rotary Stabilizer. The discovery of
the Cawley patent application by Douden
made the RCA Patent Department
consider it safe to build machines in
which the reproducing light passed
through the film where its edge over-
hung a short roller. With this privilege
the way was open to make the film
motion in reproducing machines com-
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parable with that which had been at-
tained in the magnet-drive recorder.
However a less expensive construction
was very desirable. The damping in
the recorder was by eddy-current cou-
pling between the flywheel and a coaxial
magnet running at nearly the same
speced. The functional equivalence of
eddy-current coupling and viscous-fluid
coupling was well recognized. I had
tried some cxperiments with viscous
coupling to a coaxial member which
was not independently driven but was
free to pick up the flywheel speed. The
inertia of the viscously coupled member
would tend to keep its speed constant
so that a change in flywheel speed would
cause relative movement and hence en-
ergy loss.!® But I gave up in view of
the feebleness of the damping I obtained.

It remained for C. R. Hanna of West-
inghouse to make an analysis of the sys-
tem. He showed that in order to get
critical damping of the mass which is
rigidly connected to the drum, the vis-
cously coupled mass must have eight
times as much moment of inertia, and
the coupling coefficient must have the
right value.®® In 1932 and 1933 E. W.
Reynolds and F. J. Loomis of the RCA
Victor Co. in Camden did the job
right! The directly connccted mass
was an oil-tight shell of aluminum alloy
inside which was a heavy cast-iron fly-
W‘hcf:l supported on a ball bearing whose
friction was negligibly small in compari-
son with the oil coupling. Small clear-
ance between concentric surfaces and
a suitable oil gave the desired coupling.
The inertia ratic was less than 8:1,

but damping somewhat short of critical
is satisfactory. By use of high-grade ball
bearings the drum with attached stabi-
lizer was caused to run with so little
tension on the film which pulled it that
the loop had plenty of flexibility for
effective filtering.1%% 1% (See Figs. 4C
and 7.) The rotary stabilizer introduced
in 1933 proved so satisfactory that it has
been retained with little change for
twenty years. A device on similar prin-
ciples, called the “kinctic scanner” was
used in Western Electric soundhcads
early in 1936'® (Type 209).

In 1941 Alberscheim and MacKenzie®
and Wente and Miiller!® described
damped flywheels in which the entire
viscously coupled mass was liquid. In
order that there might be sufficient
viscous resistance to movement of the
liquid with respect to the container,
partial obstructions were placed in the
annular channel. This type of damped
flywheel was used in the recorders and
reproducers of the stercophonic system
developed and demonstrated by the Bell
Telephone Laboratories. Study has been
given to the problem of finding suitable
fluids. A low-temperature coefficient of
viscosity is desirable, and if the entire
coupled mass is liquid, high density is
valuable.

Filters Using Movable Idler Rollers. The
use of this type of filter was avoided in
this country because of the danger of
infringement suits on the basis of cither
the Tri-Ergon patent (No. 1,713,726)%
or the Poulsen and Peterson patent (No.
1,597,819). Both of these show rollers
elastically pressed against the film- to
deflect it from a straight path and
thereby provide flexibility. Neither pat-
ent shows or mentions provision for
damping, and yet the great merit of
such an arrangement is in the simplicity
with which damping can be obtained
and not in the extra flexibility, for plenty
of flexibility can be had by simply freeing
the film of too much tension.1¢21%% The fly-
wheel may be solid and the arm on which
the film-deflecting roller is mounted
can be connected to a dashpot. (Even
a cruder frictional device may give good
results, but resistance of the viscous
type is better.) A laboratory model of a
soundhead using this type of filter was
built about 1928 by the writer and
performed very well, but did not receive
patent approval (Fig. 4D).

After the patent obstacle to the use of
the sprung-idler type of filter was
ended, soundheads employing this prin-
ciple were brought out by the Century
Projector Corp. and the Western Electric
Co.1% and a recorder by Western
Electric.’® RCA adopted this film-
motion system for 16mm machines and
lightweight recorders R-32 and R-33,'7
but for 35mm soundheads continued to
use the rotary stabilizer, the advantage of
the movable-idler design being not so
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Rotary stabilizer construction of F. J. Loomis and E. W. Reynolds.

Fig. 7. Cross section, showing construction of the ‘‘rotary stabilizer.”’

much a matter of performance as of
lower manufacturing costs, an item which
is contingent on schedules and tooling
costs. Recently the flexibly mounted
idler filter system has been utilized by
RCA8 and others!?®:119 in soundheads for
use with multiple magnetic soundtracks.

Filter System With Drum and Sprung
Sprocket. A film-motion system developed
by cngineers of M-G-M is described
by Wesley C. Miller.!! Recording or
reproduction takes place on a drum with
solid flywheel, and the drum is driven
from a sprung sprocket isolated from
other sprockets by loose loops. The film
passes from the sprung sprocket, around
the drum and back to engage the opposite
side of the sprung sprocket, and this
portion of the film is maintained under
tension by a roller pressing against a
free span of the film. The tight film
affords the required traction between
film and drum. Adjustable friction pads
between. the sprocket and its shaft cause
frictional resistance whenever the deflec-
tion of the sprocket driving springs
changes, thereby damping the system.

Excellent film motion was obtained in
these machines (Fig. 4E).

Minimizing Sprocket-Tooth Flutter. J. S.
Chandler, in 194112 showed it to be
possible to so shape sprocket teeth that
the film speed would fluctuate between a
maximum and minimum value which
are the same at perfect fit and spread
progressively with increasing misfit, but
with a net flutter which can for a mod-
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erate range of shrinkage be quite small.
However the realization of the calcu-
lated flutter values demands perfect
perforation uniformity and freedom from
any sticking on the teeth as the film is
fed on or stripped off.

A further development in improving
sprocket action is described by J. G.
Streiffert.!® The driving faces of the
teeth are radial and the film is sup-
ported on a cylindrical surface which
is slightly eccentric with respect to the
sprocket. The film is fed on at a point
where the teeth project only slightly
above the film support, and as it travels
around its arc of engagement the film
gets closer to the roots of the teeth. The
radius from the sprocket center to the
film thus keeps decreasing, and therefore
the velocity of the tooth face at the plane
of the film decreases. The effect is essen-
tially as though the tooth speed and the
tooth pitch decreased correspondingly.
The design is such that the tooth enters
the hole with a margin of clearance and
with the effective velocity (since the
working radius is here near maximum)
slightly greater than that of the film.
The tooth face therefore gains with re-
spect to the film, closing up the clearance,
and as soon as it touches the edge of the
perforation begins propelling the film.
While it is doing so the next tooth is
catching up. Each tooth in turn propels
the film from the moment that it reaches
the perforation edge until the next
tooth, which at the instant is moving
slightly faster, touches the edge of its
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perforation. Thercafter, the effective
speed of this tooth, which continues to
decrease, i3 less than that of the film,
so that a gap or clearance develops
between the tooth and the leading cdge
of the perforation. The design is such
that the film is not stripped from the
tecth untl, in all cascs, sufficient clear-
ance has accumulated to avoid possible
interference during the stripping.

Assuming that the film velocity is
equal to that of the driving-tooth face
at the radius where it touches the film,
the film speed will fluctuate by the
amount by which the effective tooth specd
decreases as it travels one tooth pitch.
This can be a very small change, es-
pecially if there is a large number of
teeth and the cccentricity no more than
needed to take care of a reasonable
shrinkage range.

The region on the circumference of
the sprocket where the propelling action
takes place varies with the shrinkage
of the film. Thus with unshrunk film
the propulsion will be relatively near
the place where the tooth enters the per-
foration, while with shrunk film it will
be where the teeth are projecting farther,
so that the point of contact is nearer the
root of the teeth.

One way of describing the action of
the system is to say that a film of any
given shrinkage finds the appropriate
radius where the pitch of the teeth
equals the pitch of the perforations, and
this is the region where propulsion takes
place.

The Eastman Co. has used this system
with excellent results in experimental
printers. The Streiffert paper gives wow-
grams of negative recordings made on
such a sprocket, and also of contact prints,
and for comparison wowgram (or flutter
recordings) of prints made in a conven-
tional sprocket-type printer, showing a
major reduction in flutter with the new
sprocket.

Litigation. Despite the cfforts to avoid
infringement of such claims of Tri-Ergon
patent No. 1,713,726* as appeared to
have any likelihood of being held valid,
the American Tri-Ergon Corp. brought
suit against Altoona Publix Theatres
Inc., who were using an RCA Photo-
phone (PS-1) projector attachment or
soundhead. The case was tried at Scran-
ton, Pa., in the U.S. District Court for
the Middle District. The apparatus had
been sold with a guarantce against
patent liability, and the suit was defended
by RCA, Electrical Rescarch Products
Inc. giving technical assistance in the
defensc. The court ruled (Feb. 10,
1933) that seven of the claims were valid
and infringed. The case was appealed
and reviewed by the U.S. Circuit Court
of Appeals for the third circuit (in
* This patent, issued May 21, 1929, was filed in
the U.S. Mar. 20, 1922, and had a German
filing date of Mar. 24, 1921,
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Fig. 8. Tri-Ergon showing (U. S. Pat. 1,713,726) of flexibly mounted rollers deflecting
the film between sprockets and drum.

Philadelphia), which affirmed (June 13,
1934) the findings of the lower court.
The defendents then appealed to the
U.S. Supreme Court, which at first
refused to review the case, but finally
decided to do so, and on Mar. 4, 1935,
ruled that the seven claims in the suit
were all invalid (294 US 477).14

This removed the threat to the cquip-
ment manufacturers of what might have
been almost crippling damages, for
had the findings of the lower courts been
sustained the plaintifis would have been
in a position to bring suits for damages
for infringement by most of the recording
and reproducing equipment in this
country, and covering a period of over
five years.

The Arnerican Tri-Ergon Corp. ap-
plicd on Feb. 18, 1937, for a reissue
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patent with modified claims, and this
was granted Jan. 11, 1938, as Re. No.
20,621. On Oct. 25, 1946, RCA reached
an agreement with American Tri-Ergon
Corp. whereby it was granted rights
underboth theoriginaland reissue patents.

Two other patents placed restrictions
on the film-motion systems which Ameri-
can engineers could safely cmploy,
namely Poulsen and Peterson No.
1,597,819 (filed July 9, 1924, and
issued Aug. 31, 1926) and Poulsen No.
2,006,719 (filed Germany Sept. 1, 1930,
and U. S. Aug. 19, 1931, and issued July
?, 1935). These patents to Danish
Inventors were owned by British Acoustic
Fl!ms Ltd., which brought infringement
suits against RCA Mfg. Co. and against
Electrical Rescarch Products Inc. The
trial (in Wilmington, Del.) was before

the U.S. District Court for the District
of Delaware (43 USP-Q69). The ar-
rangementshown in the patent comprised
a drum propelled by the film, the film
being passed around a flexibly mounted
idler roller. Some of the claims in suit
described the invention as “means con-
tacting the film for increasing its flexi-
bility.” The apparatus in suit was the
RCA PS-24 (rotary stabilizer type),
which has no flexibly mounted roller,
but was alleged to have the cquivalent
in that the film loop was so formed by
the fixed rollers as to be very flexible.
The court ruled Sept. 22, 1939, that the
claims in suit were not infringed and
not valid (the flexibly mounted idler
having been disclosed in the carlier Tri-
Ergon patent).

Plaintiffs appealed and the case was
reviewed by the Circuit Court of Ap-
pcals of the Third Circuit which affirmed
the findings of the lower court (46USP-
Q107, June 27, 1940).

To forestall possible future trouble
RCA obtained rights under these pat-
ents by agreement with British Acoustic
Films Ltd., Dec. 21, 1944,

Immediate Requirements for Sound

Our historical story thus far has been
confined almost cntirely to the three fun-
damental clements, sound pickup (or
microphone), a recording and reproduc-
ing system and loudspeakers. These
represented the difficult phases of the
problem, but before sound could become
commercial certain items of equipment
had to be made available and techniques
established. Before discussing the ad-
vances in the art that followed commer-
cialization, we shall mention somec of
these items.

Standard Track Position and Width.1®
Agreement between the makers of vari-
able-width and variable-density systems
was rcached in 1928. The reproducing
light spot must cover more than the
extreme width of the clear area of a vari-
able-arca track, with both ends on black
areas, but should fall entirely within the
width of a variable-density track. This
requirement is met with margins of safety,
by recording density tracks 0.100 in.
wide, while the scanning spot is 0.084
in. long. The modulated area of a vari-
able-width track is limited to 0.071 in.
with the black parts extending to the
0.100-in. width. The track center line is
to be 0.243 in. == 0.002 in. from the edge
of the film.

Printers. Continuous contact printers
previously used for pictures only could
be adapted to sound by providing masks
by which light could be confined to
either the picture or the soundtrack area.
Except for certain newsreel negatives,
the sound and picture were on separate
negatives, so that the print film had to be
run through the printer twice. Even
when the sound was on the same nega-

tive as the picture, the offset was not
usually the required 14.5-in. and inde-
pendent light controls were nceded.
Combination printers were soon devel-
oped which were essentially two printers
in cascade, so that the print was com-
plete with one passage through the
machine. 16120

Bloops. The development engincer can
overlook many defects so long as he
knows their cause and that the apparatus
he is testing is not at fault, but before
sound pictures could be shown the public,
these faults had to be corrected. The
noise which a splice makes as it passes
through the scanning beam can be made
almost inaudible by cutting off the light
gradually instead of suddenly. This was
accomplished at first by painting a black
spot with sloping edges over the splice.
Later, black patches which could be
quickly cemented in place where the
splice crosses the sound track were made
available. These are called “bloops.”
They are of trapezoid shape, masking
off the entire sound track for a distance
sufficient safely to cover the splice and
with end slopes designed to change the
light gradually enough to keep the noise
iust below noticeability at normal gain
settings. The design of bloops is dis-
cussed in several papers.!2=13 To prevent
a disturbance due to a printed-through
negative splice, Sponable’®! described
a punch which made a hole in the nega-
tive, resulting in a suitably-shaped black
spot on the print.

Electrical blooping of splices in nega-
tives has come into extensive use. When
a negative splice goes through the printer
an auxiliary light ecxposes (through
the base) a suitable area of the print
film, an edge notch or other means
being employed to control the blooping
light.

Lewin (Apr.1947)!4a describes a system
of silencing splices in re-recording posi-
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tives in which the output is momentarily
suppressed in response to a punched hole.

Blimps.'*® Cameras which were cn-
tirely satisfactory for silent pictures were
much too noisy for making sound
pictures. Much quicter cameras were
developed eventually,?°—128 but for im-
mediate requirements it was necessary
to reduce the noise radiated by existing
cameras by building shells around them
with thick layers of sound-absorbing
material. These were called “blimps,”
or sometimes “bungalows.” To smother
the sound and still give access for the
necessary operations was enough to
tax the skill and ingenuity of the de-
signer. Even with the quieter cameras it
is still common to resort to partial or
complete sound-insulating housing.

Sound Stages. 2313 The requirement of
freedom from noise nccessitated the
building of sound stages in which ex-
trecme measures were taken to exclude
noisc of outside origin. Many of these
had double concrete walls and double
floors, with sound absorbing material
between, the inner walls and floor being
supported on cushion mounts to prevent
transmission of earth tremors. The roof
and ceiling structures were designed on
the same principle.

The high absorption (or short reverber-
ation time) desirable for recording pur-
poses helped control noises originating
inside, but so far as possible all sources
of noise were eliminated. Noisy arc
lights gave way to incandescent or
other quict lamps, and all mechanisms
were made to operate as noiselessly as
possible. Ventilating systems required
extreme measures.

In recording dialogue, the better the
suppression of general room reverbera-
tion, the farther (within limits) from the
action can the microphone be placed,
thus affording more uniform coverage

Fig. 9. Tri-Ergon showing

of filtered sound-sprocket

and overhanging sound-
track.
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and making 1t casicr to keep the micro-
phone out of the field of the camera.
If some echoes are wanted the “set”
can frequently be designed to produce
enough. Artificial reverberation using
echo chambers in the recording channel
or equivalent devices has many applica-
tions.

In contrast to the requirements for
speech, the recording of music calls in
general for rooms with considerable
reverberation 13 ~1%

Theater Acoustical Treatment. 3135 The
acoustical trcatment of auditoriums has
probably received more study than any
other phase of architectural acoustics,
perhaps because the desired characteris-
tics are most difficult to attain. The re-
verberation must be sufficient to make
music pleasing and to help equalize
sound intensity in the various parts of the
space, but must be short enough not
appreciably to impair clarity of specch.
A Tigh order of directivity in the loud-
speakers plus application of absorbent
materials to any large surfaces toward
which they are directed has helped
with this part of the problem.

In general every theater or auditorium,
many of which were built before the
era of sound pictures, presents its own
problems and calls for individual study.
For new theaters there is optimum shape
to consider as well as best distribution
of absorption. The multiple loudspeaker
systems (discussed later) besides making
new effects possible have given the
acoustical designer somewhat more free-
dom.

Booms and Dollies. In order that micro-
phones might be suspended as near the
action as might be wanted but just above
the field of the camera, and in order
that their positions might be readily
changed, microphone booms of various
types came quickly into use. The more
claborate of these were much like
derricks on platforms, with rubber-
tired wheels on which they could be
moved quickly and almost noiselessly.

Similarly, rubber-tired, battery-oper-
ated camera dollies cnabled the camera-
man rapidly and quictly to change the
position or height of his camera.

Equipment of the kind just described
underwent improvements through the
years, but the nain features were avail-
able from the start of coinmercial sound
pictures.

Monitoring and Level Control B*6~13° An-
other line of equipment the essentials of
which were made available as soon as
recording machines, and which has been
improved from time to time, was that pro-
viding for monitoring and level controls
and (especially in re-recording opera-
tions) for adjusting the relative levels
from several sources, or “mixing.” Vol-
ume indicators¥®!! of several types
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were in use in broadcasting stations, and
the design of mixing controls was well
established. )

The man responsible for recording
judged the quality by means of a moni-
toring loudspcaker. He could check
quality as represented by the current
supplicd to the light modulator, or by
means of a photocell, in terms of the
light reaching the film.}:% 4 In the case
of the RCA Photophone system there
was a card on which the modulator pro-
jected a light-spot, the movements of
which showed the amplitude being re-
corded on the sound track.!*

It was for a time held by some that the
monitoring spcaker should be of the same
type as a theater speaker, but high-
quality monitoring speakers of the dircct-
radiator type were soon made available,
and these were much better suited to the
small rooms where the controls were
located. In terms of frequency range
covered, the cabinet-type monitoring
spcakers kept pace with the improve-
ments in theater speakers (see section
on loudspcakers). High-quality head-
phoneshave also found wide use in moni-
toring.1#% 211 Whatever type of listening
device is used, it should obviously be
designed to give the recordist about the
same range and tonal balance that a
theater patron would get.

Screens. Our sense of the direction
from which sounds come is too keen for
us to be fooled by loudspeakers placed
alongside or above the screen. Sound
must come from directly behind the
screen to give a good illusion. This is
one of the lessons that was learned carly.
Screens of the types developed for silent
pictures caused excessive loss and distor-
tion if placed between the loudspeaker
and the audience.

Mention has bcen made of a sound-
transmitting screen developed by E. 1.
Sponable in 1927.° One of the first
papers in the SMPE Journal dealing
with screens for sound pictures was that in
1930 by H. F. Hopkins.* His curves of
measured transmission indicate good
results with screens having perforations
whose total area is 4%, or 5% of the
screen area, and show definite advantage
in a thin (0.013-in.) screen rather than
a thicker (0.030-in.) material. With such
screens the loss of brightness need be
no greater than the proportion of the
area taken out by the holes. Allotment
of about 8%, of the area to holes has been
common, for example about 40 holes
of 0.050-in. diameter per square inch.45

Processing, Variable-Density ¢ In the
story of the work at Western Electric
and Bell Laboratories I said that it was
recognized by Wente and by MacKenzie
that for the correct, or linear, relation
between negative exposure and print
transmission, the product of the negative
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and print gamma* should equal unity.t
This is in accordance with principles set
forth in early SMPE papers by L. A.
Jones®® and by A. C. Hardy.® Since
practice in making pictures had been to
develop the print to a gamma of approxi-
mately two, and both sound and picture
would receive identical development, the
sound negative should be developed to a
gamma of about 0.5 or slightly higher.
Picturc-positive film was used for a
number of years for sound necgatives.
Developers of the types used for picture
negatives tend to give low contrast and
fine grain, and the usc of such develop-
ers helped to give the desired low value
of gamma for the sound negatives.147:118
MacKenzic® gives some information
about the harmonic distortion which
results from departures from the unity
product, and thus gives an indication of
tolerances with respect to development.

With the advent of sound, with its
requirement for more strict contro! of
development, control by use of sensito-
metric test strips, and by specified time,
temperature and developerformulas!? =14
supplanted dependence on visual judg-
ments of operators, where that practice
had prevailed.!®:1% Maintenance of de-
veloper activity received much atten-
tion,155715%8 and stop baths assumed in-
creased importance.}$?-1%® Rack-and-tank
methods, where these had been followed,
gave way to continuous machine proc-
essing 161163

How generally the distinctions be-
tween specular and diffuse density,'® and
between exposure modulation by varying
time (light valve) and varying intensity
(as by glow lamp)!®5 were understood at
first is a question, but these points were
well covered in the literature. The
Eastman Capstaff Densitometer,16¢ which
was developed primarily for measuring
picture negatives for contact printing,
reads diffuse densities. This would be
appropriate for measuring the densities
of sound negatives for use in contact
printers, but not for densities of sound-
track prints, for it is the specularly trans-
mitted light which reaches the photocell
in a reproducer.

The widely used EastmanIIb Sensitom-
eter, brought out about 1932,167 which
gives an accurately standardized series of
test exposures in the form of a step tablet
with exposure time increasing in the
ratio \/ 2 per step, and ranging from
about 0.004 sec to 4 sec, has been of

* Gamma is the slopc of the straight portion of a

curve plotted with density { orlogof —————

k transmission
as ordinates and log exposure as abscissae. This is
known as the Hiirter and Drifficld, or H &
D curve. Gamma product is a measure of overall

contrast as compared with that in the original
exposure.

1 In practice, because of some loss of contrast
due to stray light in optical systems, best results
w_nh pictures had been found with somewhat
higher gamma product.

b

utmost value in maintaining controls.
However, it does not simulate sound-
track recording conditions, where the
intensity is extremely high and the time
for average exposure was approximately
1/18000 sec (1/36000 sec with a later
light-valve system and in present prac-
tice about 1/90000 sec) and still shorter
for low exposures. The 1934 paper by
Jones and Webb'é® gives an indication
of the magnitude of the error. The East-
man Sensitometer on the other hand gives
exposures which approximate sufficiently
well those which a print receives, and
are thus suitable for determining gamma
of contact prints. For many purposes it
has been satisfactory to draw conclusions
by applying correction factors, if needed,
to the readings of these instruments.

In the course of a few years densitom-
eters ecmploying photocells were de-
veloped which had the advantages of
greater accuracy and much faster op-
eration than the Capstaff visual-balance
type.18—172 For exposing sound negatives
for sensitometry purposes, the light valve
itself, with suitable calibration, can be
used. The subject is again discussed
under “Intermodulation Test.”

While the conditions for low distortion
were to keep both ncgative and positive
exposures on the straight parts of the
H & D characteristics, studics reported
in 1931 by D. MacKenzic"?¢ showed that
low distortion was still possible while
using the “toe” range of both films
(“toe recording’) or that of the positive
only (“composite”). Toe recording using
positive stock for the sound negative
might, if the recording-system light was
limited, be preferable to resorting to
faster and coarser-grained recording
stock. In the case of single-film systems
(sound recorded on the picture ncgative)
where the development of both the nega-
tive and positive soundtracks is fixed
by picture requirements, MacKenzie
found that the composite system offered
best promise of low distortion. Both the
toe and composite systems give higher
output than a classical or straight-line
system, but poorer signal-to-noise ratios.

It took a number of years to bring
about the full transformation from the
methods (depending much on visual
judgments) which had been employed
for making silent pictures, to the close
controls and scientific precision needed
for satisfactory and consistent sound.
The constant and close checking of
every element exerted a pressure for
improvement along the whole front,
including the manufacture of the film,
in which departures from uniformity
were quickly detected. The story is inter-
estingly told by J. I. Crabtree® An
early account is given by J. W, Coff-
man.!%

Processing, Variable-Area. Since the
ideal variable-area track is part clear
and part black with a sharp boundary

between, there is no question of preserv-
ing correct shades of gray, but in general
the higher the contrast (or gamma
product) the better. As in the case of
variable-density tracks it must be as-
sumed that the print development will
be that which is wanted for the picture,
and that has been taken in general to
give a gamma of about 2.0. Variable-
area negatives as well as the prints are
processed in high-contrast developers.
The variable-arca system is noncritical
with respect to gamma product but, for
a given positive emulsion and processing,
there is for any given ncgative a best
setting of printer light.

A comprehensive study of available
sound-recording films and their process-
ing was published by Jones and Sand-
vik.'™ Another study was made by
J. A. Maurer.!™ From his curves it ap-
peared that negative densities of 1.3 or
higher were desirable, and the prints
which gave maximum outputs were the
ones having densities (in the dark areas)
about cqual to those of the negatives

from which they were made. This held -

true for negative densities ranging from
0.6 to 1.3 and higher. The maxima
however were very broad.

In November 1931, Dimmick!’s re-
ported the results of a series of deter-
minations of conditions for maximum
output from a 6000-cycle recording, using
Eastman positive 1301 for negatives and
prints, and 4, 6, 8 and 10 min in D-16
developer. The study covered an ade-
quate range of the four variables — nega-
tive (rccording) exposure, negative de-
velopment or gamma, printing exposure
and print development. The results
showed that wide ranges in each
of the variables could be used with com-
paratively small loss of output, but for
any negative there was a print density
at which output was greatest. It made
comparatively small difference (except
ncar the extremes) whether a given
density of either negative or print was
reached with small exposure and longer
development or more exposure and less
development, but in general the maxima
were broader with the higher values
of gamma, especially that of the print.
The two highest gamma values in the
series, 2 and 2.18 of both negative and
print, in general gave best results, with
negative densities (measured in the black
areas) in the range 1.5 to 2, and print
densities a little less in each case than
that of the negative.

While maximum high-frequency out-
put is of less consequence than avoidance
of cross-modulation (which is discussed
in the scction on distortion) it is of in-
terest that recommended practices based
on the test just described come very
close to those found to be best in later
experience and after current testing
methods had become established. The
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cross-modulation test did not come into
general use until 1938.17¢

For a number of years a print density
of 1.4 or slightly higher, with appro-
priatec corresponding negative density,
was taken as a practical objective. As
galvanometers and optical systems were
improved and finer grain films came into
use, the tendency was toward higher
densities for both negatives and prints,
cspecially for the negatives.

Evolution in a Growing Industry

Greatly Expanded Developmental Activi-
ties. The development work prior to com-
mercialization of sound was carried
on largely in laboratories supported by
manufacturers of supplies or equipment,
or in independent laboratories, and it
was done on the basis of hope for re-
turns which might be realized cither
through patent royaltics or through
sales of equipment or both.

Once sound pictures began to be made
and shown, developmental work was on
a different basis. Research and investiga-
tions of numerous incompletely solved
problems took on rather the character of
plowing in profits, with greatly increased
total expenditures for research and par-
ticipation by all the major picture-pro-
ducing organizations.

Of all of the problems, the most fun-
damental and greatest in magnitude was
learning how to use sound pictures, or
the evolution of a new art. This is dis-
cussed by J. E. Abbott.”” The expres-
sion “growing pains” aptly describes the
less successful phase of this evolution.
Capacity for readjustment is one of the
qualities of greatness in individuals and
in organizations, and the motion-picture
industry came through splendidly.

When any industry becomes large,
and especially if its requirements are as
diverse as those of sound pictures, it
provides a market for numerous special-

Fig. 10. Arrangement employed by’
G. L. Dimmick in 1929 galvanometer, for
multiplying the rotation of the mirror.

ties and services. Many of these require-
ments are met by comparatively small
organizations and others by branches of
companies having many other activities
and products. A few such items will
serve to illustrate: special lamps, arc
carbons, screens, cameras, acoustic treat-
ment materials and service, chemicals,
printers, testing equipment and studio
apparatus. Many important improve-
ments and contributions to technical
advances are due to those who develop
and supply such auxiliary equipment.
Mingled with the natural rivalry
between picture producers has been a
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spirit of cooperation and sharing of ex-
pericnce and knowledge which has
greatly accelerated progress. In 1930
this society began issuing the monthly
Journal instead of the quarterly Trans-
actions, an appropriate step to accom-
modate the rapidily expanding litcrature
of sound-picture technology, covering
almost every phase of the making and
showing of motion pictures. The Acad-
emy of Motion Picture Arts and Scicnces
also played an important part in pro-
moting interchange of information. En-
gineers and technicians from the sound-
picture laboratories have reported ex-
periences with various problems related to
processing and controls and to sensitom-
etry, while film and photographic sup-
pliers have spared no efforts to enable
those using their product to get the best
possible results.

So many have been the contributions
to the art and science along these lines,
that I find it quite beyond my ability
to do more than pay this general tribute
and to mention a very few developments
which have seemed to me to be of out-
standing importance. I trust that I
may be forgiven for showing partiality
to the types of development with which
I am most familiar, and also if I un-
justly fail to mention many important
advances.

Some of the Improvements After 1930

Galvanometers for Variable-Area Recording.
The galvanometers used in the first
variable-area recorders supplied by RCA
Photophone were practically standard
oscillograph vibrators, as these had been
built at General Electric. They were
oil-immersed and responded well up to
5000 cycles or above. An improved
smaller model was brought out in 1930,
completely sealed instead of having an
open oil well and with no external ad-
justments, This used molybdenum ribbon
(much stronger than the bronze) and
was tuned to about 6000 cycles.

When recording was started at the
RKO studios in Hollywood, one of the
men from the General Engineering
Laboratory who had had much ex-
perience with oscillographs, F. B. Card,
joined the RKO staff. The RKO en-
gineers soon decided that their sound
would be better if the frequency range
were extended. The ribbons of the os-
cillographs had been of phosphor-bronze.
A small supply of duralumin ribbon was
obtained, and with this Card succceded in
re-stringing the RKO galvanometers,
with sufficient tension to tune them to
nearly 9000 cycles. A thinner damping
fluid was then appropriate, a change
almost necessary to realize the bencfits
of the higher natural frequency.

G. L. Dimmick came to the General
Electric Co. in 1929, and one of his
first projects was the development of a
new galvanometer which was promptly
used in newsreel equipment.1’® He used
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a magnetic driving system of the ba.lancc‘d
rocking armature type and by an ingeni-
ous mechanical arrangement, shown in
Fig. 10, made his mirror rotatc through
about ten times the angle of the arma-
ture. The important advantage of this
galvanometer was that the mirror was
about ten times the area of that of the
previous galvanometers. A few years later
Dimmick designed a new galvanometer
on the same principle (Fig. 11) but
improved in numerous dctails.}2:179:180
This became the RCA Photophone stand-
ard for all photographic recording.
These galvanometers were tuned to about
9000 cycles. Damping was by means of
a block of rubber, the action of which
was analogous to that of the rubber line
of H. C. Harrison,*#? but since it

Fig. 11. Cross section of improved re-
cording galvanometer, G. L. Dimmick.
A—armature; B,B—pole pieces; C,C—
working air gaps; D,D—nonmagnetic
spacers; E—tensioned bronze ribbon,

had to work only at high frequency it
could be of quite small dimensions.
Dimmick found that he could increase
the effectiveness of such damping blocks
by incorporating tungsten powder in
the rubber to increase its density (Fig. 12).

Further improvements in the galva-
nometer were reported by Dimmick in
July 194728 By the substitution of
better magnetic materials he was able to

* See June Journal, p. 296, third col.

DAMPING LINE

Fig. 12. Construction of RCA record-
ing galvanometer (shown in section in
Fig. 11).
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reduce hysteresis almost to zero, to
increase the sensitivity, and to avoid
a slight saturation effect which had
been present in the previous design.

A More Efficient and Versatile Optical
System. In order that the galvanometer
in onc of our experimental optical systems
might be closer to the slit, and thus
send morc light through it, I arranged
a galvanometer to work on its side, so
that it would move the light spot up and
down across, instead of parallel to,
the slit. I used a light spot with a sloping
cdge at an acute angle such that
the change from zero to full-length slit
illumination was accomplished with a
movement equal to only onc-fourth of
the slit length.*!8 Dimmick improved
on this by making the light spot sym-
metrical with respect to middle of the
slit, and having two sloping edges (sec
Fig. 13, and in Fig. 14 compare C with
B). An advantage of the transverse-
movement system was that it became
very simple, by changing the masks
which were imaged on the slit, to pro-
duce a variety of tracks which had their
special applications,142:180,183.184

The combination of larger mirror
and reduced distance between galvanom-
eter and slit practically eliminated the
diffraction trouble that had, with the
small mirrors, impaired the formation
of clean, sharp, high-contrast images at
the plane of the slit.

Ground-Noise Reduction—G N R .18
Scratches and dirt on film and graininess
of emulsion cause a background noise
which is particularly conspicuous when
the modulation is low. The noise is
reduced by reducing the transmitted
light. At the same time, for a given modu-
lation level there is no need for the
average transmission to be more than
about half the maximum. The noise
may thus be reduced when the reduction
is most needed, by decreasing the average
light .when the level of the recorded
sound is low. This can be accomplished
by biasing the light modulator toward
zero, and then using a current derived
by rectifying some of the modulation
current to increase the mean light trans-
mission when this is needed. The reduced
transmission when the modulation is
low means a darker track in a variable-
f:lensity system, or a narrower clear area
in a variable-area system, and in either
case the noise is reduced. The early
patent on this idea was to E. Gerlach.1%
This was assigned to Siemens & Halske,
but to the best of my knowledge it

* All galvanometers haye practical limits to the
angle through which they can swing the light
bea{n: And the required light spot movement sets
a minimum to the distance betwcen galvanometer
and slit. The light which a galvanometer can
send through the slit is proportional to the mirror
area and the inverse square of its distance from

the slit, up to the point ‘hi iecti
lens is “Blied point at which the objective
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Fig. 13. Variable-area recording optical system. (Lens B images A on slit-plate D.)

occurred independently to L. T. Robin-
son in Schenectady and C. R. Hanna
at Westinghouse,'” and a system appli-
cable to light valves was developed at
Bell Laboratories.!® The first trials at
Schenectady with variable-area tracks
did not indicate an impressively large
reduction of noise, and there was an
objection (in the case of the carlicr,
unilateral, variable-area tracks) in that
the bias threw all of the low-level modu-
lation over to one edge of the track,
where many reproducing light beams
were of reduced intensity. The project
was revived by Hugh McDowell of RKO
who got around the objection by screen-
ing off the surplus light by means of a
shutter instead of biasing the galvanom-
cter.® This method and the results
obtained were reported to the Academy
of Motion Picture Arts and Sciences by
Townsend, McDowell and Clark in
1930.1%¢ Thereafter a commercial form
of shutter was designed!! and ground-
noise reduction became standard in the
RCA system (Fig. 15).

With the introduction slightly later of
the symmetrical track, the objection
just mentioned to depending on galva-
nometer bias instead of a shutter no
longer applied, but there was still some
danger of saturating the galvanometer.
Therefore a double-vane shutter was
developed to mask down the light from
both sides.1%

The Bell Laboratories system is de-
scribed by Silent and Frayne.!®® In the
variable-density system there is no ob-
jection to accomplishing the result by
biasing the valve.

In case of a sudden increase in modu-
lation level the rectified current would
change so rapidly as to cause an audible
sound. The current for the shutter or for
bias is therefore passed through a filter
which reduces the rate of change.

Limiting the spced with which the
average light can increasc means some
clipping of the first few modulation
peaks.

The light valve is a very low imped-
ance device, and since the bias current
may have to be sustained for consider-
able periods of time transformers cannot
be used for impedance match coupling
to the output tube of the ground-noise
reduction amplifier. In the system
most widely used with light valves the
modulation current is rectified, passed
through the timing filter, and used to
modulate a 20,000-cycle oscillator, the
output of which is amplified and recti-

DIRECTION OF MOTION
/ RECORDING N

NEC

PRINTER

/LICH\'\

fied for supply to the valve. The design
of the timing filter is much simpler when it
can opcrate at interstage impedance.1%?
As compared with variable-area, the
variable-density system is characterized
by ground noise which is less in the
nature of “ticks” and “pops” and more a
continuous hiss. Another difference is
that in the density system the noise falls
more rapidly with reduced light trans-
mission, so that a given amount of noise
reduction is obtained with a smaller
change in transmission. The con-
tinuous hiss type of noise is especially
noticeable if it comes and goes, which
changing bias causes it to do. This is
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Fig. 14. Various types of area soundtracks, and light-spot shapes which produce
them.

Fig. 15. Soundtrack produced by McDowell ground-noise reduction shutter.
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often called the “hush-hush” effect, and
becomes noticeable if the valve opening
does not immediately fall when the
modulation drops to a low level. At
the same time the fact that smaller
changes in transmission suffice to control
the ground noise makes it possible to
change transmission (or bias) more
quickly without causing ‘‘thump.” The
filters for density systems are therefore
designed for much faster timing than
those of area systems, particularly in
closing down when modulation falls.
While clipping of initial modulation
peaks is a less serious problem in density
than in area recording (because of
faster opening and larger margin)
engineers working with both systems
have given much study to minimizing
such clipping. Increased margin will
decrease the frequency of occurrence of
clipping, but this would be at the price
of more noise. In all systems, opening
(increasing light) is about as fast as it
can be made without becoming audible,
while the closing is much slower so that
very brief reductions in level will not
produce incessant closing and opening.!%

A nonlinear characteristic has been
given to RCA ground-noise reduction
amplifiers, which causes the opening, as a
function of modulation amplitude, to
rise more steeply at first and then more
slowly.185 Relatively low-level modula-
tion is then sufficient to cause an increase
in margin and thus reduce subsequent
clipping. It is when the modulation is
nearly zero that close margin is urgent.

Certain characteristics of speech sounds
have an important bearing on the design
of ground-noise reduction systems. The
positive pressure peaks are higher than
the negative, and it is important to
maintain correct polarity from micro-
phone to valve, or to shutter and galva-
nometer.12:1%6 R. O. Drew and I made
an investigation to determine how often
speech sounds build up rapidly.!®
Instances in which maximum amplitude
was reached in less than three or four
waves (voice fundamental) were sur-
prisingly rare.

The ideal solution to the problem of
avoiding initial clipping would be to
anticipate increascs in sound level. This
is discussed by J. G. Frayne.1*?

Anticipation by usec of a second
microphone was used experimentally in
the stercophonic system described in the
October 1941 Journal (p. 351) for
operation of the compressor.3s A system
employing a 14-msec clectrical delay
network is described (March 1950)
by Whitney and Thatcher.!

When reported it had been in use for
over a year by Sound Services Inc. with
very favorable results. Besides reduced
clipping, advantage was taken of the
system to increase ground-noise reduc-
tion in density recordings by 5 db, and in
area recordings to work with a bias liner
only 1 to 1% mils wide. A low-distortion -
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network good to 8000 cycles necessarily
cmploys many sections (several hundrcd)..
Cost is probably the reason that this
expedient has not been widely employced.
A direct-positive variable-area recording
system with the anticipation cffect
provided by mcans of an auxiliary
exposurc was designed and demon-
strated by Dimmick and Blaney and
has been used in the Warners’ studios.!?
In the re-recording operation anticipa-
tion should be a simple matter, involving
only a double reproducing system (with
scanning points a fraction of an inch
apart) with scparatc amplificrs.* Mucller
and Groves (June 1949)2° mention usc
of this system at Warners. I understand
however that little advantage has been
taken of this possibility, presumably on
account of costs. The explanation is
probably that when initial clipping
occurs in a well adjusted re-recording
system, there was probably also some
at the same spots in the original recording
and the possible gain from anticipation
in the re-recording opecration is hard to
detcct. If clipping, in systems using
ground-noise reduction, causes an ap-
preciable impairment to sound quality,
the ideal solution is to use for original
recording a system whose ground noise
is inherently so low that it needs no such
expedient, and then introduce the
ground-noise reduction when re-record-
ing to the photographic tracks. Similar
considerations apply to the use of com-
pressors. Among the systems which in
more or less measure meet this specifi-
cation are Class B arca recording, wide-
track push-pull (with fine-grain film and
fast-acting noise reduction) direct posi-
tives with the auxiliary exposing light,!®
and direct-playback disks. A real answer
to this problem scems to have come in

the recent adoption of magnetic record-
ing. t 70,3238

~ Pre- and Post-Equalization. The prac-
tice of clectrically exaggerating the high-
frequency components in recording, as
compared with the low-frequency com-
ponents, in order to compensate for
inevitable losses, began carly in the
recording of sound. Studies of the dis-
tribution of energy in program material
had indicated that this could be done
without resulting in overloads in the
high-frequency end of the scale. A
large amount of high-frequency pre-
emphasis had been employed in cutting
transcription disk records. In film
records as well as disk records, ground
noisc can be made less noticeable by
decreasing the gain at high frequency.
Therefore, in addition to such relative

* In a set-up for mixing numerous sounds, it
would for practical purposes be sufficient to equip
only the dialogue film-phonograph with double
scanner and amplifier.

+ Some experimenting has been done with a dou-
ble magnetic pickup for anticipation. Cross-talk
between the two heads was a problem. The diffi-

- culties will undoubtedly soon be worked out.
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attenuation of high-frequency sounds
as was caused by the imperfections of
reproducing systems and loudspeakers,
the practice became prevalent of produc-
ing a drooping characteristic in the
clectrical circuits.

In order that all films might have good
balance in all thcaters, a committee of
the Academy of Motion Picture Arts
and Sciences made recommendations for
a standard reproducing characteristic.*®!
With such a standard adopted, the
producers of sound pictures would have
incentive to use recording characteristics
which would give good balance when
their films were played in a theater with
the typical or standard reproducing
characteristic.

The problem is discussed by J. K.
Hilliard??2% and by Morgan and
Loye.20

Better Lamps. Among the lamps used
in the late 1920’s for recording were some
of the ribbon-filament type. These were
ideal from the standpoint of uniformity,
but required an inconveniently large
current (18 amp) and did not have as
long life at a given temperature as was
obtainable with lamps of the helical-
filament type. A scries of lamps for sound
recording and reproduction was made
available by the lamp companics. The
filaments were close-wound helices, of
relatively heavy tungsten wire, and to
permit operation at high temperatures
with satisfactory life, the pressure of the
inert gas (argon) with which the bulbs
were filled was increased above that
cmployed in lamps from which less
intensity was required.

In the series of lamps described by
F. E. Carlson of General Electric in
193925 the recording lamps were rated
as operating at above 3100 K (color
temperature) which is several hundred
degrees higher than that of common
incandescent lamps. Somewhat later,
krypton-filled lamps were introduced,
permitting still higher temperatures.
The krypton, being heavier, more effec-
tively retards evaporation of tungsten.
(See the section on basic inventions.)

'I:hc light from a helical filament
varies somewhat, depending on the angle
from which the lamp is viewed. At the
suggestion of L. T. Sachtleben of RCA,
the helix of the lamp used in the variable-
area recordings was curved, the convex
side being presented toward the lenses.
The helix with the curved axis gives
definitely better uniformity, 183,205, 205e

Irpprouemenl: in Light-Valves and Density
Optical Systems. In June 1932 Shea,
Herriott and Goehner®t described the
d'cvclopmcnt of improved duralumin
ribbon (stronger and with straighter
edges) and better methods of adjusting
and anchoring the ribbons at the ends
of the free span. The new anchoring
system practically eliminated the fric-

-
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tional hysteresis which had been found
in the carlier design, thus reducing
waveform distortion and making for
greater stability. Stability became in-
creasingly important as the mean spacing
between the two ribbons in the valve
was reduced. The ground-noise reduc-
tion system called for reducing the ribbon
spacing when the modulation was low,
and when it was found possible in view
of required exposures to reduce the
unbiased spacing from 0.002 in. to
0.001 in. this was done, while still
kecping the optical reduction from valve
to film at 2:1.

At high frequency and high modula-
tion, the images of the ribbon edges move
with velocities comparable with the speed
of film travel. This results in a waveshape
distortion which would convert a sine
wave into a saw-tooth wave. Iortu-
nately such a combination of high fre-
quency and amplitude is not often en-
countered in program material, and the
harmonics generated would probably not
be reproduced, nor noticed if they were.
However, it is desirable to minimize
this “‘ribbon-velocity” distortion, and
the reduced slit width helps in that
respect and also in giving better resolu-
tion or high-frequency response.

In order that harmful effects (harm
to sound quality if not to the ribbons
themsclves) might not result when the
modulation current drives the ribbons to
the point of touching or hitting cach
other (light-valve ‘‘clash”) light valves
have been built with the ribbons slightly
offset, or in two planes.?%” There appears
to have been difference of opinion about
the necessity of this precaution. It
should be remembered that in a density
system the downward light modulation
normally stops considerably short of
zero, to avoid photographic nonlincarity.
In other words touching of the ribbons
would represent considerable overload.
The two-plane design of valve has be-
come generally standard for variable-
density recording.

The optics of light-valve recording
systems?” have been modified by the
addition of a small horizontal cylindrical
lens close to the film, which results in
greater optical reduction between valve
and film and therefore a narrower image
(0.0002 in.). This makes for improved
high-frequency recording and for further
reduction of ribbon-velocity distortion.
One of the factors which has made the
narrower image possible without sacri-
ficing exposure is that new lamps of
higher intensity have become available.

Light-valve optics have been adapted
to making variable-area tracks, for ex-
ample as used in the stercophonic system
described in 1941.2% The valve is turned
with the ribbons vertical, or parallel to
direction of film travel. The lens system,
which employs cylinders, magnifics the
ribbon motion ten to one. This means
that the lens must be close to the ribbons,

hence with little depth of focus. There-
fore in this application the ribbons are
in the same plane, and an electrical
current-limiting  expedient  prevents
clash.®®

A strong magnetic field is advan-
tagcous for the sake of sensitivity and
damping. In the design described by
Wente and Biddulph®™ an air gap flux
density of 32,000 gauss is attained, an
achicvement which testifies to the
excellence of the permanent magnet
materials and the high flux capacity of
the pole-piece material. There is some
further discussion of light valves in the
scction on variable density vs. variable
arca.

Microphones. While condenser micro-
phones had excellent characteristics
they were more expensive and required
more servicing than magnetic micro-
phones, and it was practically necessary
to provide a stage of amplification close
to the microphone. On the other hand,
the clectrical impedance of a magnctic
microphone is such that a transformer
may be used if wanted, and the output
transmitted at a convenient impedance.
A magnetic microphone of the flexibly
mounted rigid-diaphram, moving-coil
type is described by Jones and Giles in
December 1931.%0.211 It is & pressure-
type (rather than velocity or pressure-
gradicnt) microphone. Damping is ob-
tained by flow of air when the diaphram
vibrates, back and forth between two
cavities, through passages which are of
such small dimensions as to make air
viscosity effective in dissipating energy.

In June 1931 H. F. Olson described
the velocity microphone,?? consisting of
a ribbon of very thin aluminum (0.0001
in.) in a magnetic field between pole
pieces which are adjacent to the edges of
the ribbon, so that when the ribbon
moves in a direction normal to its surface
a voltage is induced in the ribbon.
A transformer is used to step up this
voltage, which is then applicd to the
grid of an amplifier tube. Transverse
corrugations are formed in the ribbon,
which prevent it from curling and give it
lengthwisc flexibility. It is mounted under
only such tension as is needed to keep it
between the pole picces. Olson shows
that theoretically such a microphone
should give uniform frequency response,
and that it should have a polar direc-
tivity curve like a figure 8 (cosine law),
the directivity being the same through-
out the frequency range. Experimental
results are also given confirming the
theory. The velocity of movement of
the ribbon is proportional to the velocity
of air movement, so that it is often called
a “‘velocity microphone.”

Since a microphone of this type
responds less and less as the direction of
the sound departs from normal, it picks
up much less reverberation (random
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in dircction) than a nondirectional
microphone having the same sensitivity
for sound of normal incidence. The ratio
of direct to reverberant sound in many
cases scts the limit to how far from the
source the microphone can be placed,
and under such circumstances a ribbon
microphone can get satisfactory pickup
some 70% farther from the source than
a nondirectional microphone, such as
one of the pressure type.”3 Advantage has
been taken of the directional character-
istics of the ribbon microphone to exclude
certain sounds or disturbances (for
example camera noise), for it is deaf to
sounds originating in the planc of the
ribbon.

If the output of a pressure microphone
is combined in correct phase and amount
with that of a velocity microphone, the
combination becomes unidirectional, hav-
ing a cardioid-shaped directivity curve.
It has a dead-spot 180° from the dircc-
tion of maximum sensitivity. The forward
directivity is much less sharp than that
of a velocity microphone, and such a
unidirectional microphone is better suited
for picking up sound over a wide angle,
as for example from a large orchestra.
The cardioid directivity pattern has the
same advantage as the figure 8 pattern
in picking up less noise from random
directions than a nondirectional micro-
phone.

Before making a unidirectional micro-
phone, Olson worked out an arrange-
ment for converting a velocity micro-
phone into a pressure microphone. He
placed close bchind the ribbon a com-
bination shield and absorber consisting
of an open-ended tube of the same
cross-sectional area as the active area of
ribbon. He distributed through the tube
tufts of absorbent fiber. The length of the
tube was made sufficient to dissipate
wave energy. The impedance of the
mouth of the tube then becomes equal
to that of so much free air (to plane
waves) but air in which there is no other
sound to react on the ribbon. The ribbon
is then actuated only by the pressure on
the exposed side.?*

Having successfully made this con-
version, Olson applied the same treat-
ment to only one half of the length of the
ribbon, leaving the other half to act as a
bidirectional velocity microphone, and
the combination has the cardioid direc-
tional characteristics.?®

Bell Laboratory engincers also de-
veloped bidirectional or velocity micro-
phones, and unidirectional types, but
differing from the Olson type in employ-
ing a second microphone more nearly
like their standard pressure microphone.
The unit and its applications were dis-
cussed by Marshall and Harry in Sep-
tember 1939.%16

All studios use directional microphones
for situations where the maximum ratio
of direct to random sound is wanted.
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Loudspeakers* 3,22

Single Range Loudspeakers. For several
years after the industry had adopted
sound the theater loudspeakers were of the
kinds already mentioned, (1) the direc-
tional baffle-type, using a coil-driven
cone, much like those used in direct
radiator speakers, with a short, straight-
axis exponential horn of large throat
area, and (2) those using long exponen-
tial horns*7:21® with small throats, and
coil-driven metal diaphragms. In view
of their length the horns were coiled or
otherwise bent to a form which took up
less space.

Multi-Range Loudspeakers and Improved
Single-Range Speakers. The idea of provid-
ing separate devices to radiate high and
low frequencies is undoubtedly of early
origin. When practically all radiators had
strong fundamental resonances, the
double or triple unit could spread the
range of reasonably high response over a
wider frequency band. With the advent
of coil-driven, untuned diaphragms,
resort to separate radiators was a measure
for improving efficiency, in that the
design did not have to be a compromise
between what was best for low and for
high frequencies. A triple-horn speaker
designed with special consideration to
efficiency and load capacity was ad-
vocated and demonstrated by C. R.
Hanna of Westinghouse in 1927,21

However theater speakers of the single-
unit type were so far improved (by the
coil-driven unit of Wente and Thuras in
1926,%7 and by the adoption of directive
baffles for the GE-RCA cone-type
speakers in 1929) that they handled
quite well the frequency range then
obtainable from film or disk.

As recording improved, the benefits
from extending the loudspeaker range
became more noticeable. After various
improvements in the recording system
including the new galvanometer, the
symmetrical track, ground-noise reduc-
tion (by galvanometer bias), ribbon
microphone for sound pickup, and a
film-phonograph using the magnetic
drive, Dimmick and Belar gave a
demonstration of extended frequency
range at the SMPE 1932 Spring Con-
vention.!” They did not resort to two-
way (divided-range) speakers, for the
straight-axis, directional baffle units,
which had 6-in. cone diaphragms with
aluminum voice-coils, had good re-
sponse even at 10,000 cycles. The range
was extended downward (to 60 cycles)
by using slow expansion exponential
horns (of the large-throat or directional-
baffle type) 10 ft long, with mouth
openings 75 in. square.

Multi-Range Speakers of Bell Telephone
Laboratories. A divided-range speaker
system was used by H. A. Frederick in
the demonstrations of vertically cut disk
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records in the fall of 1931.2° The high-

frequency units were of the type de-

scribed by Bostwick in the October 1930
* Journal of the Acoustical Society of America,

‘and in the May 1931 SMPE Journal ®!

These were equipped with small horns

better to load the diaphragms. The low-

frequency units were of the direct-

radiator or flat-baffle type, using (as I

recall it) approximately 12-in. diameter

dynamic conc units,? a number of units
being distributed over a large baffle.

A curve indicates a responsc within

=5 db from 50 to 10,000 cycles.

A triple-range system is described by
Flannagan, Wolf and Joncs,*® whose
review of the development of theater
loudspeakers is comprchensive and of
much interest. The system is also dis-
cussed by Maxfield and Flannagan in the
January 1936 Journal.*?s The mid-range
units were cssentially like the previous
single-range speakers, using the Western
Electric No. 555 driver units. The
radiators for the high-frequency range
(3,000-13,000) were the same as used
in the Frederick demonstrations. The
authors state that for the range below
300 cycles large coil-driven conical
diaphragms in a large flat bafflc gave
better results than designs using horns.

In April 1933 the Bell Telephone
Laboratories gave a demonstration of
reproduction of orchestra music in
“auditory perspective,”2>** the orchestra
being in Philadelphia and the reproduc-
tion in Constitution Hall in Washington,
D.C. Three microphones picked up the
music at three well-separated positions,
and at the other end the independently
transmitted and amplified currents were
supplied to three correspondingly placed
loudspeakers.

In this demonstration no recording
and reproduction entered to affect
frequency range, and it was essential for
the purpose to provide abundant sound
power and frequency range. A dual-
range system was decided on.

The low-frequency unit was designed
to work from 40 to 300 cycles, and con-
sisted in a large-diaphragm, moving-coil
unit, working into the 8-in. diameter
throat of a horn which expanded expo-
nentially to a mouth 60 in. square in a
total length of approximately 10 ft.

The high-frequency driver unit, which
covers the range 300 to 13,000 cycles is
shown in cross section as Fig. 10 in the
Flannagan, Wolf and Jones paper.22
Particular attention is given in the
design to the air space and passageways
leading from the diaphragm surface into
the horn or group of horns.

If a single straight-axis exponential
horn is used, the tones of highest fre-
quency are radiated in a direction close
to the axis, while those of lower fre-
quency are spread through much larger
angles. This defect is avoided by dividing
the total cross section of the passage into
a number of smaller passages each of
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which is a small exponential horn.
In this case there were sixtcen horns for
cach driver. These arc nested with their
mouths adjacent and with their axes
pointed in different directions to cover a
total angle of about 30° vertically and
horizontally. Since the horns are of
cqual length, the waves, whatever their
frequency, unite at the ends of the horns
to form a practically continuous spherical
front, which is the condition for uniform
distribution throughout the 30° angle.
Two of these 16-horn nests were placed
side by side to give the desired total of
60° horizontal coverage.

First Commercial RCA Two-Way Theater
Speakers. In the RCA line of theater
equipment a dual-range loudspeaker
system was briefly described by J.
Frank, Jr., at the 1935 fall meeting.=*
The speakers demonstrated by Dimmick
and Belar, in 1932, using 6-in. cone
diaphragms with aluminum voice coils,
and 10-ft horns, were not scriously
lacking in frequency range and were
used in a number of deluxe installations,
but they had two drawbacks. There
were many theaters without sufficient
room to install the long straight axis
horns, and in addition, the high-fre-
quency sound components were not well
distributed. When a wave front reaches
a point in an exponential horn at which
the dimensions of the passageway are
about a wavelength, its ultimate angle of
spread will not greatly exceed the angle
between the walls at that place. From
this consideration it follows that a rapid
flare horn would distribute the high-
frequency sounds through considerably
larger angles. Morcover with short rapid-
flare horns, it is not impractical to mul-
tiply the number of units and thereby
further control the sound distribution. In
the theater speaker described by Frank,
there were three high-frequency horns di-
vc‘rging indirection, the driver units being
6-in. cones with aluminum voice-coils.
These units were rated to operate effec-
tively from 125 to 8,000 cycles, and a
separate folded horn umit took care of
sounds in the 40 to 125 cycle range.

.Onc of the practical advantages of a
f:hrcct-radiator (flat baffle) loudspeaker
is the small space it requires. However a
horn makes it possible to radiate more
sqund from a given-sized diaphragm
without increasing the amplitude of
motion, ang is therefore desirable for
Increasing the sound output capacity.
It. als'o affords some cct)l:ltrol gf ttg;
direction of radiation. But to radiate low
frcq‘ucncics the rate of expansion (ratio
ot: Increase in cross scction per unit
dlsfancc along axis) must be small,
which for a given total ratio of expansion
means length, One way to provide a
l°niof passageway without requiring ex-
cessive depth of space back of the screen
;: to coil up the horn, Drawings of coiled

orns are shown in ref, 1, P. 298, and on

p. 251 of the March 1937 Journal. The
bending of large sound passageways is
objectionable. Instcad of expanding
continuously as in the ideal horn, short
waves suffer repeated reflections by the
walls, causing somec irregularities in the
response and making the direction of
radiation of high-frequency sounds rather
unpredictable. * On the other hand if the
horn is to handle only low-frequency
sounds, the shapes of the bends arc not at
all critical, and the condition is casily
fulfilled that the difference between the
shortest and longest paths around a
bend is a small fraction of a wavelength.

In a common form of low-frequency
horn (in the sense of an approximately
exponentially expanding passageway) the
driver unit (or units) is at the middle of
the back of a box-shaped space, and the
passage is forward for a short distance,
dividing and forming two passages which
turn back and then forward and expand
to form a pair of large adjacent rectangu-
lar openings, which together form the
mouth of the horn. This roughly de-
scribes the low-frequency unit of the
theater speaker system reported by
Frank, the drivers in that case being a
pair of 8-in. coil-driven cones.

Shearer  System2® In 1936 Douglas
Shearer, sound director for M-G-M,
gave demonstrations of improved sound,
using loudspeakers described by J. K.
Hilliard in the July 1936 Journal.
The high-frequency radiators in this
system were similar in many respects to
those used for the Auditory Perspective
demonstrations (sce figure in Hilliard
paper). The frequency range to be
covered was 50 to 8000 cycles, and the
division or cross-over was at 250 cycles.

The low-frequency unit was a folded
horn, with four 15-in. cones in a vertical
column. For simplicity of construction
the expansion was all in the horizontal
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Fig. 16. Horizontal cross-section
showing sound passages of folded low-
frequency horn.

plane, accomplished by suitably ar-
ranged vertical partitions. The horn
cross section was divided into two expand-
ing passageways, whose final openings
together form a 68-in. square (Fig. 16).
This was surrounded by a flat baffle 10
X 12 ft, to reduce end reflections and
improve the loading of the units. The
mean length of each passageway was
40 in. (very short as low-frequency horn
designs go), nor was the cxpansion
ratio large, the throat arca being
sufficient to accommodate the four 15-in.
cones.

* This cffcct can be largely reduced by careful
design of re-entrant (zig-zag passage) horns.

A nest of high-frequency horns, similar
to that used for the Auditory Perspective
demonstrations, three high by six hori-
zontally, covered a horizontal angle of
about 100°. With the lengths of the high-
and low-frequency horns nearly the
same, there would be little time differ-
ence in the arrival of the sounds at the
plane of the mouths, thus simplifying the
avoidance of a “phasing” error which
has been found to have detrimental
effects with transients. However, in all
divided-range speaker systems the best
relative positions of the high- and low-
frequency units have been determined
by careful trials. This problem of
“phasing” is discussed by Maxfield and
Flannagan,??* by Hilliard®® and others.
It appears to be not wholly a question
of minimizing the mean time difference,
although thatisa part of it.

In all divided-range spcaker systems,
dividing networks®” have becn used to
separate the high- and low-frequency
portions of the amplifier output and
direct each to the appropriate speaker
units. The networks consist in general of
simple filter scctions, and their design
has received much study.

Commercial Two-Way Systems. Com-
mercial models of dual-range or “‘two-
way” theater speakers were brought out
in 1936, employing the multicell high-
frequency horn system, and low-fre-
quency units much like those described
by Hilliard. The high-frequency driver
units of the RCA system differed from
the ERPI and Lansing designs in that
the diaphragms were of molded phenolic
instead of aluminum. This resulted in a
more rugged, if less sensitive, device. The
reduced sensitivity and greater ‘“‘roll
off,” or falling off at high frequency, can
be readily compensated electrically, and
do not mean any serious increase in
amplifier output power, because the
high-frequency components of the sound
represent only a small part of the total
sound power.

The ERPI “Diphonic” speaker system
is described in the Flannagan, Wolf and
Jones paper.??

The description by Hilliard of the
Shearer low-frequency unit may be
taken as in general typical of the com-
mercial speakers of 1936-7.

Divided channel or ‘two-way”
speakers came into wide use during the
several years following 1936.

In some later designs of low-frequency
units, the sound passageway was not
folded, and consisted only of a short
flaring connection between the driver
units (which presented a large total
radiating surface) and the large opening
in the flat baffle.* It is of interest that
the evolution of low-frequency sound
sources has been toward a closer resem-
blance to the cone and baffle speakers of
1925, but greatly magnified in size, and
with some “directive baffle’” effect better
to control sound distribution.
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Higher crossover frequencics than the
250-cycle point of the Shearer system
have prevailed, 400 cycles being t.hc
choice in many of the postwar units.
In 1948 Hopkins and Keith®® described
the design of a two-way theater speaker
in which the crossover had been raised
to 800 cycles, obscrvations having been
made that the irregularities which are
apt to occur at the crossover frequency
are less prejudicial if the crossover is
above the frequency range of maximum
energy (250 to 500 cycles for orchestra
music).

A photograph of a loudspeaker de-
signed to use with “Cinerama” is shown
in the May 1954 SMPTE ProgressReport,
p. 343. This is more or less typical of recent
practice. The horn (or directive baffle
expansion passage) of the low-frequency
units as well as that of the high-frequency
unit is designed to give exponential ex-
pansion of the total cross section by side
walls which are radial, the floor and ceil-
ing of each passage being curved to com-
pensate. The reflex, phase-inversion
principle (mentioned under “Monitoring
Speakers”) is employed to utilize radia-

tion from the backs of the diaphragms,
for the cxtreme bass. Note in the illus-
tration the outlet slots on ecither side of
the horn mouth.

Alternatives to Multicellular Horns. A
somewhat simpler way of achieving the
directive characteristic for which the
multicellular high-frequency horns were
designed has been developed in the post~
war period by RCA and others. Horns
are used with linear expansion in the
horizontal plane (i.e. walls radial with
respect to the throat), while in the
vertical plane the rate of expansion
is such as to bring the total expansion of
the cross section to an exponential

relation.

Another expedient for gaining the
desired spread of high-frequency sounds
was described by Frayne and Locanthi
at the May 1954 convention of this
Society.?® If the waves issuing from a
straight-axis exponential horn can be
made to assume a spherical instead of
nearly flat front, they will spread as
desired. An acoustic equivalent of a
concave optical lens is placed in the
mouth of the horn, in order to retard
the off-axis parts of the waves relative to
the central part. The reduced velocity
of propagation is achieved by means of a
series of closely-spaced perforated sheet-
metal baffles, the number of layers
being progressively greater toward the
edges. This system was reported to have

* This would raise the “cutoff” frequency of the
horn, but where the total expansion ratio is
comparatively small that is not necessarily very
significant. Below its “cutoff’ frequency, an
exponential horn does not impede sound trans-
mission. It merely fails to multiply the volume
displacement as it does above cutoff.
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given smoother distribution than the
multicell horns.

Monitoring Loudspeakers.A:»%2% Wider-
rangc monitoring speakers kept pace
with theater spcakers. While a single
conical diaphragm can be designed so
that the center portion radiates high
frequencies and the outer arca radiates
low frequencies, best results have been
obtained by using scparatc diaphragms
and separate voice coils, or in other
words resorting to the dual-range system.
The upper- and lower-range units may be
adjacent or concentric. In the latter case
the low-frequency diaphragm becomes a
directive bafflc for the high-frequency
radiator.

Permissible cabinet size tends to set

the lower limit of the frequency range,
air reaction on the back of the diaphragm
creating the problem if the back is
enclosed, or inadequate baffling if an
open-back cabinet is used. In order to
utilize the radiation from the back of the
low-frequency diaphragm, a second
opening is often provided (for example
below the diaphragm) and the space in
the cabinet used to provide a folded
horn between the diaphragm and the
opening, or elsc to serve as a simple
chamber which acts in conjunction with
the inertia reactance of the air at the
second opening as a phase inverter.
This does not greatly augment the low-
frequency output except near the reso-
nance, set by the elastic reactance of the
cavity and the inertia reactance of the
combination of openings (one with the
diaphram and one without). Sound-
absorbing material is often used in the
cabinet to reduce the magnitude of other
resonances. If the horn-type back-wave
system is used, its augmentation of output
is limited at the lower end when the
phase shift through the horn becomes
less than about a quarter cycle, and at
the upper end by the fact that it is
deliberately designed to have a low-pass
filter characteristic.

Developments Which Extended
the Frequency Range

Better Light-Modulating System for Vari-
able Area. Mention was made in the
section on loudspeakers of a demonstra-
tion by Dimmick and Belar'?? of sound
with extended frequency range. Aside
from the improved loudspeakers and the
ribbon microphone (whose response was
practically uniformn from 60 to 10,000
cycles) there were a number of advances
that contributed to the result. The new

* The special film-phonograph used in the
demonstrations was a prototype of those used in
the Disney [antasia reproduction (sce Fig. 7, p.
136, Jour. SMPE, Aug. 1941). The film was
pulled by the magnetically driven drum over a
curved supporting plate where the tracks were
scanned, and was steadicd at the other end of the
plate by another drum with flywheel, This was
an anticipation of the double flywheel system
now used with magnetic tape and film.
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galvanomcter and optical system made
so much more light available that it was
' feasible to reduce the width of the
recording beam to 4 mil, thus improving
resolution. No small factor in giving clean
high frequencics is avoidance of flutter,
particularly rapid flutter such as 96
cycles. In the demonstrations, both
recording and reproduction were on
magnetic-drive machines.* (The rotary
stabilizer was not yet available.)
Ground-noise reduction was by gal-
vanometer bias with a single narrow
line of transparent film when the modula-
tion was zero, and it is my recollection
that a measurement indicated a ratio
better than 50 db between signal at full
modulation and the ground noise when
biased for zero modulation.

Nonslip Printer and Improved Sprocket-
Type Printers. With the sprocket-type
contact printers in almost universal use,
a certain amount of slipping of the nega-
tive with respect to the print film is almost
inevitable. The curvature at the sprocket
compensates for a certain negative shrink-
age at which the ratio of radii of the
shrunk negative and unshrunk print stock
is just equal to the ratio of their lengths.

April 8, 1930.

A V BEDFORD

The sprocket diameter is designed tomake
this compensation correct for an average
negative shrinkage, but it will be only ap-
proximate for negatives whose shrinkage
differs from this assumed average. By me-
chanically stretching whichever film is
shorter, two films can be moved together
through an appreciable distance in per-
fect nonslipping contact. A printing sys-
tem in which this was done was developed
by the Technicolor enginecrs for their
color transfer, but it was not used for
sound prints. An extended investigation
of the losses and irregularities in high-fre-
quency response which result from slip-
page and imperfect contact during print-
ing is reported by J. Crabtrce in the
October 1933 and February 1934 Jour-
nals.®?

In 1934 C. N. Batsel described a non-
slip contact printer®® employing a prin-
ciple proposed and demonstrated carlicr
by A. V. Bedford for a different applica-
tion.”®* Bending a film stretches one
face and compresses the other, and it is
only necessary that the contacting sur-
faces of the.two films be made equal.
In the nonslip printer, the negative is
rolled through the machine at fixed
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BELT OR STRIP DRIVING ARRANGEMENT

Filed Nov 3, 1927

Fig.l

Rollevr

Fig. 17. Control of film speed by flexure (A. V T
- V. Bedford). Princi i
; N, )- Principle later used in
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curvature, and the print stock (held
against the negative at the printing
point, where it is propelled solely by
friction) is made automatically to assume
the curvature at which identical numbers
of sprocket holes are fed through in a
given time.

The nonslip printer was not built for
sale by RCA, but free license and draw-
ings were offered, and numerous labora-
tories built and used them, notably
Consolidated Film Industries in Holly-
wood and Ace Film Laboratory in
Brooklyn.*#

A printer based on the identical prin-
ciple was developed independently by
R. V. Wood.®¢

Although nonslip printers were not
made in large numbers, and did not to
any great extent displace the con-
ventional sprocket type of contact printer,
they served to demonstrate how much
improvement was possible through better
printing, and in this way stimulated
makers and users of sprocket printers to
improve their machines and maintain
them in the best possible condition.
In a number of laboratories it appeared
that better prints resulted if the tecth
were removed from the side of the
sprocket next to the soundtrack, leaving
only a smooth supporting rim. The
theory behind this is not clear unless it
is that such disturbances of contact as
are duc to film sticking on the teeth are
thus kept further from the soundtrack.

There were two reasons which limited
the use of the nonslip printer. Since
there is a very narrow region of close
contact, the printing bcam had to be
narrow. Under such conditions any
speed irregularities cause variation in
print exposure, which sometimes be-
comes audible in density prints. While
there is no valid excuse for such speed
variations, this trouble contributed to the
conclusion that the nonslip printer was
unsatisfactory for density printing. Film
laboratory operators were naturally
averse to maintaining one type of printer
for arca and another for density. A
more fundamental fault of the nonslip
printer in making density prints is due
to the fact that negative and positive
perforations are not maintained in
register. The more active developer
circulation close to sprocket holes tends
to darken these areas, resulting in a
slight 96-cycle hum. The cffects on the
negative and print are compensatory
provided the printing is done with the
holes in registration, but cumulative if
out of register. With a purely friction
drive at the printing point the relative
positions of positive and negative per-
forations are unpredictable and may
drift slowly betwcen onc condition and
the other. This results in a hum that
comes and goes and is therefore more
conspicuous than if steady. Area tracks
are far less sensitive to such develop-
ment variations.

Optical printers with independent
filtering of negative and positive film
motion would be subject to the same
uncertainty with respect to relative
perforation positions, but this problem
comes up only with 35mm-to-35mm
printing, for which optical printers are
rarely used.

In spite of such improvements as
have been made in developer turbulation
in the processing machines, the sprocket
type of printer does not appear to have
any strong competitor for density prints.
In such a situation the efforts of several
Eastman engincers!'®!®  to improve
sprocket action are well justified. The
shrinkage-compensating  sprocket  de-
scribed above under ‘“Mechanical Sys-
tems” should result in great improve-
ments. The new film-base materials with
their reduced shrinkage should also make
for better results with printers of the
sprocket type.®!

Optical Printers. Cost and quick produc-
tion have been dominating considera-
tions in much 16mm production, and
contact printing on the sprocket has pre-
vailed, the printers being simpler than
other types and available in large num-
bers to meet the heavy wartime de-
mands. However, registration of nega-
tive and positive perforations is not a
factor in the quality of 16mm prints of
cither density or area tracks. There is
thus no obstacle on this score cither to
nonslip printers or to optical printers
with independently filtered film motion,
and both types have been used, the
nonslip for printing from 16mm nega-
tives, and the optical principally for
printing on 16mm film from 35mm nega-
tives,%7—%9 but also with a 1 : 1 optical
system for printing from 16mm negatives
(Precision Film Laboratories, New
York).#°

The Eastman Co. has designed several
models of optical reduction printers
in which the 35mm and 16mm films
are on sprockets on opposite ends of a
single shaft and a U-shaped optical
system is employed.?! This system mini-
mizes chances of slow “wows,” but de-
pends for good results on the degree of
excellence attainable with sprocketaction.
The shrinkage-compensating, radial-
tooth sprocket described in the section
on “Mecchanical Systems”!™ was de-
veloped with printer applications par-
ticularly in view.

Ultraviolet Light for Recording
and Printing

For truly distortionless recording the
ideal light spot would be of infinitesimal
width. In practice, as various improve-
ments made light of greater intensity
available, the nominal width of the
recording spot was reduced (to 0.00025
in.), but a limit is set by diffraction,
With light of shorter wavelength lenses
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of the same dimensions can form a more
nearly perfect image. This is one of the
considerations that led to a study by
Dimmick of the possibilities of recording
with ultraviolet light. Even more im-
portant than the improved image defi-
nition was the fact that ultraviolet light
is more rapidly absorbed in the emulsion
than is visible light. The increased
absorption must be compensated for by
increased intensity, but the net effect is
that the exposure is confined more nearly
to the surface where the silver halide
grains are more completely used, and the
result is less graininess. Most important
of all is that the light scattered by the
emulsion does not spread as far sidewise,
and thus cnlarge the image, as docs
visible light. %28

Dimmick reported the results of tests
with ultraviolet in August 1936.24 He
had found it possible to obtain adequate
exposure with the regular incandescent
lamps and Corning No. 584 filters.

Conversion for ultraviolet recording
involved provision for the filter, redesign
of the objective lens, and substitution of
glasses with less ultraviolet absorption
for other lenses in the system. Many of
the variable-area recording systems were
converted. Single-film newsreel systems
(with the sound recorded on panchro-
matic negatives) were especially benefited
by use of ultraviolet. %246

The results obtainable by the applica-
tion of ultraviolet exposure to variable-
density films were studied and reported
by Frayne and Pagliarulo in June 1949.27
They found major improvement in
definition and reduced distortion, but
only about 1 db reduction in ground
noise. Further experiences with ultra-
violet are reported by Daily and
Chambers.*8

Many printers were modified to print
sound with ultraviolet. High-intensity
mercury arc lamps were widely used for
the printers.

Ultraviolet exposure gives lower
gamma for the same development than
does white light. Advantage has been
taken of this in certain cases of density
recording to reduce the gamma of the
sound print without departing from
optimum development for the picture.

Coated Lenses. Each time any optical
or light-source improvement made an
increase in image intensity possible, the
benefit could be realized in terms of
finer resolution and better high-fre-
quency response.

When the results were published of
some tests in which the reflection from
glass surfaces had been materially re-
duced by applying quarter-wavelength
coatings of certain low-index minerals,*®
Dimmick procured equipment, mastered
the techniques of applying such coatings
by evaporation in vacuum, and com-
pared the merits of various materials
and methods of hardening the deposited
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layer. Having found a satisfactory pro-
cedure, he treated all the glass-air
surfaces in the RCA recording optical
system. Although the loss at each glass-
air surface is only about 5%, there are
sixteen such surfaces (excluding the
lamp bulb), and by reducing each to a
magnitude of between 1 and 2%, a gain
of more than 50% was possible in the
brightness of the image on the film.
Not only is the image thus brightened,
but the stray light due to “lens flare”
is reduced to a small fraction of its
previous magnitude. A review of the
subject, containing further references,
has been published by W. P. Strick-
land. 250

The first RCA coated-lens optical
system to be field-tested was a “variable-
intensity”’ system taken to Hollywood by
Dimmick early in 1938 and used experi-
mentally during some months at the
Fox studios, C. N. Batsel being the
RCA liaison engineer.?® I believe that
I am right in saying that the demonstra-
tions of this system were partly responsi-
ble for arousing interest in the benefits
to be had by such treatment of glass
surfaces.

Within a short time the lenses in a
number of the RCA recording systems
were given low-reflection coatings, and
the practice of coating lenses in both
area and density recording systems
spread rapidly.2%

Dichroic Reflectors. As a by-product of
the work on low-reflection coatings,
Dimmick studied multilayer coatings of
alternate high- and low-index ma-
terials.*® With these he was able to
produce plates having very high re-
flectivity in one part of the visible
spectrum and very high transmission in
another (65%, reflection at 7500 A and
better than 959, transmission between
4000 A and 5000 A).

The first motion-picture application
of his “dichroic reflector” was for re-
flecting the red light of the recording
light beam to a cacsium phototube for
monitoring, while losing practically nonc
of the blue and violet light that pro-
duces the exposure.*™

During the war therc was hecavy
demand for dichroic reflectors, designed
to various specifications, for the armed
forces, and also great demand for low-
reflection treatment of many optical
devices. Selective reflectors of this type
have also played an important part in
color-television developments. 2%

Heat-Transmitting  Reflectors. Another
outcome of the development work on
dichroic reflectors is a design in which
the transition from high to low reflectivity
occurs just beyond the end of the visible
spectrum, so that as a mirror it would
compete well in efficiency and whiteness
with the best silver or aluminum mirrors,
while the invisible heat rays are better
than 75%, transmitted.*%2% No compar-
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ably cffective means of separating _thc
useful visible from the infrared radiation
has been hitherto available, and we may
look forward to extremely valuable
applications.2s7-2¢8

Measures for Reduction and Control
of Distortion

There is hardly space here to mention
the many refinements, including prin-
ciples of good design, by which distortion
has been kept low in microphones, ampli-
fiers, recording devices, optical systems
and reproducing systems. We shall con-
fine ourselves to discussing the sources
of distortion associated with photographic
soundtracks. These may be listed as:

(1) background noise caused by graini-
ness (especially in density tracks) or by
scratches or dirt in the track arca {most
serious in area tracks) ;

(2) noise (hum) and amplitude modu-
lation resulting from sprocket hole
proximity;

(3) fluttter or ‘““wows;”

(4) high-frequency loss;

(5) irregular high-frequency loss, and
modulation of recorded sound, due to
printer defects;

(6) waveform distortion due to mis-
alignment of the aperture (slit) either
in recording or reproducing, and to
uneven reproducing-slit illumination;

(7) waveform distortion and produc-
tion of spurious tones due to nonlinear
input-output rclations (more frequent in
density recording than in area);

(8) waveform distortion and produc-
tion of spurious sounds duc to finite
width of the recording slit and image
spread in the film emulsion (a problem
in the area system); and

(9) distortion due to overloading.

Measures for improving sound records
with respect to background noise are
discussed in part under “Ground-Noise
Reduction,” but also include extreme
care as to cleanliness (especially in proc-
essing), to hardening and lubricating
(waxing) the film,?® to maintenance of
projector condition, and to the several
expedients by which the maximum re-
produced volume can be increased.

Fine-grain film has made perhaps the
greatest single contribution to improve-
ment in ground-noise ratio, especially
for density recordings, but its bencfits
have been in so many directions that
only the present topic heading (Reduc-
tion and Control of Distortion) seems
broad cnough to include it.*

Various developments which improved
high-frequency response have already
been mentioned, and to these should of
course be added the use of fine-grain
film. The topic “Improved Printers”
has also been included in the section on

*It has been said that the entire evolution of
sound reproduction can be divided into 1wo parts:
(1) the learning how to make a noise and (2) the
reduction of distortion,
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better high-frequency response. Reduc-
tion of flutter is dealt with in the
section on ‘“Mechanical Systems.”
Analytical studies of the distortion that
results from misalignment (or azimuth
errors) of recording or reproducing slits
in the case of arca recordings, have been
published by Cook*®® and by Foster.2¢!
In the case of density tracks the effect
of misalignment is practically equivalent
to widening the scanning slit, the results
of which in terms of high-frequency loss
arc given in a paper by Stryker.®®
Both Cook and Foster have published
analyses of the distortion in area record-
ing due to slit width.2®.26

Calculations of the distortion resulting
from certain cases of uneven slit illumina-
tion and with several types of area track
have been published by Cartwright and
Batscl.26® A test film has been made
available for checking light uniformity.*6
It has a number of very narrow record-
ings of a tone in a series of positions
across the track, and their relative
outputs when played indicate light
intensity at the corresponding positions
in the scanning beam.

Sprocket Holes and Irregular Development.
The proximity of sprocket holes to the
soundtrack causes various difficulties.
Mechanically the variations in stiffness
of the film cause it to bend in a form
resembling a polygon instead of a true
circle.®2.26" This causes 96-cycle flutter,
less perfect contact in printers, and 96-
cycle modulation of high-frequency tones
if optical systems have small depth of
focus and are not exactly focused for the
average emulsion plane. More serious
from the sound standpoint is the effect
of the holes on development.268.269

In film development there is always a
tendency to nonuniform developer activ-
ity due to local exhaustion. For ex-
ample, over and ncar a large dense
area the developer is slightly weaker in its
action than over the middle of a lightly
cxposed area, and this in turn is weaker
than the average of the bath. If the
partly exhausted developer as it diffuses
out of the emulsion is not immediately
carried away from the film by currents
in the liquid, it may creep along the
film surface and weaken the develop-
ment in such areas. If there is little fluid
movement except that caused by the
'travel of the film, the direction of travel
is often evident from the appearance of
pictures.*’.21 Circulation of the liquid
Is somewhat freer near the holes and
edges of a film than clsewhere, and
thercfore the development and avcrage
density greater. This was discussed in
connection with printers,

The irregular development troubles
are reduced by very active stirring or
turbulation of the devcloper while the
film is passing through 2 Improvements

on this score are reported by Leshing
Ingman and Pier.?7 ,

Uniformity of development is further
improved if the emulsion has such
characteristics that its “gamma infinity”
is only slightly higher than the desired
gamma. Film manufacturers have been
successful in producing fine-grain emul-
sions which come much closer to this
desideratum than earlier types.

1Waveform Distortions. The sensitometric
studies and analyses about which we
have already spoken are a part of the
large body of literature bearing on the
subject of distortion of the nonlinear
type in density soundtracks. There have
also been a number of experimental
studies reported in this Journal giving
distortion measurements with both den-
sity and area tracks. Two of the carliest
of these were by Sandvik and Hall
(October 1932)°"" and by Sandvik,
Hall and Streiffert, October 1933,%7%

Onc of the most effective measures for
reducing such distortions (second in
importance only to avoiding overload)
is by the use of push-pull soundtracks,
and this applies about equally to density
and arca systems, although the causes
of their distortions (Nos. 7 and 8 in the
list) are quite different.

Two systems of testing for distortion
(one for arca and onc for density systems)
have assumed great importance since
their introduction for ascertaining opti-
mum ranges of exposurc of necgatives
and positives. These are known as the
““cross-modulation”'’¢ and the “inter-
modulation”?7 tests, and will be briefly
described.

"Overload. Overload in any clement
of the entire sound system other than in
the soundtrack (either in the original
recording or in the re-recording) means
that the system has not been properly
designed. It is easy to say that the way
to avoid distortion due to overloads is
not to overload, but that is asking too
much. The price in terms of reduced
average level is from a practical stand-
point excessive. The levels set in record-
ing are a compromise between too low an
average level (with ground noise there-
fore more conspicuous) and too many
and too bad-sounding overloads.*

In sections to follow, a number of ex-
pedients are mentioned for compassing a
wider range between background noise
and maximum reproduced level. These
devices may be used either to make the
background quieter or the loudest noises
louder, and if properly applied can ac-
complish the latter with reduced instances
of soundtrack overload.

Cross-Modulation Test to Determine Best
Processing for Variable Area. While the
variable-area system is not critical to

*Most movie fans have probably forgotten what
a gun sounds like.

gamma product it is subject to distortion,
particularly at high frequency, due to
the spread of the exposure outside the
area of the actual image, caused by the
scattering of light in the emulsion. This
image spread increases with exposure.
The distortion is largely in the form of a
change in average transmission when a
high-frequency wave is present. It is
often referred to as ““zero shift.” It was
particularly troublesome in some of the
carlier 16mm recordings. It is possible
however, by selecting the proper print-
ing exposure, to make the image spread
in the print necutralize that in the
negative.”¢

In January 1938, J. O. Baker and
D. H. Robinson described tests and
equipment which became the standard
method for ascertaining the correct
relative negative and print densities.'
For 35mm tests a 9000-cycle tone is
1009, modulated at 400 cycles, but
there must be no 400-cycle component
in current supplied to the galvanometer.
For a given ncgative exposurc and
development, a series of prints having
different black arca densities are made.
They are then reproduced and the
magnitude of the 400-cycle output
mecasured and plotted (in db below the
9000-cycle level, or other reference) as a
function of print density. The curve goes
through a sharp minimum at optimum
print density. With a negative of greater
(black arca) density the optimum print
density is found to be higher. One of the
most frequent problems is to select a
recording exposure which will give
maximum (or at least satisfactory)
canccllation of cross modulation, when
printed for a certain desired print
density (say 1.4 t0 1.6).*

Experience shows that if the 400-cycle
cross-modulation is 30 db or more below
full modulation, the sound is satis-
factory. In similar manner if the print
exposure and development are specified,
the optimum negative density can be
determined. For 16mm processing con-
trol, a 4000-cycle tone is modulated at
400 cycles. In push-pull recording the
cross-modulation in the two parts of the
track largely cancel each other and
tolerances are extremely broad.

At the 1954 spring convention Singer
and McKie?8 reported good results with
an electrical compensating circuit, so
that cross-modulation can be practically
neutralized when making direct posi-
tives. This involves detcrmining what
function of frequency, exposurc and
(possibly) amplitude comes ncarest to
expressing the magnitude of the cross-
modulation products.

*This test is tnade simpler than it might appear by
the fact that when a high-contrast negative is
used, the print black-area density is scarcely
affected by differences in the black-area density
of the negative, hence the printer light setting
can gencrally be kept the same for the entire
series of negatives.
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Intermodulation Test for Variable-Density
Control™ In the June 1939 Journal
Fraync and Scoville describe a test for
control of variable-density processing.
In the earlier years of recording, the
conditions for linear relation between
negative exposure and print transmission
were figured out by conventional sensito-
metric methods, with correction for the
ratio of projection (or semispecular)
density to diffuse density. But this is
tedious, and a testing system which
duplicated soundtrack recording and
reproducing conditions was found prefer-
able. In 1935 F. G. Albin*"® described a
dynamic check on processing which
consisted in making several recordings of
a tone, all at the same fairly low ampli-
tude, with a series of increasing mean
valve-ribbon spacings. Comparison of
the relative outputs from the print
showed whether the slope of the curve
of print transmission vs. negative ex-
posure was constant or not. This was
something of a forerunner of the inter-
modulation test. In the latter a tone of
1000 cycles or higher is superimposed
on a low-frequency tone of, say, 60
cycles. Normally the level of the high-
frequency tone is 12 db below that of the
low tone, and the combined amplitude
just short of overload. The print is run
through a reproducing system, and the
reproduced high-frequency tone sepa-
rated out and measured for fluctuations in
amplitude. Nonlinearity (distortion) be-
comes cvident as fluctuations of the high-
frequency tone, in general at rates equal
to the frequency of the low tonc or
multiples of that frequency.

Fine-Grain Films.**—2% While the many
components of sound recording and
reproducing systems were being im-
proved, the great film companies were
busy. In the period 1930-1940, the
Eastman Co. offered at least seven new
emulsions,?® each of which offered some
advantages for soundtrack application
as compared with the currently used
picture positive (Eastman No. 1301).
In 1932 Eastman brought out No. 1359,
intended for variable-density recording
It was however similar to No. 1301
in contrast. In 1936 No. 1357 was
brought out for variable-area recording,
slightly faster than No. 1301 without
sacrifice with respect to grain and resolu-
tion. With ultraviolet exposure it proved
popular for variable-density recording.
For release prints, however, the positive
No. 1301 continued the almost universal
choice except as similar films of other
manufacture were used.

What was primarily wanted was finer
grain, for this would mean cleaner,
sharper images for variable-area tracks,
less background noise in variable-density
tracks, and better resolution and high-
frequency response in all tracks. But
fine grain in general means lower speed,
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or more exposure required, and too great
sacrifice in this direction would make
new films unacceptable. Another diffi-
culty was that with many of the earlier
fine-grain emulsions the image had a
brownish tone, which was objecctionable
in the picture, and so ruled these emul-
sions out for the release prints. Measures
were found for correcting this fault in
Eastman fine-grain positive No. 1302.
The problem of exposure was less serious
in the case of fine-grain films for relcase
and for duplicating than for recording
stack, although some changes in printers
were required. Special films were intro-
duced about 1937 for duplicating pur-
poses.2#

One of the chief problems in variable-
area recording was due to image spread
(beyond the exposed area), but it was

found possible to make image spread in -

the print compensate for that in the
negative. The criticism of one of the
trial emulsions intended for variable-
area negatives (No. 1360) was that it
was foo good in this respect for the
currently used print stock.

Re-recording is the universal practice.
Graininess and other imperfections in
the original negative are transferred to
the print, passed on to the second nega-
tive by the re-recording operation, and
in the final printing are added to the
graininess of the release print. The use of
direct positives offered promise of elimi-
nating at least one step which was con-
tributing its share of noise. In 1937
Eastman introduced its No. 1360, and
Du Pont its No. 216, both fine-grain
films designed for making variable-area
direct positives.

Changing to a new release stock repre-
sented a greater hurdle than the use of
special films for negatives and for the
re-recording print, so the general thought
was to evolve the best possible films for
these applications, and take what im-
provement could be gained in this way.
As the story turned out, use of the fine-
grain films did not become general until
they were used also for the final release
prints.

Film graininess contributes to back-
ground noise in much greater measure in
the density system than in the area
system, but the requirements seem to
have been harder to meet. Many tests
were run and studies made during the
years 1938-1940, and a special com-
mittee representing those particularly
interested in variable-density recording
reported in the January 1940 Journal,?®
in which tentative specifications were
given to guide in the development of
the needed fine-grain films.

Du Pont No. 222 was onc¢ of the first
fine-grain films to gain considerable
acceptance, especially at the M-G-M
and Paramount studios, where it was
used for original negatives, re-recording
prints, re-recorded negatives and for a

limited number of release prints. High-
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pressure mercury lamps were substituted
where needed to give the required print-
ing exposure. Experience at the Para-
mount studios is reported by C. R. Daily
in the same issue.?® Figures published in
these reports indicate that while a re-
recording print might be 8 to 12 db better
in signal-to-noise ratio than one made
on the previous types of film, only 4-to-6
db net gain was to be expected in the
release print if this were on the usual
stock. This indicates why the real gains
from use of fine-grain film were not
achieved until they were used for the
relcase prints as well as in the earlier
stages. (Sec also references 287-290.)

Some difficulty was encountered in
processing the negatives to a suitably
low gamma, but it was accomplished by
use of special developers. (Uniformity of
development is almost impossible if the
time is cut so short that the gamma is
far below the “gamma-infinity’’ for the
given cmulsion and developer.) In
order to permit somewhat higher values
of gammas in the fine-grain negatives the
practice was adopted in some labora-
tories of holding down that of the fine-
grain release prints by printing the
sound with ultraviolet light, which gives
lower gamma for a given development
than does white light.

In 1937 the Eastman Co. brought out a
high-resolution film (No. 1360) for
variable-area recording and in 1939 a
recording film (No. 1366) for variable
density. In 1940 the No. 1302 fine-
grain positive which has been widely
used for release prints, became available.
In 1944 the Eastman Co. brought out a
high-contrast fine-grain film (No. 1372)
for variable-area recording and a low-
contrast fine-grain film (No. 1373)
for variable-density recording, which
could be processed in regular picture-
negative developers instead of requiring
special low-cnergy developers. The same
year Du Pont brought out a new fine-
grain recording negative (No. 236) for
variable density, whose contrast could be
more casily controlled than previous
types because of low gamma infinity.

The fine-grain recording films are all
much slower than the previous recording
films, (No. 1302, for example, requiring
about four times the exposure of No.
1301), and recording optical systems,
although improved by coated Ilenses,
could not with tungsten lamps provide
sufficient exposures for the combination
of fine-grain and ultraviolet light, but
usc of the fine-grain films with white-
light exposure went so far in affording
the benefits of high resolution and low
noise that the combination scemed
hardly neceded. On the other hand,
printing fine-grain positives with ultra-
violet light from high-intensity mercury
arcs has been widely employed.

It is of interest that the Callier co-
efficient (ratio of specular to diffuse
density) is less with finc-grain than with
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coarser-grain films, and the result is that
a higher control gamma (in which the
measurements are of diffuse density)
is nceded to give the optimum picture
on the screen—for example 2.5 for
No. 1302 as compared with 2.1 for No.
13012

Variable-Density vs. Variable-Area.®-*%
The rivalry between advocates of vari-
able-density and variable-area recording
is ncarly as old as commercial talking
pictures and has unquestionably pro-
moted progress in both systems. The
fact that the industry did not standardize
on one or the other track does not seem
to have been any handicap, for all
theaters could play cither type of track.

During the carlier years of commercial
sound, the advantage scemed to be on
the side of area for music but density
for speech intelligibility. With both at
their best there was little to choose in
clarity of speech reproduction, but the
density system scemed able to take more
abuse without too scrious loss of articula-
tion, Before control of zero-shift was
well in hand (see cross-modulation
test!78) this type of distortion seemed to
do more damage to the quality of the
high-frequency reproduction than the
nonlinearity to which the density system
is more subject. With improved tech-
niques and equipment this difference
disappeared.

Another factor which for a time was
prejudicial to the arca system was that,
as compared with density recordings,
low-level passages seemed to be ex-
cessively weak when the controls were
set for satisfactory normal and high-level
passages. One theory was that, due to
some fault in equipment or system, there
was ‘“volume expansion,” or actual
exaggeration of level difference. To
those most familiar with area recording
such a theory appeared untenable.
Measurements did not bear it out.
Monaural or single-channel listening
itself makes level differences seem
greater than direct binaural listening.
Could it not be that the density record-
ings by their nonlinearity produced a
compression effect? I recall that one of
the most confident exponents of this
explanation was M. C. Batsel. One of
the fundamental differences in the
systems is that an area track overloads
very abruptly, whereas in a density
t‘rack the upper and lower limits of
light transmission are approached more
gradually. With such a characteristic,
considerable overload (i.e. beyond the
range of true linearity) can be tolerated
without too objectionable effect, and it
was thought that considerable advantage
had been taken of what might be called
permissible overloading in the density
recordings as compared with those made
on the area system,

A nearly equivalent effect in an area
recording can be obtained by rounding

the corners of the V-shaped opening in
the aperture plate (whose image is the
light spot on the slit as shown in Fig.
13). Transition curves arc introduced at
the outer (full-slit illumination) e¢nds,
while the vertex is drawn out to a finer
point. Such curved apertures were
tried and largely overcame the cause of
criticism.

However, the use of electronic com-
pressors (long employed in broadcasting
studios) appeared preferable to sacri-
ficing the range of low-distortion light
modulation. Compressors were  intro-
duced in the recording channels with
very satisfactory results. The first such
compressors were tried at RKO and
Warner studios and compression became
the standard. If the original recording is
on a wide-range (or low-background-
noise) system, most of the compression
is introduced in the re-recording to the
release-print negative, but I am told
that even with magnetic recording some
compression is used (or at lcast avail-
able) in the initial recording.

Any simple and general statement of
the relative signal-to-noise ratios of the
two systems is impossible, since each
has its own cause and type of ground
noise: grain hiss in density, and ticks
and pops due to dirt or scratches in the
arca system. Area starts with an initial
advantage of about 6 db greater output,
and if the film remains in good condition
its signal-to-noise ratio is better. The
variable-area system was chosen by the
Bell Laboratories engineers for their
stereophonic demonstrations.

As various improvements became
available to the industry they worked to
the benefit now chiefly of onc system
and now of the other. Fine-grain films
helped both, but helped density more.

The higher output from variable-arca
tracks led to the proposal by Levinson?”
that intercutting of the two types of
track be used as means for increasing
reproduced volume range.

The RCA light-modulation system
has been modified to record variable-
density, by use of an out-of-focus image
or “penumbra” on the slit in place o
the usual sharply focused triangular
spot.18.24 This system modulated the
light reaching the film by changing its
intensity, whereas the light valve pro-
duced a spot on the film of constant
intensity but varying height, and there-
for varied the time of exposure.

The light valve also was modified to
make variable-area records by turning it
90° so that the ribbons were vertical
(parallel with the direction of film
motion) and the motions of their edges
imaged at 10 : 1 magnification on the

film. This was the system cmployed for .

the stereophonic demonstrations.*08:298.2%

Variable-area optical systems using light
valves were shortly thereafter offered as
optional equipment to licensees.

By using valves having one, two or
three ribbons as needed, the light-valve
system has been made to produce many
of the various types of area track that
are produced by the RCA galvanometer
optical system by changing aper-
lurcs-l&'i.l&l.ﬂ'ﬂ

The strict adherence to one system
(area or density) on the part of the major
picture companies has in considerable
measure broken down, and several are
employing both systems, depending on
the type of operation required.*®® For
example M-G-M, while continuing to
use double-width push-pull density for
initial recordings,* releases on variable
area. One of the reasons for changing to
arca for release prints is that projection-
ists often neglected to change their gain
settings when switching back and forth
between area and density tracks, with a
result to the disadvantage of the film
with lower output (note also interest in
Perspecta Sound.)

Mention is made, in the discussion of
control tones, of a system in which the
control tone is of subaudible frequency
and superimposed on the recorded sound.
Modulation of the sound by the control
tone is much more casily avoided in
area recording.

Compressors2*® In the previous scction
comparing the area and density systems,
the first urgent need of clectronic com-
pressors was described, but their use has
proved so advantageous as to have be-
come quite general, both in recording
and re-recording channels.?® Electronic
compressors had long been in use in radio
broadcasting.®= In their application
to sound recording, if there is no pro-
vision for re-expansion, they do not
actually increase the reproduced volume
range although they may seem to. A
common characteristic compresses 20
db into 10 db at a uniform rate. This
would rob any passage of cxpression
only to a slight degree. As the overload
point is approached it is common to
make the compression more drastic,
for example 20 into 3 db. This is some-
times called a limiter type of compressor.
If (for example by means of control
tone) provision is made for re-expansion,
the compression may be such as to keep
the loud passages, whatever their original
magnitude, at nearly full track ampli-
tude. (See section on ‘‘Stercophonic.”)

Since initial consonants usually carry
little power compared with vowels, the
compressor may wait to act for the
vowel, with resulting relative exaggera-
tion of consonants (especially sibilants).
This has been corrected by a high-
frequency pre-emphasis in the modula-
tion which controls the compressor. 0! ~3%

Anticipation in compressor systems is
desirable (see section on “Ground-
Noise Reduction”). Fast action of com-

* Probably later adopted magnetic recording.
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pressors is cssential and avoidance of
“thump” is one of the problems. 30830

Experiences in recording with com-
pressors are reported by Aalberg and
Stewart of RKO?®®. Expericnce with
compressors at the Warner Bros. Studios
is reported by B. F. Miller.?®

Squeeze Track3%" In view of the limited
range of loudness which a soundtrack
permits, and the very great range en-
countered in our ordinary experience,
many cxpedients were tried for the
purpose of increasing the range obtain-
able from the film. One of these was the
“squeeze track’ described by Wesley C.
Miller of M-G-M.%" If a variable-density
track is reduced in width, both the noise
and the modulation are reduced. The
ground-noise reduction system described
by Silent and Frayne in May 1932!%
may not have been as yet available, but
the two devices are notequivalent and can
be complementary. There is a practical
limit set by film characteristics as to
how far the ground-noise reduction,
by reducing mean negative exposure,
could be carried, and this was at about
10 db of reduction, but the noise can be
still further reduced by narrowing the
track. The controls in recording or in
re-recording are used to avoid too low
levels on the track, but some of the range
can be restored by narrowing the track
in the release print. There were several
ways in which this could be done;
one, for example, was by preparing a
masking film and running the print
through the printer a second time with
the track width determined by the mask.

“Reversed Bias” System.3°® An expedient
for obtaining greater output for bursts of
high level sound was described by
Hansen and Faulkner®® of Twentieth
Century-Fox. In effect the light-valve
bias operates in the usual way for normal
and low levels, but for passages of extra
high level the mean ribbon spacing is
increased to as much as twice normal
while still being fully modulated. There
is some resulting distortion, but sub-
stantial increase in print output. The
loss of some relatively high-frequency
output is probably not objectionable.

Wide Track and Push-Pull. By doubling
the width of the track the noise would be
expected to increase 3 db but the use-
fully modulated light would increase 6
db. While the improvement is not
large, it is worth while, and has been
widely employed for original recordings
and for special purposes, when the sound
print does not have to carry a picture.

Push-pull systems have also been
developed for both density®® and area!®
systems and for wide tracks¥?!' and
standard-width tracks. Standard-width
push-pull systems have been considered
for general theater reproduction, but
their actual use has been limited to
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places where the required special re-
producing systems did not involve large
investment. The push-pull system docs
not give any improvement in signal-to-
noise ratio except for the few film
blemishes or other disturbances which
affect the light through both sides alike.
The principal advantage of the push-
pull system is that it reduces distortion,
and in the density system it may thereby
somewhat increase the permissible ratio
of light modulation. As applied to arca
recording it almost climinates zero-shift
distortion. With both systems, push-
pull operation permits the use of faster-
acting ground-noise reduction, since
the “thump” caused by rapid change in
transmitted light is largely cancelled.
Milestones in the progress toward better
sound are usually fixed in our minds by
major demonstrations. Such a demonstra-
tion was given at the 1935 spring con-
vention. Using wide-track push-pull
density recordings, improved two-way
(divided-frequency-range) loudspeakers
and amplifiers with abundant reserve
power, the engineers of the M-G-M
Sound Department, under the direction
of Douglas Shearer, gave impressive
demonstrations.

Push-pull wide-track is regarded as
the last word in photographic recording
and has for years been used in many
studios for original recording.

If the original recording is wide-
track push-pull, the positive (which is
edited and then used as the master for
re-recording to the release-print nega-
tive) would be a print of the original.
If the original is magnetic, the favored
practice has been to re-record to a wide-
track push-pull direct positive for the
edited film. In climinating the step of
printing, the direct positive minimizes
quality losses.

Control Tone’® The most effective
way to reproduce the great range of
sound volume encountered in natural
sounds is to resort to compression for the
recording and to expand in reproduction.
It has always been the practice for the
recordist to use his controls to maintain
the recorded levels between the limits
set by overload and a satisfactory margin
above noise. Were a record made of each
change in recording gain, and the pro-
jectionist given a cue sheet by which he
could at the right times make the inverse
changes in reproducing gain, the natural
levels could be restored. Such a method
of operation was at onc time contem-
plated. However, manual controls in re-
cording are too slow, and manual restora-
tion of level too unreliable. Automatic
control of gain on the other hand has
been used very effectively. If space can
be found on the film for an extra sound-
track, a continuous tone can be recorded
with cither its amplitude or its frequency
automatically correlated with the gain of
the recording amplifiers, so that it
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provides a complete record of the
recording gain throughout the recording.

For example, a voltage derived from
the modulation to be recorded (and
thus a function of its initial level) can
operate on the recording amplifier to
change its gain as in any automatic
compressor, and the same voltage can
operate simultancously on the control

tonc to make the appropriate change in
cither its amplitude or frequency. In
reproduction the output of the control-
tone track is then used to provide a
voltage which is dircctly related to that
which altered the recording gain, and
can therefore be used to produce inverse,
or compensating, changes in the repro-
ducing gain.

The use of an extra soundtrack or
recording to be used in the manner just
described was, I belicve, first proposed
by C. F. Sacia of the Bell Laboratories,
and described in U.S. Pat. No. 1,623,756.
One of the first in the RCA group to
become interested in control tones was
Charles M. Burrill who experimented
with tones superimposed on the modula-
tion, but of either too high or too low
frequency to be reproduced by the audio
system, especially a subaudible tone
such as 20 cycles. For film recording he
proposed scanning the sprocket-hole
area, and varying the magnitude of the
resulting 96-cycle tone by blackening
more or less of the film between per-
forations. Thus, if these areas arc left
clear, the 96-cycle tone is comparatively
feeble, while the maximum is produced
if they are black.

The sprocket-hole control track was
developed for application by H. I.
Reiskind and adopted by Warner
Brothers for their “Vitasound” system,
which will be described in the section on
multiple-speaker systems.3%

Control tones of the subaudible type
have in recent years found use for pro-
ducing spread-sound and stereophonic
effects which are particularly appropriate
for accompanying large-screen pictures.
(Sec Perspecta Sound, under “Multiple-
Speaker Systems” below.) The chief
advantage of this method of recording the
control tones is that it requires no
changes in the recorders and scanning
systems, the changes being confined to
the electrical circuits. It meets the
important practical requircment that
reproduction must be acceptable on
standard cquipment (with no provision
for control-tone use). Variable-area
recording is better suited than variable-
density for use with subaudible control
tones, since with suitable processing
more accurate lincar relationship be-
tween input and output can be main-
tained throughout the range of modula-
tion, thus avoiding modulation of the
audio by the control tones. The maxi-
mum level which can be recorded must
be reduced 2 or 3 db, to make room for
the control tones, so that the sum of the
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two will not excced the permissible
maximum. Tones of 30, 35 and 40 cycles
have been used for the controls.

A control-tone system used by ad-
herents of the variable-density system
was described by Frayne and Herrnfeld 33
Between the normal soundtrack and
picture arcas, space was found for a
soundtrack 0.005 in. wide. The authors
give their reasons for believing that
frequency modulation of the control tone
would be more reliable than amplitude
modulation. With a frequency range of
onc octave and using a bandpass filter,
they found that in spite of the narrow-
ness of the track it provided a 38-db
signal-to-noise ratio. The system was
designed to afford changes of gain for the
sound up to 30 db, thus expanding the
dynamic range by that amount. The
soundtrack was of the standard-density
type.

In certain systems in which three or
more independently recorded sound-
tracks are used, the sound and picture
are on separate filims. This gives plenty
of room for the control track, but the
practice has been to allot only one track
to the control and to superimpose the
tones, separating them in reproduction
by bandpass filters.

Class B Push-Pull. Of the possible
systems of photographic recording, the
Class B area track undoubtedly carries
furthest the principle of low print trans-
mission when the modulation is low.
Such a system was described by Dimmick
and Belar in 1934, and favorable
expericnce in its use was rcported in
1939 by Bloomberg and Lootens of
Republic Pictures,® where it had been
adopted for original recordings and been
used in the making of fourteen pictures
at the time of the report. They have
continued to the present time using the
Class B push-pull system for all original
recordings. They also reported the
methods used for test and adjustment.
In the Class B system one side of the
track carries only the positive parts of
the waves and the other only the nega-
tive. When there is no modulation there
is no clear film, and no ground-noise-
reduction system is needed; therefore
the transient or initial clipping which
ground-noise-reduction systems can pro-
duce are avoided. Two triangles of light
(sce Fig. 13) arc formed at the plane of
the slit (one for cach half of the track)
al}d their vertices just touch the slit
with no current in the galvanometer.
Exposure takes place only as one or the
other triangle illuminates more or less
of the slit. A feature not described in
the papers just mentioned is shown in a
September 1937 paper by Dimmick.1%
In the mask which is imaged at the plane
of the slit to form the triangular light
SpPots, a narrow slit extends from the
vertex of each triangular opening, so
that light is never completely cut off

at this point. There is thus formed a
continuous linc at the middle of each
half track, not wide enough to let an
appreciable amount of light through
the film, for it is so narrow that it is
largely fogged in, but it prevents a slight
wave-shape distortion which might other-
wise be produced by image spread, just
as the tip of the triangle crosses the slit.

Direct Positives. Recording direct posi-
tives, instead of recording negatives and
then making prints from which to make
re-recordings, would scem to offer
iinportant advantages in simplifying
operations and reducing time loss.
There would also be an advantage in
reduced ground noise since one less
film is used and thus one less source of
graininess. The high-frequency losses
due to the printer would also be avoided.
In the section on “Ground-Noise Reduc-
tion,” it was stated that a ground-noise
reduction system applicable to variable-
area direct positives had been developed
with the feature of anticipation, so that
initial clipping nced never occur. It
was further possible under these condi-
tions to work with closer margins, and
so reduce the width of clear film. This
system and results of tests with it are
described by Dimmick and Blaney in
1939,199 with a further report by Blaney
in 1944316

The chief obstacle to making variable-
area dircct positives had been that an
entirely satisfactory way of avoiding
distortion due to image spread had not
been found. In the negative-positive
process image sprecad in the negative
could be compensated by that in the
print, but the direct-positive system left
no place for that solution. There is, to
be sure, a certain density for any film
at which there is no image spread, and
below which the blackened area is slightly

less than the exposed area. With the’

recording films available for a number
of years, the density which gave no
spread, or zero shift, was so low that
light passing through the darkened
arcas would result in considerable noise.
In some of the later fine-grain recording
films, however, the balance occurred at
densities which were satisfactorily high,
thus making direct positives feasible
under conditions in which they had not
been before. However, the direct-positive
system described by Dimmick and
Blaney was not limited to the use of
special films. They used a push-pull
system which goes so far toward neu-
tralizing the effects of image spread that
excellent results were obtained with the
standard fine-grain recording stock for
variable-area.8:317

In variable-density recording the same
anticipation feature is not applicable,
but the other advantages of direct posi-
tives for original recordings apply. The
problem of recording a positive lics in
the requirement that the film transmis-

sion shall not be a reciprocal of the
exposure (hyperbola) which a non-
reversing film tends to produce, but
must have an inverse relationship ex-
pressible by a downward-sloping straight
line, covering a large range of trans-
mission. A method of correcting in
the reproduction for the nonlincar trans-
mission characteristic of a variable-
density negative was described by Alber-
sheim in 19378 but this would limit
the usefulness of the direct positives.
Electrical compensation in the recording
was described by O. L. Dupy of M-G-M
in 19523 An approximation to the
desired relation is possible by recording
on the toe of the H&D curve, but high-
level output is not possible from such
direct positives without serious dis-
tortion.

A radically different solution of the
problem was described by Keith and
Pagliarulo in 1949.5% Superimposed on
the audio current supplied to the valve
was a 24-kc bias current of twice the
magnitude required to modulate fully the
light-valve opening at normal unmodu-
lated spacing. The ribbons are in
different planes so that they can overlap
without clashing. The authors reported
8-db higher output from the direct-
positive than from a standard-density
print, and 6-db higher signal-to-noise
ratio than a standard print without
ground-noise reduction. Direct positives,
gencrally push-pull, have come into
wide use for cditing and re-rccording
service 52,32

Electrical Printing. Successful recording
of direct positives opens the way to
“clectrical printing,” or putting sound-
tracks on release prints by a re-recording
operation instcad of by contact printing.
This is discussed by Frayne® While
such a method would necessarily be more
expensive, the climination of the flutter
and irregularities resulting from the
action of most contact printers is a strong
argument in its favor. Frayne finds
possibilities of greatly improved sound
by this method, particularly for 16mm
color prints of the reversible type such as
Kodachrome or Ansco-color.

Engineers have long been attracted
by the possibility of improved resolution
and reduced distortion in 16mm positives
by direct recording,’** but until the more
recent developments, direct positives
(except on reversal films) were not a
success.

Limits of Volume Range. While ideal

sound reproduction would seem to call:

for duplication of original sound levels
it is questionable whether illusion or
seeming naturalness is improved by
going as far as this in the direction of
loudness. In the applications of control-
tone systems, where very high levels are
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attainable, the cxtremes have been
scaled down by 10 db or more. With
respect to the desirability of carrying
reproduction to extreme low levels,
W. A. Mueller™ has shown that there
is a definite practical limit set by general
theater noise.®

Multiple-Speaker Systems

It has often been observed that musical
reproduction gives greater satisfaction
if it comes from several sources. The
Music Hall at Radio City in New York
has been equipped to make this possible,
and thus has afforded numerous oppor-
tunitics to verify the advantages of
multiple sources. With reference to the
effort to obtain ‘dynamic range,”
Garity and Hawkins®™ state that: “Three
channels sound louder than one channel
of threc times the power-handling
capacity. In addition, three channels
allow more loudness to be used before
the sound becomes offensive, because
the multiple source, and multiple stand-
ing-wave pattern, prevents sharp peaks
of loudness of long duration.”

That dialog should be reproduced on

a speaker as near as possible to where the
actors are seen is never questioned, but
music and many sound effects such as
thunder, battle noise and the clamor
of crowds are far more impressive and
natural if coming from sources all
around the listener. The effects obtain-
able are discussed by H. I. Reiskind®*
who also describes the equipment used in
the sprocket-hole control-track system.

Vitasound. This system, used by Warner
Brothers, is described by Levinson
and Goldsmith.®? It is the simplest of
the systems employing spread-sound
sources and control tone. It uses three
similar loudspeakers, the usual screen-
centered dialog speaker and two side
speakers outside the screen area. The
design of the system is based on the
theory that the volume range which the
film (with the usual ground-noise re-
duction) affords is adequate for dialog
and such other sounds as come from the
center speaker only, and that higher
sound levels will be wanted only for
music and sound effects for which the
spread-sound source will also be wanted.
The control-tone output is therefore
used, first to switch in the side speakers,
with no change in total sound power.
Further increase in control-tone output
raises the gain on all three speakers, up
to a total of 10-db increase.

Stereophonic Sound. Mention has been
made in the section on loudspeakers of
the transmission of music and other
sounds “in auditory perspective” from
Philadelphia to Washington in 1933,

* Background noise makes the useful sound seem
fainter than sound at the same level in a quict
place. This holds even though the background
noise is not loud enough to interfere nor even to
make the listener conscious of its presence.
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Three microphones were spaced across
the stage and their outputs scparately
transmitted to three similarly located
loudspeakers at the auditorium where
the sound was reproduced. The various
orchestral soundssecemed to come from the
appropriate places, and a moving source
such as a man walking across the stage
and talking scemed at the receiving end
to move about. In 1941 and carlicr,*%3®
similar demonstrations were given, with
the difference that this time the sound
was recorded and reproduced. As in the
previous case, cvery effort was made by
the engineers of the Bell Telephone
Laboratories and Electrical Research
Products Inc. to minimize all forms of
distortion and to reproduce the sound in
the full dynamic range of the original.
Since it appeared that for the immedi-
ate purposes of the project the films could
be maintained in good condition with
respect to abrasions and dirt, and that
under such conditions the advantage
in terms of signal-to-noise ratio is with
the variable-area system, the recordings
were of the variable-area type, made with
an adaptation of light-valve optics.
The recorder and reproducing machine
carried the film through the translation
points on smooth (toothless) drums, on
whose shafts were damped flywheels of
the liquid-filled type described by Wente
and Miiller. 5,104
On the basis that the film track was
capable of giving a signal 50 db above
noise, while the orchestral music to be
reproduced had a range of 80 db, com-
pressors were used in recording, and
expandors in the reproducing system
designed to compensate exactly* for
the compression in recording. The
compressors made no change of gain
until the signal neared full track level
and above this made the gain the inverse
of the sound level, thus keeping the
recorded level just below track over-
load. The level of the amplified micro-
phone output controlled the magnitude
of an oscillator tone, which tone was
simultaneously recorded in a fourth
track and applied to the recording-
circuit compressor. In reproduction the
same tone controlled the expandor gain.
Because the levels at the three micro-
phones did not necessarily rise and fall
together, the compressors in the three
channels were independently controlled
by their own modulation levels. This
necessitated use of three control tones,
but these were recorded superimposed in
one track and separated in reproduction
by filters.

In order to give the compressor time to
operate when a sudden increase of sound
level occurred, an “anticipation” system
was cmployed, using two microphones.
The compressor operation was deter-
mined by output of a microphone closer

* Exactly, in terms of timing, but not necessarily
fully restoring the 30 db of compression range.
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to the source, while the second micro-
phone supplied sound to be recorded.

As further insurance against audible
background noise, the system of “pre-
emphasis and post-cqualization” of high-
frequency components of the sound was
employed. The usual ground-noisc-re-
duction system by light-valve bias was
not used, being made less necessary by
the compressor-expandor (or ““Com-
pandor”) system,

The October 1941 issue of the Journal
carries discussions by Fletcher,®® Stein-
berg,®® Snow and Soffcl,* Wente and
Miiller,’ and by Wente, Biddulph,
Elmer and Anderson,®® of various
aspects and clements of the stereophonic
system.

Despite the unquestionable success of
the stereophonic system in reproducing
the subjective effects of sounds coming
from the sources located as seen on the
screen, and the impressiveness of the
musical and sound effects which it was
capable of handling, the motion-picture
industry made no immediate move to
adopt or apply it. A factor which un-
doubtedly militated against interest in
utilizing the stercophonic system was
that only for the patrons ncar the front
of a theater did the screen subtend a
large enough angle to make the difference
between stereophonic and single-channel
reproduction impressive. It appears to
be another case of a development ahead
of its time. With the recent advent
(commercially) of the wide-film systems
CinemaScope and Cinerama, stereo-
phonic sound, supplemented by “spread
sound,” plays an essential role in provid-
ing the desired overall effects.

Fantasound:  Fantasia. Walt Disney
and his engincers had a somewhat
different idea of what might be accom-
plished by means of multiple-track record-
ings with control tones. It might be
appropriate to say that they proposed
to make their spread-sound effects an
art rather than a science. Duplication
of an original distribution of sound
sources was a secondary consideration,
and the choice of directions from which
sounds were to come was to be entirely at
the discretion of the directors, musicians
and technicians.

The story of the development of
Fantasound and its evolution through
numerous experimental forms beginning
in 1937, was told by Garity and Haw-
kins,* with further reports by Garity
and Jones™ and by E. H. Plumb.®5
Garity and Hawkins reported from tests
that if a sound source (from loud-
speakers) was to seem to move smoothly
from one position to another, the output
power from the two speakers should be
held constant. This condition is not
necessarily met by having the actual
source move from near one microphone
to near the other, but it can be met when
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the gain is reduced to onc speaker and
increased to the other by means of 4
knob or control tone.

The animated picture was designed
specifically for the music, which was
taken from great classics. In the initial
orchestral recordings many microphones
and scparate rccording channels were
used. Recordings were sclected or mixed
in the re-rccording to obtain desired
effects such as predominance in turn of
various orchestral groups (strings, brass
etc.). Sound and picture werc on
separate films. The final sound film
carried three 200-mil push-pull variable-
arca soundtracks, and three super-
imposed variable-amplitude control tones
on a fourth track. The amplitude of the
several control tones was determined by
manual adjustments.

The theater cquipment consisted of
three loudspeakers at the center and to
the sides of the screen and additional
speakers at the sides and back of the
auditorium. The latter could be brought
into operation by relays responsive to
notches in the edge of the film. They
were used cffectively for various sound
cflects and for the music of a large
chorus. Abundant sound power and
volume range were cmployed, the
volume range being readily obtained by
use of the control tracks.

The final Fantasound equipment was
designed by RCA enginecrs. A special
optical printer was used to print sound
from separate negatives onto the multi-
track positive, and special film phono-
graphs in which a single system illumi-
nated all four tracks, the transmitted light
being received by four independent
double-cathode photocells.

Fantasia was enthusiastically received
but was not a financial success because
of the heavy cxpense not only of its
production but of “road-showing” with
such elaborate equipment. The advent
of World War II hastened its with-
drawal, but Disney had performed a
great service to the industry and art by
pioneering in a sound-effects field which
is now finding important applications.

Recent Multiple-Channel ~ Systems ¥6—342
During 1952 and 1953 three new systems
of presenting pictures were introduced,
known as “3-D” (Three-Dimensional),
“Cincrama” and “CinecmaScope.” All
of these represent more elaborate and
cx'pcnsivc picture-projection systems, and
with them would logically go whatever
f:ould be offered in the way of more
impressive  sound. The principles of
stereophonic sound, plus the surround
spc‘akcrs distributed around the audi-
torium (as used in Fantasound), have
been applied.

In‘ the 3-D system two projectors are
rcquu"cd, and a third synchronized
machinc, a film phonograph, is added for
the sound, The sound system is stereo-

phonic and uses three 200-mil magnetic
tracks. 051

The CinemaScope system®® (developed
by Twentieth Century-Fox) presents a
much wider screen picture than does the
standard system, and therefore presents
an ecxcellent opportunity for the use of
stercophonic  sound since the screen
speakers are distributed over a large
enough distance to make the shifts in
the position of the sound source notice-
able and needed for realism. The sound
system developed to go with Cinema-
Scope uses four magnetic stripes or tracks,
two just inside the sprocket holes and
two outside. To make more room for the
tracks and leave as much as possible for
the picture, sprocket holes of new shape
have been designed. In the new per-
foration no valuable feature is believed
to have been sacrificed, and the film will
still run on standard sprockets. Three
of the tracks provide the regular sterco-
phonic sound (three speakers behind
the screen) and the fourth carries sound
effects for transmission by the surround
spcakers.  For muliitrack magnetic
reproducing equipment sce references
108-110. .

Cinerama®? (developed by Fred Waller
and Hazard E. Receves, and commer-
cialized by Cincrama Productions Corp.)
carries the wide-screen principle much
further, employing three projectors to
project adjacent edge-blended pictures
on a curved screen. For the sound six
magnetic tracks are used, and five
speakers behind the screen, while the
sixth track feeds a set of surround
speakers.

The surround speakers, wherever these
are used, are of the direct-radiator type,
much less bulky than the screen speakers
and with more limited frequency range.

Recent Multiple-Speaker Systems With Pho-
tographic Track3 A simpler multispeaker
(or sound-placcment) system has been
developed by Robert Fine*? and named
“Perspecta Sound.” Mention was made
under the heading “Control Tones,”
of the use of control tones of subaudible
frequency. In the Fine system there is
only one soundtrack (variable-area,
photographic) in the standard position,
but three loudspeakers behind the
screen, fed through separate variable-
gain amplifiers. Three control tones,
superimposed on the sound recording
and separated in reproduction by filters,
control the gains of the threc amplifiers
so that the apparent source can be made
to shift across the screen, and the total
sound level may be varied as desired
to increase the dynamic range. The
Perspecta-Sound recording if repro-
duced on a standard system (not
equipped to make any usc of the control
tones) would, except for a slight reduc-
tion in level, be indistinguishable from a
standard recording. M-G-M and Para-
mount have been particularly interested

in Perspecta Sound and have equipped
numerous theaters with it.3

Another sound-placement system was
developed by the Dorsett Laboratories of
Norman, Okla., and has been installed
in a number of theaters in Texas and
Oklahoma. It is described in the May
1954 Progress Report™ as using a stand-
ard optical track, but with provision
for shifting the sound from the center
speaker to cither of two screen speakers
to right or left, or to peripheral (sur-
round) speakers. This is accomplished
by “switching cues in the form of a binary
code marked into both sprocket-hole
arcas,” and optically scanned. “Standard
single-track optical release prints are
cued for use with this system by the
Dorsctt representatives.”  (Quotations
arc from the Progress Report.)

Sound and Color. Since in color pictures
the silver is removed from the emulsion,
special handling of the soundtrack is
required. In the Technicolor imbibition
process the soundtrack is printed in the
usual way, the remainder of the film is
then cleared of all silver, and the pictures
produced by dye transfer from relief
masters.

With the multilayer color films such as
Kodachrome, Kodacolor, Anscocolor
and a number of more recent types it
would be possible to expose the track
with white light so that all three dyes
contributed to the density, or with
colored light so that the sound image
would be principally in the top layer,
and reproduce with a filter of the com-
plementary color. The principal problem
with this procedure is that existing
projectors are nearly all cquipped with
cacsium photocells whose sensitivity
extends well into the infrared, in which
range all of the dyes in usc arc trans-
parent.3® Substitution of phototubes of
other types would mean an objectionable
loss of sensitivity. In May 1946, A. M.
Glover of RCA reported the develop-
ment of a blue-sensitive phototube which
could replace the caesium tubes in
projectors without loss of output.?4:
However, by this time the makers of
color film had begun the use of edge-
development processcs that form a track
of silver or of a metallic salt (opaque to
infrared) not removed by the bleach
which was part of the picture process-
ing.#¢ In one system the silver is in the
top layer only, and the dyes in the other
two layers contribute to the opacity.
The metallic track became gencral in
the handling of sound on color films #7732

Sound on 76mm Film. 1 have confined
my story to developments in the 35mm
ficld in the belicf that the general prin-
ciples and practices which solved prob-
lems or led to improvements in one case
were applicable in the other. It is prob-
ably a gross injustice to pass over the

Kellogg: History of Sound Motion Pictures

.

valuable work of engineers whose efforts
were devoted to 16mm sound, but it
seems to be a necessity.

From the start, the recording of
sound at 36 instcad of 90 ft/min. pre-
sented great difficulties. Only the fact
that standards were much less exacting
made the project practicable. But with
cach advance in the resolution of high
frequencies in 35mm recording, the
corresponding principles were applied to
16mm. One factor at least was in the
favor of the low film speed, namely the
providing of adequate exposure. By the
time of the outbreak of World War II
sound on 16mm film had improved to
the point which made it acceptable for a
great number of military applications.®®

Recording sound on black-and-white
reversal film was not too satisfactory,
but years later when color films came
into wide use, it again became nccessary
to put the sound on what was essentially
a reversal type of film. Particularly
successful for this purpose is recording on
the individual prints or clectrical print-
ing. (Sce the section with that heading,
and the December 1950 paper by
J. G. Frayne.’®)

Black-and-white prints, with original
sound recorded cither on 16 or 35mm
films, formed the great bulk of the product
before and during the war. Fortunately,
fine-grained emulsions could be used.
Cost considerations dictated for the
most part the use of 16mm negatives
and contact prints, and unhappily
nearly all of the printers were of the
sprocket type. One laboratory adopted

1 : 1 optical printing as its standard.*
Much study was given to the possibilities
of recording direct positives. Still more
development work was devoted to direct
optical reduction from 35mm negatives,
and this certainly helped resolution and
high-frequency response, ™ but in the
case of arca tracks, ncutralization of
image spread in the positive by spread
in the ncgative was not easily achieved.”*
The same factor made difficulty in the
recording of direct positives, which had
had advocates since early in the era of
sound pictures. Since 35mm negatives
for optical reduction, or 35mm re-
recording positives to be used for making
16mm negatives give best results if
recorded with different degrees and
kinds of high-frequency pre-cqualization,
the organizations producing these masters
have worked together to establish stand-
ards of recommended characteristics.**

Adding sound to 16mm films by use
of a stripe of magnetic material promises
to become of great popular and com-
mercial importance.?®

Drive-in. Theaters? The drive-in
theater was first proposed and advocated

* Precision Film Laboratories, New York, oper-
ated by J. A. Maurer.2i¢
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by R. M. Hollingshcad, a businessman
of Camden, N.J., not affiliated with
motion-picture or electronic interests.

The first such theater was built near

Camden in 1933. In the carlier experi-

ments with the system cffort was made

to put out enough sound power from a

screen speaker to enable patrons to hear

satisfactorily in their cars. This presented
great technical difficulties, and also
would have restricted theaters to loca-
tions where the noise would not be too
objectionable. Several arrangements were
tricd, one with loudspeakers distributed
over the field so that each speaker
provided sound for two cars side by side.
This was a great improvement from the
noise standpoint, and the theaters pre-
viously equipped with screen speakers
were converted. However, these “‘out-
car’” speaker arrangements still left
something to be desired on the score of
general noise. The ‘‘in-car” speaker,
introduced by RCA in 1941, provided
sound which was much more satisfactory
to patrons and practically ecliminated
the neighborhood-noise problem. In the
design of “in-car” speakers, the qualities
of ruggedness, conveniently small size
without too much sacrifice of sound
quality, and immunity to damage by
weather were design objectives.®® The
amplifier and audio-power distribution
system had to be such that the individual
levels would not be too much affected
by the number of speakers in use.
During the 1930’s a number of drive-in
theaters were built in New England,
in the South, and (through the efforts
of Philip Smith) in Indianapolis, Cleve-
land, Detroit, Milwaukee, St. Louis,
Kansas City and Pittsburgh. Building
activities were practically at a standstill
during the war, but after its close the
number increased rapidly. Underhill3s¢
gives the number of drive-in theaters at
the end of the war as about 60 and four
years later as 1000. He attributed the
rapid growth just after the war in part
to the greatly increased number of cars
on the road, especially after the end of
gasoline rationing, and in part to the
shortage of building materials which
made the construction of indoor theaters
relatively difficult and expensive. The
May 1954 Progress Report puts the
number of drive-in theaters at the end of
1953 at 4000, and estimated that six
months later there would be 4500.

The most scrious problem of the drive-
in theater is the provision of sufficient
light for the large screen, a consideration,
however, which lies outside the scope of
this paper.

Magnetic Recording

The principle of magnetic recording
was demonstrated in 1900 by Valdemar
Poulsen, who called his device the
“Telegraphone.”*7:37 About 1917 the
American Telegraphone Co. marketed a
dictation machine under that name

Y
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which performed well by existing stand-
ards but was complicated and could
not compete commercially with cylinder
machines. Recording was on 0.010-in.
“piano” wire, contacted from opposite
sides by a pair of offset stecl pole-pieces.
Erasure was by a saturating d-c field,
and a d-c bias was combincgi with the
recording-voice current in sufficient
magnitude to maintain all the recorded
magnetization of the reversed polarity.

An alternating magnetic ficld has for
years been the accepted means of
demagnetizing magnetic materials, and
it scemed a paradox that a superimposed
alternating current would assist in,
rather than obliterate, recording. How-
ever, it was found in 1921 by W. L.
Carlson and G. W. Carpenter, then
working on a government project of
recording telegraph signals, that a bias
current of supersonic frequency could
be very advantageous in magnetic
recording of audio-frequency signals.?®®

The development of magnetic record-
ing was carried on by the Bell Telephone
Laboratories during the 1930’s. A thin
steel ribbon about § in. wide was
found better than wire, and alloys of
superior magnetic properties were de-
veloped. Direct current crase and bias
were used in the equipment.

The developments and publications of
Marvin Camras®®*3? of Armour Re-
search Foundation aroused widespread
interest in magnetic recording and the
results obtainable with high-frequency
bias. The essential difference between a
recording made with d-c bias, and one
made with high-frequency bias is that
with the latter (1) modulation is through
zero, with resultant increase in maximum
recordable amplitude, and (2) there is no
remanent magnetism when the modula-
tion falls to zero. The second feature is
the condition for low background noise.
The comparison is analogous to that
between a Class B push-pull photo-
graphic record, and a unilateral record-
ing without ground-noise reduction,

There was much developmental activ-
ity in wire recording just before and
during the war, with numerous applica-
tions for the armed services. The extreme
compactness of recordings stored as
magnetized wire plus the ruggedness of
‘thc system with respect to mechanical
injury made it of especial value for mili-
tary uses. Better wires were developed,
4- to 5-mil diameter sizes being widely
used. The Brush Development Co. de-
veloped a compound wire in which an
alloy of superior permanent magnetic
properties was plated on a brass core, 357

+ The National Standard Co. of Niles,

Mich., developed a successful stainless-
steel recording wire.

S. ‘J. Begun®? quotes an article in
Machinery of January 1917 about the
Telegraphone in which mention is made
of a stripe o.f powdered iron to be painted
on a motion-picture film to provide
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synchronous sound. It was more than
30 ycars later before use was made of
this principle — one of the many ex-
amples of development in which the basic
concept is only a small part of the
invention, and the real contribution to
progress the result of laborious experi-
mentation and wise application of
refinements and better techniques. Not
until a sound quality was attained in
magnctic recording surpassing that of any
other known system did it become of
great concern to motion pictures.

Development of magnetic coatings on
paper or other base materials was under-
taken by the AEG in Germany about
1928, but up to the outbreak of war
nothing of outstanding quality had
appearcd. At the close of the war the
Amecrican occupying forces brought
back samples of a new German magnetic
tape and ecquipment. The magnetic
material was a finely divided iron oxide,
mixed with a binder and coated on a
thin cellulose base (total thickness
about 0.002 in.). In the recording magnet
a supersonic bias current was super-
imposed on the audio current. Magne-
tization was longitudinal, produced by
C-shaped magnets of high-permeability
alloy, with very short gaps where they
contact the tape. Reproducing magnets
were similar. In cleanness of reproduc-
tion, low ground noise and volume range
the German system set a new high
standard.

A period of intensive development
followed the demonstrations. Some time
was rcquired before American firms
could match thc quality of the German
tape, especially with respect to freedom
from noise. Numerous papers were pub-
lished describing basic properties of
magnetic materials, 132 analysing the
action of the supersonic bias,*®:*% and
reporting tests on various tapes to
determine optimum bias, relation of
distortion to recorded amplitude, and
amount of residual noise.3®® Among the
first in this country to produce acceptable
tapes was the Minnesota Mining &
Mfg. Co.%' Experimenters tried the
magnetic black oxide (Fe;Oy) in powder
form and found it capable of producing
higher output levels but noisier than the
red oxide used in the German tapes.
The red oxide (Fe:0;) in a certain
crystal form (“gamma phase”) is mag-
netic. Grinding to a particle size of
about 1 x or less was found essential,
and prolonged mixing. Many tape-
recorder-reproducer equipments were
developed, both for amateur and pro-
fessional use, the latter principally for
broadcast stations.

Advantages of the Magnetic System. The
compactness and portability of the mag-
netic-tape equipment, its freedom from
dependence on laboratories, the immedi-
ate Playback, the small storage space
required, the relatively small cost of

recording stock, plus the ability to re-
use tape when the recorded sound on it
is no longer wanted, the ability to work
in daylight, and finally the ecxcellent
sound quality and dynamic range,
combined to make the magnetic system a
great advance from both the economic
and performance standpoints.

Uses in the Afotion-Picture Industry of
Nonsynchronous Recording. The prompt
interest of motion-picture producers in
magnetic recording was shown in two
lines of activity. The Basic Sound Com-
mittee of the Motion Picture Research
Council held meetings in 7946 to which
prospective  suppliers of 1magnetic-re-
cording ¢quipment and record materials
were invited.3® The purpose was to
formulate the requirements of the
motion-picture industry in order that
developments might be better directed
toward meeting these requirements.
The other activity was making experi-
mental use of the nonsynchronous thin-
tape recording equipment which was the
first to be developed.?®® While the most
important use which might be made of
the magnetic system would be for the
original synchronous recordings, there
are numerous operations for which the
lack of exact synchronism of magnetic
tape would not be too serious an obstacle,
such as for immediate playback after
rehearsals, for training singers and
actors, and for recording of music and
sound effects which do not have to
synchronize exactly with the picture.
In musical numbers the picture is often
secondary to the sound, and in many
cases the practice had been followed of
recording the sound first, without pic-
ture, and subsequently fitting the picture
to the music. For this, initial recording on
tape was applicable, the sound being
re-recorded to film while musicians or
vocalists performed synchronously for
the camera.

Papers on Progress in Magnetic Sound.
At the October 1946 convention of this
Society Marvin Camras described and
demonstrated  synchronous magnetic
sound, using 35mm film coated at
Armour Research Foundation. However,
the coated film was not offered com-
mercially. At the same meeting H. A.
Howell®®? of Indiana Steel Products
Co. gave data on several magnetic
materials and described a coated-paper
tape which could be perforated if
desired. While paper offered certain
advantages which commended its use
at the time, it has not been possible with
coatings on paper to attain the quality
and low noisc that are realized with
bases of clear plastic.

In February 1947 the Du Pont Co.
furnished RCA with samples of coated
35mm film base. A conversion kit was
developed so that a standard RCA
photographic recorder (PR-23) could

record and reproduce magnetically.
The November 1948 issue of the Journal
contains a description of the kit by
Masterson,3” measurcments of the prop-
ertics of the Du Pont film reported by
O’Deca,*® and bias studies by Dimmick
and Johnson®® of l-in. thin tapes made
by Du Pont and by Minnesota Mining &
Mfg. Co. as compared with one of the
German tapes. The commercial version
of the conversion kit was described by
Gunby?® at the October 1948 convention..
In the Junc 1949 Journal Mueller and
Groves®?® describe experiences at Warner
Bros. Studios with various uses of non-
synchronous magnetic recording, and
such experience as had been had up to
that time with synchronous magnetic
recording. The practice of re-recording
from magnetic to dircct-positive photo-
graphic tracks is mentioned. This has
sometimes been called “electrical print-
ing,” and soon became the prevalent
method of providing a sound film to be
edited and then re-recorded to the final
release negative. The January 1952
paper by Carcy and Moran®® states
that the practice of re-recording from a
magnetic original to a 200-mil push-pull
variable-area direct positive for editing
had been followed by Universal Inter-
national Pictures since January 1951.

The Progress Report of May 1951
shows RCA synchronous magnetic re-
cording cquipment, designed to make
one, two, or three tracks on the film.*
This was being used by Columbia, the
sound being re-recorded to direct posi-
tives for editing. The same report
tells of Westrex portable synchronous
magnetic-recording equipment, suited
(optionally) to 35mm, 17jmm or

* 16mm film, describing this equipment as

in wide use in this country and abroad.
Triple-track Westrex cquipment is de-
scribed by Davis, Frayne and Templin®"
in the February 1952 Journal.

Portable magnetic-recording equip-
ment (the complete channel weighing
less than 100 Ib) using 17jmm film
was described by Ryder’™ at the April
1950 convention. The May 1951 Progress
Report states that since April 1, 1950, all
Paramount production recording had
been done on this equipment.

The Progress Report’” of May 1952
states that by the end of 1951 approxi-
mately 75% of the original production
recording, music scoring and dubbing in
Hollywood was being done on magnetic-
recording equipment.

Editing. While it is entirely possible to
cdit magnetic recordings with the help of
quick-stop reproducers, sound-film edi-

* The use of three tracks on a 35mm film was
begun by Columbia in November 1950. In single-
channel recording the three tracks could be used
in succession, or in recordings calling for com-
bined voice, orchestra and sound-effects these
could be independently and simultancously re-
corded and later mixed for desired balance.
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tors have come to depend in part on the
visibility of modulation in a photo-
graphic track. This is probably one of
the chicf reasons for the retention of
photographic-sound records for this
intermediate function. Push-pull re-
cording is usual, and in order to add as
little ground noise as possible, prefer-
ably wide-track. The use of direct posi-
tives saves time as well as printing losses.
When the cditing is completed, the
negative for releasc printing is made by
another re-recording operation.

To provide the visual advantages of
the photographic track for purposes of
editing while retaining the quality
advantages of the magnetic system, an
arrangement has bcen tried which
registered by an ink linc on the magnetic
film the amplitude of the modulation
being recorded.3” Another expedient,
described by Frayne and Livadary,’™ is
to make simultancous tracks on the film
to be edited, one magnetic and the other
photographic variable-arca, the mag-
netic to be used for the re-recording.

A system in which both pictures and
sound can be backed up at any time
without loss of synchronism is described
by George Lewin® of the Signal Corps
Pictorial Center. This makes it possible
for a narrator to correct or change his
speech, erasing portions of the previous
record as he substitutes the new.

Synchronous Thin Tape. While use of
perforated film afforded the necessary
synchronism, the thin tape has the
important advantages of reduced size
and weight of equipment, smaller space
required for storage, lower cost, and
better contact between magnet and
record surface because of its greater
flexibility. A number of systems have,
therefore, been developed to drive tape
in strict synchronism. These have for the
most part used the principle of recording
a tone on the tape in addition to the audio
modulation and of controlling the speed
of the driving system so as. to hold
within limits the phase relation between
the reproduced tone and a reference
frequency, usually the G0-cycle power
which drives the camera. The recorded
tone may be 60 cycles®’ (excluded from
the audio by a high pass filter) or a tone
slightly above the audio range for
example 14,37 1577 or 18%7® kec, and
modulated at the 60-cycle rate.

An optical tone on the tape, as
by stripes on the back of the tape
would have certain advantages (one of
which is that full voltage can be de-
veloped from standstill), but this has to
the best of my information not been
made commercial.

Experiments have indicated that with
a suitably designed mechanical system,
perforations and sprockets are not out
of the question, even with tape as small
as 0.002 in. thick by X in. wide.3*
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Striping. While magnetic sound has
been thus far used mainly in the pre-
liminary operations of making sound
pictures, and relcase prints are still
optical, therc arc somec cxceptions, for
cxample the films for the CinemaScope
system, on which the sound is all-
magnetic. This calls for applying stripes
of magnetic coating on the photographic
film which carries the picturc. There are
also numcrous applications, cspecially
with 16mm films, for which it is desir-
able to add sound to an existing picture
film, and other uses for which the stripe
is applied to the unexposed film.

The application of thec magnetic
material in stripes of closely controlled
width, position and thickness is no
simple problem, The April 1953 Journal,
Part II, carries a series of papers dealing
with problems of magnetic recording.
Striping is discussed by rcpresentatives
of Reeves Soundcraft Corp.,’*° Minne-
sota Mining and Mfg. Co.,’® Eastman
Kodak Co.%% and Bell and Howell.?®
The Minnesota Mining and Mifg. Co.
developed a mecthod of application
of a stripe by transfer from a temporary
supporting tape. Only heat (no solvent
or wet cement) is required for the
transfer. The Reeves enginecrs also
have papers on the preparation of the
magnetic material,®® and the study of
the minute surface irregularities which
tend to lift the tape from the magnet
causing sound ‘“drop-outs.”’?®® In spite
of the utmost effort to prevent the
formation of such high spots they are not
entircly eliminated, and polishing opera-
tions are helpful. Other papers in the
group deal with wear on magnets,®¢
measurements of magnetic induction,’
and standardization.?*®

The May 1954 Progress Report men-
tions new high-output magnetic-oxide

coatings introduced in 1953 and 1954
by Minnesota Mining and Mifg. Co.,
greatly increased use of striping, new
machines for applying the stripes, and
several designs of theater soundhcads
(to bc mounted above the projector
head) for reproducing multiple-track
magnetic sound,

A Sound Committee Report by J. K.
Hilliard in the Junc 1953 Journal tells of
arrival at agrcement for a standard of
track positions for triple 200-nil magnetic
tracks on 35mm film, of projects for
standardizing theater magnetic-repro-
ducing characteristics, and plans for
making available various rnagnetic test
films, corresponding to the long-used
photographic test films.

Theater reproducing systems for mag-
netic tracks are designed to be mounted
on the tops of projectors, and do not
interfere with the optical reproduction.

New Safety-Filn Base.*™ For ycars
the motion-picture industry struggled to
minimize the fire hazard of nitrate film.
Safety-film base had ecarly been de-
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veloped and used for certain purposes for
35mm film, and was mandatory for
amateur cquipment (16mm), bu't the
stability and mechanical propertics of
the safety base were so inferior to the
nitrate base that it was not a satisfactory
substitute.

The film companies worked long and
diligently on the problem of improving
film-base stock. In 1937 the Eastman Co.
adopted an improved safcty base,’™ andin
1948 announced a new safety base which
combined the nceded propertics to
replace the long-used nitrate base, being
superior to the nitrate in hcat resistance
and low shrinkage. It is described by
Fordyce®®., With these virtues the new
film has rapidly supplanted nitrate.

The improvement in sound quality
duc to reduced shrinkage may not be
noticeable to the average listener, but it
must inevitably mean better performance
especially in the action of contact
printers. The importance of this new
base can hardly be exaggerated.
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APPENDIX

Development of High Vacuum Ampli-
fier Tubes from the Audion

A brief account of the improvement of
the audion by Dr. Arnold of the Western
Electric Co., and of the subsequent patent
interference and litigation, appeared in
Jour. SMPE, 17: 658-663, Oct. 1931.
In view of the vital part played by the
clectronic triode, it scems appropriate to
tell somcthing more about the parallel
developments at the General Electric
Co. The results, in terms of practical,
high-vacuum amplifier tubes, were attained
indcpendently and at very nearly the
same timc at the two laboratories. The
Telephone Co. had immediate use for
audio amplifiers and promptly put them
to usc on a large scale, whereas, at the
General Elcctric Co., the work was much
more nearly a pure rescarch.

Study at the Rescarch Laboratory of the
General Electric Co. of the relation of
“Edison Effect” current to residual gas
was an outgrowth of incandescent lamp
development. Because of serious effects in
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some cases of the minutest traces of jm.
purities or of certain gases or vapors
the techniques of producing high e
had been developed to a high degree.
In the early days of the Fleming valve and
the de Forest audion the opinion was widely
held that these depended for their conduct-
ing propertics on the presence of some gas.
Experiments in 1907 by Prof. Soddy3s
of the University of Glasgow lent support
to the belief that the space current would
become zero if a true vacuum were ob-
tained. On the other hand, the English
scientists J. J. Thompson (who first proved
that there was such a thing as an clectron)
and O. W. Richardson belicved that high
temperaturc would causc a conducting
body to throw off electrons into the adjacent
space, without dependence on the potent
cffects (in releasing electrons) of impacts
on the cathodc surface by positive gas ions.
It was the question which of these theorics
was right that enlisted the interest of Dr.
Irving Langmuir. By using thc known
techniques for driving occluded gases from
glass and mctal surfaces, the Gaede diffu-
sion pump, and adding a liquid-air cooled
trap in the exhaust line, Dr. Langmuir
exhausted his experimental tubes to about
the highest possible vacuum. He showed
that (with adequate temperature of the
tungsten cathode) a pure clectron space
current flowed, and that this current
followed the thcoretically predicted 1.5
power relationship to the anode potential. 3%

With high enough anode voltage to carry
ovcr all the clectrons emitted by the cathode
(“saturation current”) Langmuir was able
to verify O. W. Richardson’s prediction
(“The clectrical conductivity imparted to a
vacuum by hot conductors,” Phil. Trans.
207: 497, 1903) that the rate at which
electrons arc “boiled” out of the cathode
bears a similar relatipn to temperature
that vapor pressure does in the case of an
evaporating substance. The presence of
small quantities of ordinary gases (other
than the “noble” gases) was found to
“poison” the tungsten surface and greatly
reduce emission, but this effect disappeared
at high enough temperatures. 3%

Thesestudies were begun in August 1912,
and continued through that year and the
following. Three electrode tubes exhausted
to high vacuum were found to be free from
the voltage limitations and erratic behavior
of the previous audions.3® Another impor-
tant outcome of the development of the
pure clectron discharge was the Coolidge
X-ray tube (hot-cathode, high-vacuum
type) in which the electron velocities at the
anode (and thereby the frequency or
penetrating power of the X-rays) could be
accurately and reliably controlled, and
carried to much higher values than had
been possible in the previous tubes where
gas ionization had limited the effective
anode voltage. The use of chemical
“getters” for improving the vacuum in
scaled-off tubes was also much advanced
by work at this time at General Electric.
In October 1913, a patent application was
filed for Langmuir on “Electrical Discharge
ﬁPParatus” (triode) in which conduction
is entirely by electrons, the effects of gas
ions being ncgligible.

'I:hc audions which de Forest supplied for
radio reception broke into a glow dis-
charge if anode potentials of more than

20 to 40 were applied, and all control by
the grid then vanished. The very limited
output with low-voltage operation was not
serious for radio detectors, but made the
tubes of little or no use as amplifiers.
During the years 1909-1912 de Forest was
employed by the Federal Telegraph Co. of
California. The company wanted amplifier
tubes and de Forest ordered some made
with better vacuum, calling in some cases
for re-cxhaust, so that by August 1912, a
tube was being used at 54 v and by Novem-
ber, one at 67} v. This was held in some of
the later court actions to be a clear indica-
tion of the dircction from which improve-
ment in the audion could be expected and
thus, so far as invention or discovery gocs,
an anticipation of possible patent claims
by others, directed to improving the audion
by employing higher vacuum.

At the time that the work just described
was going on, the Telephone Co. was
making plans to cstablish transcontinental
telephone communications in time for the
opcning of the San Francisco Panama-
Pacific Exposition in 1915. There had
been a long-felt need for a voice-current
amplifier, much cffort had been expended
on the project, and devices based on
various principles tried.

For the 3000-mile transmission the
possession of amplifiers would be impera-

tive and thecy must have low distortion to-

permit cascading. According to the ac-
counts by Lovette and Watkins,® and by
Wm. R. Ballard,?*3 a visit by de Forest in
October 1912 served to direct attention to
the possibilities of the audion, other devices
of promisc having till then claimed the
rescarch efforts. De Forest gave demonstra-
tions and left a sample for tests and study.
The demonstrations wcre rcpeated next
day for the benefit of research cnginecr
Dr. H. D. Arnold, who was quick to
recognizc the potentialities of the audion,
the requirement for high vacuum and the
role of space charge in limiting and con-
trolling electron current. He expressed entire
confidence that an amplifying tube which
would meet the requirements could be
developed from the audion, and he was
assigned the task. Progress was rapid, and
tubes with much higher vacuum were
quickly available, but vacuum of the desired
value was not achieved until a Gaede mo-
lecular pump, which was ordered from
Germany, arrived. Long-lived cathodes
were of great importance for telephone
applications, and cathodes of the Wehneldt
oxide-coated type were developed to re-
place de Forest’s tungsten cathodes.

More details about the developments
at the Western Electric Co. will be found
in the references already cited. %33 Doubt-
ing the patentability of the improvement
brought about by higher vacuum, Arnold
and his attorneys did not file any applica-
tion until they learned that an application
based on a similar development had been
filed by the General Electric Co. The
prolonged interference which followed is
summarized in the footnote on page 657
of the October 1931 Journal, ““After various
conflicting opinions by successive tribunals,
U.S. Pat. No. 1,558,436 was issued to
Langmuir in 1925.”

In 1926 the General Electric Co. brought
suit for infringement against the de Forest

Radio Corp._Again therc were decisions,
appeals, and reversals, ending with the
ruling of the Supreme Court, May 25, 1931,
that the patent did not involve invention.

Some light on the questions at issue may
be found in opinions written by the succes-
Slve courts.

Court of Appcals of the District of
Columbia (339 Official Gazette 56).
Patent issued pursuant to finding of
this court.

Federal District Court for Delaware
before which the General Electric
vs. de Forest suit was tried (Federal
Reporter, Vol. 23, 2nd Series, p. 698).

U.S. Circuit Court of Appeals for the
Third District (44 Federal Reporler
2nd Series, p. 931, and U. S. Pat.
Quarterly, Oct.~Dec. 1930, p. 67).
Majority opinion for plaintiffs and
dissenting minority opinion.

U.S. Supremec Court (283 U.S. 664,
Baldwin Vol. XI 664).
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A Mathematical Theory of Communication
By C. E. SHANNON

INTRODUCTION

THE recent development of various methods of modulation such as PCM

and PPM which exchange bandwidth for signal-to-noise ratio has in-
tensified the interest in a general theory of communication. A basis for
such a theory is contained in the important papers of Nyquist! and Hartley?
on this subject. In the present paper we will extend the theory to include a
number of new factors, in particular the effect of noise in the channel, and
the savings possible due to the statistical structure of the original message
and due to the nature of the final destination of the information.

The fundamental problem of communication is that of reproducing at
one point either exactly or approximately a message selected at another
point. Frequently the messages have meaning; that is they refer to or are
correlated according to some system with certain physical or conceptual
entities. These semantic aspects of communication are irrelevant to the
engineering problem. The significant aspect is that the actual message is
one selected from a set of possible messages. The system must be designed
to operate for each possible selection, not just the one which will actually
be chosen since this is unknown at the time of design.

If the number of messages in the set is finite then this number or any
monotonic function of this number can be regarded as a measure of the in-
formation produced when one message is chosen from the set, all choices
being equally likely. As was pointed out by Hartley the most natural
choice is the logarithmic function. Although this definition must be gen-
eralized considerably when we consider the influence of the statistics of the
message and when we have a continuous range of messages, we will in all
cases use an essentially logarithmic measure.

The logarithmic measure is more convenient for various reasons:

1. It is practically more useful. Parameters of engineering importance

! Nyquist, H., ““Certain Factors Affecting Telegraph Speed,”” Bell System Technical Jour-
nal, April 1924, p. 324; “Certain Topics in Telegraph Transmission Theory,” A.1.E. E.
Tians., v. 47, April 1928, p. 617.

*Hartley, R. V. L., ““Transmission of Information,”” Bell System Technical Journal, July
1928, p. 535.



bandwidth, number of relays, etc., tend to var()lfdl‘mearlzl r\:ll;:h
the logarithm of the number of possibilitfies. For exzur;ple, zll , smg :E)tnad(ls ){
to a group doubles the number of possible states of the relay .1,1 e
to the base 2 logarithm of this number. Doubling the.tune roughly sq
the number of possible messages, or doubles the logarithm, etc. This i
2. It is nearer to our intuitive fecling as to the propc.zr.measu;‘e. ;om-
closely related to (1) since we intuitively measure entitics by lincar i
parison with common standards. One feels, fo'r examp{e, that two pur:i :
cards should have twice the capacity of one for 111format19n §torz}ge, and two
identical channels twice the capacity of one for Lransmx'ttlp'g mformat.lon.
3. It is mathematically more suitable. Many of the limiting operau;)l?s
are simple in terms of the logarithm but would require clumsy restatement in
the number of possibilities. | '
ter’Irflllse cc)lfloice of a Iogarithfnic base corresponds to the ch'oxce of‘ a unit fl())r
measuring information. If the base 2 is used the resulting umts, ma;}; ::
called binary digits, or more briefly bifs, a word suggestec} by J. \.\ . ’I.‘u ey.
A device with two stable positions, such as a relay or a flip-flop circuit, can

i i i i N bits, since the
ne bit of information. AN such devices can store / : '
fathln If the base 10 is

such as time,

total number of possible states is 2& and log»2¥ B N.
used the units may be called decimal digits. Since

log: M = logw M /logie2
3.32 logye M,

a decimal digit is about 3§ bits. A digit wheel on a desk computing mac}line
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 ¢ 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 log, a.

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

1. An information source which produces a message or sequence of mes-
sages to be communicated to the receiving terminal. The message may be
of various types: e.g. (1) /A sequence of letters as in a telegraph or teletype
system; (b) A single function of time f(7) 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, ¥, /) of two space coordi-
nates and time, the light intensity at point (x, y) and time / on a pickup tube
plate; (d) Two or more functions of time, say S, gl), h()~—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

® o
L

1O |

several variables—in color television the message consists of three functions
I 9,0, gy, 9, 0, hix, %, 1) 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 transmission over the channel. In telephony this opera-
tion 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

INFORMATION
SOURCE TRANSMITTER RECEIVER OESTINATION
—>—
SIGNAL RECEIVEO
SIGNAL
MESSAGE ME SSAGE

NOISE
SOURCE

Fig. 1—Schematic diagram of a general communication system.

properly to construct the signal. Vocoder systems, television, and fre-
quency modulation are other examples of complex operations applied to the
message lo 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 in-
tended.

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 physical
counterparts. We may roughly classify communication systems into three
main categories: discrete, continuous and mixed. By a discrete system we
will mean one in which both the message and the signal are a sequence of



discrete symbols. A typical case is telegraphy where the message 15 a
and the signal a sequence of dots, dashes and spaces.
ge and signal are both treated
A mixed system is one in
PCM transmis-

sequence of letters
A continuous system is one in which the messa

as continuous functions, e.g. radio or television.
which both discrete and continuous variables appear, ¢.g.,

sion of speech. ' - 1
We first consider the discrete case. This case has applications not only

in communication theory, but also in the theory of computing ma(fhines,
the design of telephone exchanges and other fields. In addition the dlsFrete
case forms a foundation for the continuous and mixed cases which will be

treated in the second half of the paper.

PART I: DISCRETE NOISELESS SYSTEMS

1. Tee DiscrerE NoOISELESS CHANNEL

Teletype and telegraphy are two simple examples of a discrete channel
for transmitting information. Generally, a discrete channel will mean a
system whereby a sequence of choices from a finite set of elementary sym-
bols S; - - - S» can be transmitted from one point to another. Each of the
symbols S is assumed to have a certain duration in time ¢ seconds (not
necessarily the same for different S;, for example the dots and dashes in
telegraphy). It is not required that all possible sequences of the S be cap-
able of transmission on the system; certain sequences only may be allowed.
These will be possible signals for the channel. Thus in telegraphy suppose
the symbols are: (1) A dot, consisting of line closure for a unit of time and
then line open for a unit of time; (2) A dash, consisting of three time units
of closure and one unit open; (3) A letter space consisting of, say, three units
of line open; (4) A word space of six units of line open. We might place
the restriction on allowable sequences that no spaces follow each other (for
if two letter spaces are adjacent, it is identical with a word space). The
question we now consider is how one can measure the capacity of such a
channel to transmit information.

In the teletype case where all symbols are of the same duration, and any
sequence of the ."'52 sym.bols is allowed the answer is easy. Each symbol
represents .ﬁ\'.e bits of information. If the system transmits » symbols
per secondilt‘ 1s natural to say that the channel has a capacity of 5» bits per
sef:or‘ld. "I his do?s not mean that the teletype channel will always be trans-
TR oo i i el o the masinun pie e and
of information which feeds the cha i m‘?‘“mum o She source

nnel, as will appear later.

¢ o

In the more general case with different lengths of symbols and constraints
on Ulfi 'allowed sequences, we make the following definition:
Definition: The capacity C of a discrete channel is given by

C = Lim 28 ¥(T)

T—wo
where‘ N(T ) is the number of allowed signals of duration T'.

It is easily seen that in the teletype case this reduces to the previous
resu'lt. It can be shown that the limit in question will exist as a finite num-
ber in most cases of interest. Suppose all sequences of the symbols Sy , - - -
Sn are allowed and these symbols have durations fi,---,l. What ,is thé

channel capacity? If N(f) represents the number of sequences of duration
{ we have

NO)=Ne—t)+NC—t)+ -+ Nt — 1)

The total number is equal to the sum of the numbers of sequences ending in
ij »S2, -, S and these are N(¢t — 1;), N(t — t,), - - - , N(¢t — t,), respec-
tively. According to a well known result in finite differences, N(¢) is then
asymptotic for large ¢ to X where X, is the largest real solution of the
characteristic equation:

X_‘I+X_‘z+-..+X_‘n=1
and therefore
C = log X,

In case there are restrictions on allowed sequences we may still often ob-
tain a difference equation of this type and find C from the characteristic
equation. In the telegraphy case mentioned above

N@)=N@t—2)+Nt—4)+Nt—5+Nt—7) + Nt~ 8)
+ N — 10)

as we see by counting sequences of symbols according to the last or next to
the last symbol occurring. Hence C is — log uo where y, is the positive
root of 1 = p?*+ p* + u¥ + 47 + u8 + p Solving this we find C = 0.539.

A very general type of restriction which may be placed on allowed se-
quences is the following: We imagine a number of possible states a; ,a,, - - - ,
an. For each state only certain symbols from the set S;, ---, S, can be
transmitted (different subsets for the different states). When one of these
has been transmitted the state changes to a new state depending both on
the old state and the particular symbol transmitted. The telegraph case is
a simple example of this. There are two states depending on whether or not
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Fig. 2—Graphical representation of the constraints on telegraph symbols.

For example, in the telegraph case (Fig. 2) the determinant is:
-1 M2+
4+ @t -)

On expansion this leads to the equation given above for this case.

2. THE DISCRETE SOURCE OF INFORMATION

We have seen that under very general conditions the logarithm of the
number of possible signals in a discrete channel increases linearly with time.
The capacity to transmit information can be specified by giving this rate of

increase, the number of bits per second required to specify the particular
signal used.

We now consider the information source,
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of the channel, by the use of proper encoding of the information. In teleg-
raphy, for example, the messages to be transmitted consist of sequences
of letters. These sequences, however, are not completely random. In
general, they form sentences and have the statistical structure of, say, Eng-
lish. The letter E occurs more frequently than Q, the sequence TH more
frequently than XP, etc. The existence of this structure allows one to
make a saving in time (or channel capacity) by properly encoding the mes-
sage sequences into signal sequences. This is already done to a limited ex-
tent in telegraphy By using the shortest channel symbol, a dot, for the most
common English letter E; while the infrequent letters, (), X, Z are repre-
sented by longer sequences of dots and dashes. This idea is carried still
further in certain commercial codes where common words and phrases are
represented by four- or five-letter code groups with a considerable saving in
average time. The standardized greeting and anniversary telegrams now
in use extend this to the point of encoding a sentence or two into a relatively
short sequence of numbers.

We can think of a discrete source as generating the message, symbol by
symbol. It will choose successive symbols according to certain probabilities
depending, in general, on preceding choices as well as the particular symbols
in question. A physical system, or a matlrematical model of a system which
produces such a sequence of symbols governed by a set of probabilities is
known as a stochastic process.> We may consider a discrete source, there-
fore, to be represented by a stochastic process. Conversely, any stochastic
process which produces a discrete sequence of symbols chosen from a finite
set may be considered a discrete source. This will include such cases as:
1. Natural written languages such as English, German, Chinese.

2. Continuous information sources that have been rendered discrete by some
quantizing process. Ior example, the quantized speech from a PCM
transmitter, or a quantized television signal.

3. Mathematical cases where we merely define abstractly a stochastic
process which generates a sequence of symbols. The following are ex-
amples of this last type of source. '

(A) Suppose we have five letters A, B, C, D, E whl‘ch are chosen eac'h
with probability .2, successive choices being independent. This
would lead to a sequence of which the following is a typical example.
BDCBCECCCADCBDDAAECEEA
ABBDAEECACEEBAEECBCEAD
This was constructed with the use of a table of random numbers.!

3 See, for example, S. Chandrasekhar, “Stochastic Problems in Physics and Astronomy,”

1 Piysics, v. 15, No. 1, January 1943, p. 1. .
Rgglﬁsns{lf]‘gz)dérs,lrnitg, ““Tables of Random Sampling Numbers,”’ Cambridge, 1939.



he last symbol transmitted. If so then only a dot or a dash

a space was t I not, any symbol can be

:t and the state always changes. e .
:?:n:rfnstet,el(ti I::dt the state changes if a space is se.nt, otherwise it remains
the same. The conditions can be indicated in a linear graph as Sl:lo(\l\{ll 1ln
Fig. 2. The junction points correspond to ll}C states and the lmefl .11'1 Il(.Z;). iz
the symbols possible in a state and the resulting state. In Appt?n ix 1I :
shown that if the conditions on altowed sequences can be ‘descnbed in t.ns
form C will exist and can be calculated in accordance with the following
;? Islrol:c.m 1: Let b{? be.the duration of the s'* symbol .which.is allowable in
state i and leads to state 7. Then the channel capacity C Is equal to log
17 where 17 is the largest real root of the determinant equation:

|20 W= — 5] = 0.

where §;; = 1if ¢ = j and is zero otherwise.
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For example, in the telegraph case (Fig. 2) the determinant is:
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On expansion this leads to the equation given above for this case.

2. THE DISCRETE SOURCE OF INFORMATION

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

We now consider the information source. How is an information source
to be described mathematically, and how much information in bits per sec-
ond is produced in a given source? The main point at issue is the effect of
statistical knowledge about the source in reducing the required capacity
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of the channel, by the use of proper encoding of the information. In teleg-
raphy, for example, the messages to be transmitied consist of sequences
of letters. These sequences, however, are not completely random. In
general, they form sentences and have the statistical structure of, say, Eng-
lish. The letter E occurs more frequently than Q, the sequence T more
frequently than XP, etc. The existence of this structure allows one Lo
make a saving in time (or channel capacity) by properly encoding the mes-
sage scquences into signal sequences.  This is alrcady done to a limited ex-
tent in telegraphy by using the shortest channel symbol, a dot, for the most
common English letter E; while the infrequent letters, Q, X, Z are repre-
sented by longer sequences of dots and dashes. This idea is carried still
further in certain commercial codes where common words and phrases are
represented by four- or five-letter code groups with a considerable saving in
average time. The standardized greeting and anniversary telegrams now
in use extend this to the point of encoding a sentence or two into a relatively
short scquence of numbers.

We can think of a discrete source as generating the message, symbol by
symbol. It will choose successive symbols according to certain probabilities
depending, in general, on preceding choices as well as the particular symbols
in question. A physical system, or a mathematical model of a system which
produces such a sequence of symbols governed by a set of probabilities is
known as a stochastic process.® We may consider a discrete source, there-
fore, to be represented by a stochastic process. Conversely, any stochastic
process which produces a discrete sequence of symbols chosen from a finite
set may be considered a discrete source. This will include such cases as:
1. Natural written languages such as English, German, Chinese.

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

3. Mathematical cases where we merely define abstractly a stochastic
process which generates a sequence of symbols. The following are ex-
amples of this last type of source.

(A) Suppose we have five letters A, B, C, D, E which are chosen each
with probability .2, successive choices being independent. This
would lead to a sequence of which the following is a typical example.
BDCBCECCCADCBDDAAECEEA
ABBDAEECACEEBAEECBCEAD
This was constructed with the use of a table of random numbers.*

3 See, for example, S. Chandrasekhar, “Stochastic Problems in Physics and Astronomy,”

7 Modern Physics, v. 15, No. 1, January 1943, p. 1. .
Rﬁ:llr(isng'{lfl aan(;rS”miLh), “Tables of Random Sampling 1\,Iumbers,” Cambridge, 1939.



obabilities be 4, .1,.2, .2 A

five letters let the pr e A et

h successive choices indepe
ce is then:
AADADACED A

ECAAAAAD
~ e is obtained if successive symbols are

probabilities depend on preced-

(B) Using the same
respectively, wit
message from this sour
AAACDCBDCE
EADCABEDAD

(C) A more complicated structur

independently but their : . ;
{ln;)gt ltce}tl::rzl.l In gxe simplest case of this type a choice depends only

i n ones before that. The statn:st.u.:al
0: thte Ir):e z:g":}%elgtlt)ir;:ir?;;doby a set of transition pfobablht¥es
’ r(u '; l;.he probability that letter 4 is followed by letter 7. dThe in-
gi'cis,i and j range over all the possib.le smbols. 1}‘ ;eczr;l ”eq:;;:
alent way of specifying the structure 15 to give the “digram” pThe
abilities p(, 7), i.e., the relative fregflency of the fhgram i 7. he
letter frequencies p(3), (the probability of l.etter .1)3 the tr;msdb
probabilities p:(7) and the digram probabilities (i, 7) are related by

the following formulas.
p6) = 2 90, ) = 220G, 3) = E () 2:6)
G, 7) = p(p:4)
2 i) = 200 = Z,l 26, 7) = 1.

As a specific example suppose there are three letters A, B, C with the prob-
ability tables:

ORI ilp®) 8G9 ’
8 G A B C
IR Al & &
i Bfyg 3 O B 3 i Bl & 0
BNy Cli Chr o5 15

A typical message from this source is the following:
ABBABABABABABABBBABBBBEBAB

ABABABABBBACACABBABBB
ABACBBBABA fe=>

The next increase i i i ]
ease In complexity would involve trigram frequencies

bu't no more. The choice of a letter would depend on the preceding
. (t'\\o leftlers but‘ not on the message before that point. A set of tri-
gram irequencies p(i, j, ) or equivalently a set of transition prob-
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abilities p;;(k) would be required. Continuing in this way one ob-
tains successively more complicated stochastic processes. In the
general z-gram case a set of n-gram probabilities p(iy, 12, - -« , )
or of transition probabilities pi,, &, ,..., i,_y(is) is required to
specify the statistical structure.

(D) Stochastic processes can also be defined which produce a text con-
sisting of a sequence of “words.” Suppose there are five letters
A, B, C, D, E and 16 *words” in the language with associated

probabilities:

A0A .16 BEBE .11 CABED .04 DEB
.04 ADEB .01 BED .05 CEED .15 DEED
.05 ADEE .02 BEED .08 DAB .01 EAB
.01 BADD .05 CA .04 DAD .05 EE

Suppose successive ‘“words” are chosen independently and are

separated by a space. A typical message might be:

DAB EE A BEBE DEED DEB ADEE ADEE EE DEB BEBE

BEBE BEBE ADEE BED DEED DEED CEED ADEE A DEED

DEED BEBE CABED BEBE BED DAB DEED ADEB

If all the words are of finite length this process is equivalent to one

of the preceding type, but the description may be simpler in terms

of the word structure and probabilities. We may also generalize

here and introduce transition probabilities between words, etc.

These artificial languages are useful in constructing simple problems and
examples to illustrate various possibilities. We can also approximate to a
natural language by means of a series of simple artificial languages. The
zero-order approximation is obtained by choosing all letters with the same
probability and independently. The first-order approximation is obtained
by choosing successive letters independently but each letter having the
same probability that it does in the natural language.® Thus, in the first-
order approximation to English, E is chosen with probability .12 (its fre-
quency in normal English) and W with probability .02, but there is no in-
fluence between adjacent letters and no tendency to form the preferred
digrams such as TH, ED, etc. In the second-order approximation, digram
structure is introduced. After a letter is chosen, the next one is chosen in
accordance with the frequencies with which the various letters follow the
first one. This requires a table of digram frequencies p;(7). In the third-
order approximation, trigram structure is introduced. Each letter is chosen
with probabilities which depend on the preceding two letters.
% Letter, digram and trigram frequencies are given in ““Secret and Urgent” by Fletcher

Pratt, Blue Ribbon Books 1939. Word frequencies are tabulated in “Relative Frequency
of English Speech Sounds,” G. Dewey, Harvard University Press, 1923.
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3. TUE SERIES OF APPROXIMATIONS TO ENGLISH

ive a visual idea of how this series of processes approaches a language,
t)q’f;:agl“s:quences in the approximations to English have been ‘c‘onstructeg
and are given below. Inall cases we have assumed a 27-symbol “alphabet,
the 26 letters and a space. !

1. Zero-order approximation (symbols independent and equi-probable).
XFOML RXKHRJFFJUJ ZLPWCFWKCY]J
FFJEYVKCQSGXYD QPAAMKBZAACIBZLH]JQD '

2. First-order approximation (symbols independent but with frequencies

of English text).
OCRO HLI RGWR NMIELWIS EU LL NBNESEBYA TH EEI
ALHENHTTPA OOBTTVA NAH BRL

3. Second-order approximation (digram structure as in English).

ON IE ANTSOUTINYS ARE T INCTORE ST BE S DEAMY
ACHIN D ILONASIVE TUCOOWE AT TEASONARE FUSO
TIZIN ANDY TOBE SEACE CTISBE
4. Third-order approximation (trigram structure as in English).
IN NO IST LAT WHEY CRATICT FROURE BIRS GROCID
PONDENOME OF DEMONSTURES OF THE REPTAGIN IS
REGOACTIONA OF CRE
5. First-Order Word Approximation. Rather than continue with tetra-
gram, - -, n-gram structure it is easier and better to jump at this
point to word units. Here words are chosen independently but with
their appropriate frequencies.
REPRESENTING AND SPEEDILY IS AN GOOD APT OR
COME CAN DIFFERENT NATURAL HERE HE THE A IN
CAME THE TO OF TO EXPERT GRAY COME TO FUR-
NISHES THE LINE MESSAGE HAD BE THESE.
6. Second-Order Word Approximation. The word transition probabil-
itics are correct but no further structure is included.
THE HEAD AND IN FRONTAL ATTACK ON AN ENGLISH
WRITER THAT THE CHARACTER OF THIS POINT 1S
THEREFORE ANOTHER METHOD FOR THE LETTERS
THAT THE TIME OF WHO EVER TOLD THE PROBLEM
FOR AN UNEXPECTED

The resemblance to ordinary English text increases quite noticeably at

words can casily be placed in sentences without unusual or strained con-
structions. The particular sequence of ten words “attack on an English
writer that the character of this” is not at all unreasonable. It appears
then that a sufficiently complex stochastic process will give a satisfactory
representation of a discrete source.

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

4. GRAPHICAL REPRESENTATION OF A MARKOFF PROCESS

Stochastic processes of the type described above are known mathe-
matically as discrete Markoff processes and have been extensively studied in
the literature.® The general case can be described as follows: There exist a
finite number of possible “states” of a system; Sy, S2, ---, S,. In addi-
tion there is a set of transition probabilities; p:(j) the probability that if the
system is in state S; it will next go to state S;. To make this Markoff
process into an information source we need only assume that a letter is pro-
duced for each transition from one state to another. The states will corre-
spond to the ‘‘residue of influence’” from preceding letters.

The situation can be represented graphically as shown in Figs. 3, 4 and 5.
The “‘states” are the junction points in the graph and the probabilities and
letters produced for a transition are given beside the corresponding line.
Figure 3 is for the example B in Section 2, while Fig. 4 corresponds to the
example C. In Fig. 3 there is only one state since successive letters are
independent. In Fig. 4 there are as many states as letters. If a trigram
example were constructed there would be at most #? states corresponding
to the possible pairs of letters preceding the one being chosen. Figure 5

each of the above steps. Note that these samples have reasonably good is a graph for the case of word structure in example D. Here S corresponds

structure out to aboqt twice the range that is taken into account in their to the ‘“‘space’” symboal.
construction. Thus in (3) the statistical process insures reasonable text

for two-letter sequence, but four-letter sequences from the sample can
usually be fitted into good sentences. In (6) sequences of four or more

¢ For a detailed treatment see M. Frechet, “Methods des fonctions arbitraires. Thec_)rie
des énénements en chaine dans le cas d’un nombre fini d’états possibles.” Paris, Gauthier-
Villars, 1938.
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5. ERGODIC AND MIXED SOURCES

As we have indicated above a discrete source for our purposes can l?e con-
sidered to be represented by a Markoff process. Among the p05.51b'le dlscreFe
Markoff processes there is a group with special properties of significance In

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

communication theory. This special class consists of the “ergodic” proc
esses and we shall call the corresponding sources ergodic sources Although
a rigorous definition of an ergodic process is somewhat involved, the

Y

idea is si : eneral
idea s simple. In an ergodic process every sequence produced by the iy
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ess is the same in statistical properties. Thus the letter frequencies,
digram frequencies, etc., obtained from particular sequences will; as the
lengths of the sequences increase, approach definite limits independent of
the particular sequence. Actually this is not true of every sequence but the
set for which it is false has probability zero. Roughly the ergodic property
means statistical homogeneity.

All the examples of artificial languages given above are ergodic. This
property is related to the structure of the corresponding graph. If the graph
has the following two properties’ the corresponding process will be ergodic:

1. The graph does not consist of two isolated parts A and B such that it is
impossible to go from junction points in part A to junction points in
part B along lines of the graph in the direction of arrows and also im-
possible to go from junctions in part B to junctions in part A.

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

If the first condition is satisfied but the second one violated by having the
greatest common divisor equal to & > 1, the sequences have a certain type
of periodic structure. The various sequences fall into & different classes
which are statistically the same apart from a shift of the origin (i.e., which
letter in the sequence is called letter 1). By a shift of fromQup tod — 1
any sequence can be made statistically equivalent to any other. A simple
example with & = 2 is the following: There are three possible letters g, b, c.
Letter ¢ is followed with either b or ¢ with probabilities 3 and % respec-
tively. Either b or ¢ is always followed by letter . 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 separated into a set of
subgraphs each of which satisfies the first condition. We will assume that
the second condition is also satisfied for each subgraph. We have in this
case what may be called a “mixed” source made up of a number of pure
components. The components correspond to the variqus subgraphs.
If Ly, L, Ls, - - are the component sources we may write

L= pLi+ polo+ pals+ -+

where #; is the probability of the component source L; .
7 These are restatements in terms of the graph of conditions given in Frechet.
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Physically the situation represented 1 this: Thcrisa:lcaf:s il

sources Ly, Lz, Ly , - -+ which are cach of homt).geilct)l S to be used, but

(i.e., they are ergodic). We do not know a priort \\t/ 1L B es ) oo
once the sequence starts in a given pure component &

ist1 nent.
nitely according to the statistical structure of that comp(t;eﬁnc(1 hove and
As an example one may take two of the processes

assume py = .2 and p» = 8. A sequence from the mixed source

L = 2 L1 + 8 LQ
first L, or L. with probabilities 2 and .8
and after this choice generating a sequence from whichever wasbchosen(iic
Except when the contrary is stated we shall assume a source to be ergovm;
This assumption enables one to identify averages along a st'alt';uencfe \dis-
averages over the ensemble of possible sequences (the probability c1> z: h
crepancy being zero). TFor example the reiatwe freqiifzncy of the <13t er
in a particular infinite sequence will be, with probability one, equa to its
relative frequency in the ensemble of sequences. » N
Ii P, is the probability of state i and p;(j) the transition probability to
state 7, then for the process to be stationary it is clear that the P; must
satisfy equilibrium conditions:

P; = Z P.’?i(j)-

would be obtained by choosing

In the ergodic case it can be shown that with any starting conditions the
probabilities P;(N) of being in state j after N symbols, approach the equi-
librium values as X' — .

6. CiioICE, UNCERTAINTY AND ENTROPY

We have represented a discrete information source as a Markoff process.
Can we define a quantity which will measure, in some sense, how much in-
formation is “produced” by such a process, or better, at what rate informa-
tion is produced?

Suppose we have a set of possible events whose probabilities of occurrence
are pr, P, -+, pn. These probabilities are known but that is all we know
concerning which event will occur. Can we find a measure of how much

“choice” is involved in the selection of the event or of how uncertain we are
of the outcome?

If there is such a measure, say H(p, , p,
quire of it the following properties:
1. I should be continuous in the p;.

-++, pn), it is reasonable to re-

2. If all the =1
pi are equal, p; oy then I should be a monotonic increasing
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function of #n. With equally likely events there is more choice, or un-
certainty, when there are more possible events.

3. If a choice be broken down into two successive choices, the original
H should be the weighted sum of the individual values of ZI. The
meaning of this is illustrated in Fig. 6. At the left we have three
possibilities g1 = 3, p» = 3, ps = & On the right we first choose be-
tween two possibilities each with probability %, and if the second occurs
make another choice with probabilities §, 4. The final results have
the same probabilities as before. We require, in this special case,

that

The coefficient % is because this second choice only occurs half the time.

i/2 1/2
1/2
1/3
Y2 2/381/3
1/6 /3
1/6

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

In Appendix II, the following result is established:
Theorem 2: The only H satisfying the three above assumptions is of the
form:

= —K 2, pilog i
1=1

where K is a positive constant.

This theorem, and the assumptions required for its proof, are in nozway
necessary for the present theory. It is given chiefly to lend a certain plausi-
bility to some of our later definitions. The real justification of these defi-
nitions, however, will reside in their implications.

Quantities of the form H = —Z p; log p: (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
mechanics® where #; is the probability of a system being in cell z of its phase
space. H is then, for example, the H in Boltzmann’s famous H theorem.
We shall call H = — Z p; log p; the entropy of the set of probabilities

8 See, for example, R. C. Tolman, “Principles of Statistical Mechanics,” Oxford,
Clarendon, 1938.
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(i.e., they are ergodic). o len.

once the sequence starts in a given pure component L; it cont
nitely according to the statistical structure of that component. )

As an example one may take two of the processes defined above an
assume p; = .2 and po = .8. A scquence from the mixed source

L=2L+ 8L:

would be obtained by choosing first L; or Le with probabilities .2 and 8
and after this choice generating a sequence from whichever was chosen.‘

Except when the contrary is stated we shall assume a source to be ergod‘lc.
This assumption enables one to identify averages along a sequence wl'th
averages over the ensemble of possible sequences (the probability of a dis-
crepancy being zero). For example the relative frequency of the letter'A
in a particular infinite sequence will be, with probability one, equal to its
relative frequency in the ensemble of sequences.

If P; is the probability of state 7 and p(j) the transition probability to
state 7, then for the process to be stationary it is clear that the P; must
satisfy equilibrium conditions:

E=ZRMﬂ

In the ergodic case it can be shown that with any starting conditions the
probabilities P;(N) of being in state 5 after N symbols, approach the equi-
librium values as N — «.

6. CuoIce, UNCERTAINTY AND ENTROPY

We have represented a discrete information source as a Markoff process.
Can we define a quantity which will measure, in some sense, how much in-
formation is “produced” by such a process, or better, at what rate informa-
tion is produced?

Suppose we have a set of possible events whose probabilities of occurrence
are py, p2, ' -+, pn. These probabilities are known but that is all we know
concerning which event will occur. Can we find a measure of how much
“choice” is involved in the selection of the event or of how uncertain we are
of the outcome?

If there is such a measure, say I(py, po, - -- , p,), it is reasonable to re-
quire of it the following properties:

1. II should be continuous in the pi.

1
2. If all the p; are equal, p; = -» then A should be a monotonic increasing
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function of #. With equally likely events there is more choice, or un-
6 @ certainty, when there are more possible events.

- 3. If a choice be broken down into two successive choices, the original
I should be the weighted sum of the individual values of H. The
meaning of this is illustrated in Fig. 6. At the left we have three
possibilities p1 = 4, po = §, ps = 1. On the right we first choose be-
Lween two possibilities each with probability 2, and if the second occurs
make another choice with probabilities 2, 3. The final results have
the same probabilities as before. We require, in this special case,
that

The coefficient } is because this second choice only occurs half the time.

12 /2
1/2

1/3
Y2 273813

1/6 /3

1/6
Fig. 6—Decomposition of a choice from three possibilities.
6 (. In Appendix II, the following result is established:
4 Theorem 2: The only H satisfying the three above assumptions is of the
form:

H = —K2 pilog p:
1=1

where K is a positive constant.

This theorem, and the assumptions required for its proof, are in nozway
necessary for the present theory. Itis given chiefly to lend a certain plausi-
bility to some of our later definitions. The real justification of these defi-
nitions, however, will reside in their implications.

Quantities of the form H = —Z p; log p; (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
mechanics® where p; is the probability of a system being in cell 7 of its phase
space. H is then, for example, the H in Boltzmann’s famous H theorem.
We shall call H = — Z p; log p; the entropy of the set of probabilities

g *See, for example, R. C. Tolman, “Principles of Statistical Mechanics,” Oxford,
Clarendon, 1938.
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. . S its entropy;
-+, pn. If xisa chance variable we will write 2 (ar)nf)tlrr lto diﬁeren-,
flll,us x is, ngt'an argument of a function but a label for.abl;;1 . ) B
tiate it from H(y) say, the entropy of the chance vanab’c »

s o ilities p and ¢ =
The entropy in the case of two possibilities with probabilities 2 9

— 9, ely
1 — p, nam e

1 tted in Tig. 7 as a function of p. ) . . ub-
° ’II)‘i:)e :uantitng has 2 number of interesting properties which further s

i i ation.
stantiate it as a reasonable measure of choice or inform
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9 4 N

/| A

Y \

0 .4 2 3 A4 5 6 .1 .8 .9 Lo

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

1. H = 0if and only if all the 2: but one are zero, this one having the
value unity. Thus only when we are certain of the outcome does & vanish.
Otherwise I is positive.

2. For a given n, i is a maximum and equal to log # when al] the b are

. 1 .. ——
equal ( ie., ;) - This is also intuitively the most uncertain situation,

3. Suppose there are two events, x and y, in question with s, possibilities

for the first and  for the second, Let (1, /) be the probability of the joint
occurrence of  for the first and ; for the 5eco )

event is
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while
B@) = = 22 (i, ) log 2 (i, j)
Wy 1
HG) = = 2096, 1) log 32 4, 7).
It is easily shown that

H(x,y) < H(x) + H(y)

with equality only if the events are independent (i.e., p(3, 7) = p(3) ().
The uncertainty of a joint event is less than or equal to the sum of the
individual uncertainties.

4. Any change toward cqualization of the probabilities Pry P2, o, pa
increases /. Thus if , < 2 and we increase p; , decreasing p, an equal
amount so that p; and p, are more nearly equal, then H increases. More
generally, if we perform any “averaging” operation on the pi of the form

pi = ; a;; p5

where Z a;; = Z a;; = 1,and all ¢;; > 0, then X increases (except in the

?
special case where this transformation amounts to no more than a permuta-
tion of the p; with H of course remaining the same).
5. Suppose there are two chance events x and ¥ as in 3, not necessarily
independent. For any particular value ; that can assume there is a con-
ditional probability p:(j) that y has the value J- This is given by

.8, )
£ = DITORE

We define the conditional entropy of %, Ha(y) as the average of the entropy
of y for each value of x, weighted according to the probability of getting
that particular x. That is

H.(y) = ~2 pG, ) log $:(j).
A%}
This quantity measures how uncertain we are of ¥ on the average when we
know x. Substituting the value of p:(j) we obtain
B:(3) = =20 i, ) log 20, 1) + . 90, 1) log 3 p(i, 7)
17 A¥) 7

or
H(x,y) = H(x) + H.(y)
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. i ncertainty of x
The uncertainty (or entropy) of the joint event x, y 15 the u

plus the uncertainty of y when » is known.
6. From 3 and 5 we have

B + HG) > Hls,y) = H6) + 1:0)

Hence
H(y) > H:(y)

’ x. It will be de-
The uncertainty of y is never increased by kl:lo\\ le.d{];e Of;it R
creased unless x and y are independent events, In which cas

7. Tue ENTROPY OF AN INFORMATION SOURCE

i i &,
Consider a discrete source of the finite state type. ;opsxdezc)i :fb;\r/o_
For each possible state 7 there will be a set of probflbl ities tj); e
ducing the various possible symbols j. Tllllui th;rre lsdans etrlll er f\?’e mg,e o
ill be defined a
each state. The entropy of the source wi e
these H; weighted in accordance with the probability of occurrence of the
states in question:

H = Z P II;
= —Z P; pi(j) log £:(5)

This is the entropy of the source per symbol of text. If the Markoff proc-
ess is proceeding at a definite time rate there is also an entropy per second

=2 fH;

where f; is the average frequency (occurrences per second) of state 1. Clearly
I = mH

where a is the average number of symbols produced per second. H or H’
measures the amount of information generated by the source per symbol
or per second. If the logarithmic base is 2, they will represent bits per
symbol or per second.

If successive symbols are independent then J7 is simply —2 p, log p;
where p; is the probability of symbol 1. Suppose in this case we consider a
long message of N symbols. It will contain with high probability about
£\ occurrences of the first symbol, po occurrences of the second, etc.
Hence the probability of this particular message will be roughly

p= plluh'pg’:-\'. ) _p'x‘:n\'

or
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log p = N 3 p; log p;

logp = —NVH
g =g }/p_

N

I is thus approximately the logarithm of the reciprocal probability of a
typical long sequence divided by the number of symbols in the sequence.
The same result holds for any source. Stated more precisely we have (see
Appendix III):

Theorem 3: Given any ¢ > 0 and § > 0, we can find an N, such that the se-
quences of any length N > N, fall into two classes:

1. A set whose total probability is less than e.

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

—1

log p
N

—II‘<6

=i
In other words we are almost certain to have log]_v_ very close to I when V

is large.

A closely related result deals with the number of sequences of various
probabilities. Consider again the sequences of length &V and let them be
arranged in order of decreasing probability. We define #(g) to be the
number we must take from this set starting with the most probable one in
order to accumulate a total probability ¢ for those taken.

Theorem 4:

Lim log 7(q) -

N—ewo N

when ¢ does not equal 0 or 1.
We may interpret log 72(¢) as the number of bits required to specify the
sequence when we consider only the most probable sequences with a total

probability g. Then logA’: () is the number of bits per symbol for the

specification. The theorem says that for large IV this will be independent of
g and equal to H. The rate of growth of the logarithm of the number of
reasonably probable sequences is given by I, regardless of our interpreta-
tion of “reasonably probable.” Due to these results, which are proved in
appendix III, it is possible for most purposes to treat the long sequences as
though there were just 2”" of them, each with a probability 2774
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can be determined by limit-

]
The next two theorems show that Hand H e

isti nces
ing operations directly from the statistics of th'e' rflessggte Zizuztate;,
reference to the states and transition' probabilities be vz s o
Theorem 5: Let p(B;) be the probability of 2 sequence L

the source. Let
1 > o p(B:
‘(’N = —W : p(B.) Ioo p(B|)

where the sum is over all sequences B; containing NV symbols. Then Gx

is a monotonic decreasing function of N and
le G‘v = H a

N—w

ili B; followed by
6: Let $(B;, S;) be the probability of sequence B e
51;"11;(1,;)’5;’3'; ande p:(S,-) =]p(B ¢, S;)/p(B}) be the conditional probability of
S; after B:. Let

= —Z:. (B, S;) log p5,(Sy)

where the sum is over all blocks B; of N — 1 symbols and over all symbols
S;. Then Fy is a monotonic decreasing function of ¥,

Fy = ArG‘v _(AT - 1) G;\'—l ’

1 n
GN = WZI:FN’
Fy < Gy,

and Lim Fy = .

N—x

These results are derived in appendix III. They show that a series of
approximations to X can be obtained by considering only the statistical
structure of the sequences extending over 1,2, --- N symbols. Fy is the
better approximation. In fact Fy is the entropy of the N** order approxi-
mation to the source of the type discussed above. If there are no statistical
influences extending over more than N symbols, that is if the conditional
probability of the next symbol knowing the preceding (N — 1) is not
changed by a knowledge of any before that, then Fy = H. "Fy of course is
the conditional entropy of the next symbol when the (N — 1) preceding
ones are known, while G is the entropy per symbol of blocks of ' symbols.

The ratio of the entropy of a source to the maximum value it could have
while still restricted to the same symbols will be called its relative enlropy.
This is the maximum compression possible. when we encode into thelsame
alphabet. One minus the relative entropy is the redundancy. The redun-
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dancy of ordinary English, not considering statistical structure over greater
distances than about cight letters is roughly 50%,. This means that when
we write English half of what we write is determined by the structure of the
language and half is chosen freely. The figure 50% was found by several
independent methods which all gave results in this neighborhood. One is
by calculation of the entropy of the approximations to English. A second
method is to delete a certain fraction of the letters from a sample of English
text and then let someone attempt to restore them. If they can be re-
stored when 50%, are deleted the redundancy must be greater than 509,
A third method depends on certain known results in cryptography.

Two extremes of redundancy in English prose are represented by Basic
English and by James Joyces’ book “Finigans Wake.” The Basic English
vocabulary is limited to 850 words and the redundancy is very high. This
is reflected in the expansion that occurs when a passage is translated into
Basic English. Joyce on the other hand enlarges the vocabulary and is-
alleged to achieve a compression of semantic content. T

The redundancy of a language is related to the existence of crossword
puzzles. If the redundancy is zero any sequence of letters is a reasonable
text in the language and any two dimensional array of letters forms a cross-
word puzzle. If the redundancy is too high the language imposes too
many constraints for large crossword puzzles to be possible. A more de-’
tailed analysis shows that if we assume the constraints imposed by the:
language are of a rather chaotic and random nature, large crossword puzzles’
are just possible when the redundancy is 50%. If the redundancy is 339,
three dimensional crossword puzzles should be possible, etc.

8. REPRESENTATION OF THE ENCODING AND DECODING OPERATIONS

We have yet to represent mathematically the operations performed by
the transmitter and receiver in encoding and decoding the information."
Either of these will be called a discrete transducer. The input to the
transducer is a sequence of input symbols and its output a sequence of out-
put symbols. The transducer may have an internal memory so that its
output depends not only on the present input symbol but also on the past’
history. We assume that the internal memory is finite, i.e. there exists-
a finite number 2 of possible states of the transducer and that its output is
a function of the present state and the present input symbol. The next
state will be a second function of these two quantities. Thus a transducer
can be described by two functions: &

y" =f(x’l:an)

Qnil = g(x" 3 an)
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where: x, is the »** input symbol, . o
ay is the state of the transducer when the " input symbol is introduced,

4 is the output symbol (or sequence of output symbols) produced when
a, is introduced if the state is a. ) B ) .

If the output symbols of one transducer can be identified with the‘ mp]ut
symbols of a second, they can be connected in tande.m and the result is also
a transducer. If there exists a second transducer which operates on the: out-
put of the first and recovers the original input, the first 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 stat.e
statistical source is a finite state statistical source, with entropy (per unit
time) less than 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 sequence of
symbols x; ; and let 8 be the state of the transducer, which produces, in its
output, blocks of symbols ;. The combined system can be represented
by the “product state space” of pairs (@, ). Two points in the space,
(a1, B1) and {az B:), are connected by a line if &y can produce an a which
changes f, to 8., and this line is given the probability of that « in this case.
The line is labeled with the block of y; symbols produced by the transducer.
The entropy of the output can be calculated as the weighted sum over the
states. If we sum first on 8 each resulting term is less than or equal to the
corresponding term for a, hence the entropy is not increased. If the trans-
ducer is non-singular let its output be connected to the inverse transducer.
If Hi, H; and H; are the output entropies of the source, the first and
secl:ond trfmsducers respectively, then Hy > Hy > Hj = H; and therefore
H 1 = 11 Do

Suppose we have a system of constraints on possible sequences of the type
W(}:;Ch can bf: represented b}’ a linear graph as in Fig. 2. If probabilities
P35 were assigned to the various lines connecting state i to state J this would
becon}e a source. There is one particular assignment which maximizes the
resulting entropy (see Appendix 1v).

Tlleor.em 8: Let the system of constraints considered as 2 channel have a
capacity C. If we assign

2 B‘ .
I(i) - B_:C-(Si)

where ({7 is the duration of the s*

symbol leadi 9 .
and the By satisfy ymbol leading from state ; to state j

B = 3 B;ct
L)

then /I is maximized and equal to C,
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By proper assignment of the transition probabilities the entropy of sym-
bols on a channel can be maximized at the channel capacity.

9. THE FUNDAMENTAL THEOREM FOR A NOISELESS CIIANNEL

We will now justify our interpretation of I7 as the rate of generating
information by proving that II determines the channel capacity required
with most efficient coding. .

Theorem 9: Let a source have entropy I (bits per symbol) and a channel
have a capacity C (bits per second). Then it is possible to encode the output

of the source in such a way as to transmit at the average rate TC; — e symbols
per second over the channel where ¢ is arbitrarily small. It is not possible

to transmit at an average ratc greater than g

The converse part of the theorem, that —g cannot be exceeded, may be

proved by noting that the entropy of the channel input per second is equal
to that of the source, since the transmitter must be non-singular, and also
this entropy cannot exceed the channel capacity. Hence B’ < C and the
number of symbols per second = H'/H < C/H.

The first part of the theorem will be proved in two different ways. The
first method is to consider the set of all sequences of V symbols produced by
the source. For &V large we can divide these into two groups, one containing
less than 2"*” ¥ members and the second containing less than 2% members
(where R is the logarithm of the number of different symbols) and having a
total probability less than u. As N increases » and u approach zero. The
number of signals of duration T in the channel is greater than 277 with
6 small when T is large. If we choose

yig
T = (E F )\) N

then there will be a sufficient number of sequences of channel symbols for
the high probability group when N and T are sufficiently large (however
small A) -and also some additional ones. The high probability group s
coded in an arbitrary one to one way into this set. The remaining sequences
are represented by larger sequences, starting and ending with one of the
sequences not used for the high probability group. This special sequence
acts as a start and stop signal for a different code. In between a sufficient
time is allowed to give enough different sequences for all the low probability
messages. This will require

T1=(§+¢>N
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where ¢ is small. The mean rate of fransmission in message symbols per
second will then be greater than

[(1 —a)§,+a§,‘]_l=[(1 —5)<g+x>+5<§+¢>]—1

©
As N increases §, A and ¢ approach zero and the rate approaches g

Another method of performing this coding and proving the theorem can
be described as follows: Arrange the messages of length &V in order of decreas-
ing probability and suppose their probabilities are gy > p2 2> p5... 2 pn.

a—-1

Let P, = ). #:; that is P, is the cumulative probability up to, but not
1

aclading, p, . We first encode into a binary system. The binary code for
message s is obtained by expanding P, as a binary number. The expansion
is carried out to 1, places, where 7, is the integer satisfying:

1 1
logs — < m, < 1 4 log, —
g p. 4] 7
Thus the messages of high probability are represented by short codes and

those of low probability by long codes. From these inequalities we have

1 1
2mn ~ P‘ < 2m.—1

The code for P, will differ from all succeeding ones in one or more of its
#1, places, since all the remaining P; are at least 2% larger and their binary

expansions therefore differ in the first », places. Consequently all the codes
are different and it is possible to recover the message from its code. If the
channel sequences are not already sequences of binary digits, they can be

ascribed binary numbers in an arbitrary fashion and the binary code thus
translated into signals suitable for the channel.

The average number H’ of binary digits used per symbol of original mes-
sage is easily estimated. We have 5
1
H =9
v Zm, p,
But,
1 1 1 1
ﬁz' (10gz Z) b < Nz"”lft < NE (1 + log, %) s

and therefore,
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Gy < H' <Gy + %

As N increases Gy approaches H, the entropy of the source and H’ ap-
proaches 1.

We see from this that the inefliciency in coding, when only a finite delay of
N symbols is used, need not be greater than Xl’ plus the difference between
the true entropy I and the entropy Gy calculated for sequences of length N.
The per cent excess time needed over the ideal is therefore less than

Gv 1

Vi

Vit - 1.

This method of encoding is substantially the same as one found inde-
pendently by R. M. Fano.? His method is to arrange the messages of length
N in order of decreasing probability. Divide this series into two groups of
as nearly cqual probability as possible. If the message is in the first group
its first binary digit will be 0, otherwise 1. The groups are similarly divided
into subsets of nearly equal probability and the particular subset determines
the second binary digit. This process is continued until each subset contains
only one message. It is easily seen that apart from minor differences (gen-
erally in the last digit) this amounts to the same thing as the arithmetic
process described above.

10. D1scusSION AND EXAMPLES

In order to obtain the maximum power transfer from a generator to a load
a transformer must in general be introduced so that the generator as seen
from the load has the load resistance. The situation here is roughly anal-
ogous. The transducer which does the encoding should match the source
to the channel in a statistical sense. The source as seen from the channel
through the transducer should have the same statistical structure as the
source which maximizes the entropy in the channel. The content of
Theorem 9 is that, although an exact match is not in general possible, we can
approximate it as closely as desired. The ratio of the actual rate of trans- -
mission to the capacity C may be called the efficiency of the coding system.
This is of course equal to the ratio of the actual entropy of the channel
symbols to the maximum possible entropy.

In general, ideal or nearly ideal encoding requires a long delay in the
transmitter and receiver. In the noiseless case which we have been
considering, the main function of this delay is to allow reasonably good

? Technical Report No. 65, The Research La'boratory of Electronics, M. I. T.
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matching of probabilities to corresponding lengths‘qf sequences. With a
good code the logarithm of the reciprocal probability o'f a l'ong message
must be proportional to the duration of the corresponding signal, in fact

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

If a source can produce only one particular message its entropy is zero,
and no channel is required. For example, a computing machine set up to
calculate the successive digits of = produces a definite sequence with no
chance element. No channel is required to “‘transmit” this to another
point. One could construct a second machine to compute the same sequence
at the point. However, this may be impractical. In such a case we can
choose to ignore some or all of the statistical knowledge we have of the
source. We might consider the digits of = to be a random sequence in that
we construct a system capable of sending any sequence of digits. In a
similar way we may choose to use some of our statistical knowledge of Eng-
lish in constructing a code, but not all of it. In such a case we consider the
source with the maximum entropy subject to the statistical conditions we
wish to retain. The entropy of this source determines the channel capacity
which is necessary and sufficient. In the = example the only information
retained is that all the digits are chosen from the set 0, 1, ...,9. In the
case of English one might wish to use the statistical saving possible due to
letter frequencies, but nothing clse. The maximum entropy source 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 source which
produces a sequence of letters chosen from among 4, B, C, D with prob-
abilities 3, %, 4, , successive symbols being chosen independently. We
have

H=—(log}+1log}+ glogd)
= ¥ bits per symbol.
Thus we can‘approximate a coding system to encode messages from this
source into binary digits with an average of ¢ binary digit per symbol

In this case we can actually achieve the limiting value by the following code
(obtained by the method of the second proof of Theorem 9):
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4 0
B 10
Cc 110
D 111

The average number of binary digits used in encoding a sequence of V sym-
bols will be

NEX14+51X243X%X3) =18

It is casily seen that the binary digits 0, 1 have probabilities 4, 4 so the H for
the coded sequences is one bit per symbol. Since, on the average, we have %
binary symbols per original letter, the entropics on a time basis are the
same. The maximum possible entropy for the original set is log 4 = 2,
occurring when 4, B, C, D have probabilities 1, 2, 2, 2. Hence the relative
entropy is §. We can translate the binary sequences into the original set of
symbols on a two-to-one basis by the following table:

00 A’
01 B
10 c’
11 D

This double process then encodes the original message into the same symbols
but with an average compression ratio § .

As a second example consider a source which produces a sequence of A’s
and B’s with probability p for 4 and g for B. If p < < ¢ we have

H=—logp’(l— "
—p ]Og » (] — P)(I—P)IP

= plogS
p log »
In such a case one can construct a fairly good coding of the message on a
0, 1 channel by sending a special sequence, say 0000, for the infrequent
symbol 4 and then a sequence indicating the number of B’s following it.
This could be indicated by the binary representation with all numbers con-
taining the special sequence deleted. All numbers up to 16 are represented
as usual; 16 is represented by the next binary number after 16 which does
not contain four zeros, namely 17 = 10001, etc.
It can be shown that as p — O the coding approaches ideal provided the
length of the special sequence is properly adjusted.
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PART II: THE DISCRETE CHANNEL WITH NOISE

11. REPRESENTATION OF A Noisy Di1scRETE CHANNEL

We now consider the case where the signal is perturbed by noise during
transmission or at one or the other of the terminals. This means that the
received signal is not necessarily the same as that sent out by the trans-
mitter. Two cases may be distinguished. If a particular transmitted signal
always produces the same received signal, i.e. the received signal is a definite
function of the transmitted signal, then the effect may be called distortion.
If this function has an inverse—no two transmitted signals producing the
same received signal—distortion may be corrected, at least in principle, by
merely performing the inverse functional operation on the received signal.

The case of interest here is that in which the signal does not always undergo
the same change in transmission. In this case we may assume the received
signal E to be a function of the transmitted signal S and a second variable,
the noise N.

E = (S, N)

The noise is considered to be a chance variable just as the message was
above. In general it may be represented by a suitable stochastic process.
The most general type of noisy discrete channel we shall consider is a general-
ization of the finite state noise free channel described previously. We
assume a finite number of states and a set of probabilities

pa-l'(ﬂ) ])

This is the probability, if the channel is in state o and symbol 7 is trans-.
mitted, that symbol 7 will be received and the channel left in state 8. Thus
« and B range over the possible states, 7 over the possible transmitted signals
and j over the possible received signals. In the case where successive sym-
bols are independently perturbed by the noise there is only one state, and
the channel is described by the set of transition probabilities ,(5), the prob-
ability of transmitted symbol 7 being received as 7

If a noisy channel is fed by a source there are two statistical processes at
work: the source and the noise. Thus there are a number of entropies that
can be calculated. First there is the entropy H(x) of the source or of the
input to the channel (these will be equal if the transmitter is non-singular).f
The entropy of the output of the channel, i.e. the reccived signal, will be
denoted by H(y). In the noiseless case 7 (y) = H(x). The joint entropy of
input and output will be I7 (xy). Finally there are two conditional entro-’
pies I, (y) and H,(x), the entropy of the output when the input is known'
and conversely. Among these quantities we have the relations

H(z,y) = H(x) + H.ly) = O(y) + H,(x)
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All of these entropies can be measured on a per-second or a per-symbol
basis.

12. EQUIVOCATION AND CHANNEL CAPACITY

If the channel is noisy it is not in general possible to reconstruct the orig-
inal message or the transmitted signal with cerfainty by any operation on the
received signal E.  There are, however, ways of transmitting the information
which are optimal in combating noise. This is the problem which we now
consider. a

Suppose there are two possible symbols 0 and 1, and we are transmitting
at a rate of 1000 symbols per second with probabilities po = , = 3. Thus
our source is producing information at the rate of 1000 bits per second. Dur-
ing transmission the noise introduces errors so that, on the average, 1 in 100
is received incorrectly (a O as 1, or 1 as 0). What is the rate of transmission
of information? Certainly less than 1000 bits per second since about 19
of the received symbols are incorrect. Our first impulse might be to say the
rate is 990 bits per second, merely subtracting the expected number of errors.
This is not satisfactory since it fails to take into account the recipient’s
lack of knowledge of where the errors occur. We may carry it to an extreme
case and suppose the noise so great that the received symbols.are entirely
independent of the transmitted symbols. The probability of receiving 1 is
1 whatever was transmitted and similarly for 0. Then about half of the
received symbols are correct due to chance alone, and we would be giving
the system credit for transmitting 500 bits per second while actually no
information is being transmitted at all. Equally “good” transmission
would be obtained by dispensing with the channel entirely and flipping a
coin at the receiving point.

Evidently the proper correction to apply to the amount of information
transmitted is the amount of this information which is missing in the re-
ceived signal, or alternatively the uncertainty when we ha.ve received a
signal of what was actually sent. From our previous discussion of entropy
as a measure of uncertainty it seems reasonable to use the conditional
entropy of the message, knowing the received signal,.a.s a measure of this
missing information. This is indeed the proper definition, as we shall see
later. Following this idea the rate of actual transmission, R, would be ob-
tained by subtracting from the rate of production (i.e., the entropy of the
source) the average rate of conditional entropy.

R = H(x) — H,(x)

The conditional entropy H,(x) will, for convenience, be called the equi-
vocation. It measures the average ambiguity of the received signal.
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In the example considered above, if a 0 is received the ¢ poslcrior.i prot?-
ability that a 0 was transmitted is .99, and that a 1 was transmitted is
.01. These figures are reversed if a 1 is received. Hence

,(x) = — [.99 log .99 + 0.01 log 0.01]
.081 bits/symbol

or 81 bits per second. We may say that the system is transmitting at a rate
1000 — 81 = 919 bits per second. In the extreme case where a 0 is equally
likely to be received as a 0 or 1 and similarly for 1, the a posteriori proba-
bilities are &, 4 and

B,(x) = = llog} +}log §
= 1 bit per symbol

or 1000 bits per second. The rate of transmission is then 0 as it should
be.

The following theorem gives a direct intuitive interpretation of the

equivocation and also serves to justify it as the unique appropriate measure.
We consider a communication system and an observer (or auxiliary device)
who can see both what is sent and what is recovered (with errors
due to noise). This observer notes the errors in the recovered message and
transmits data to the receiving point over a “correction channel” to enable
the receiver to correct the errors. The situation is indicated schematically
in Fig. 8.
Theorem 10: 1f the correction channel has a capacity equal to II,(x) it is
possible to so encode the correction data as to send it over this channel
and correct all but an arbitrarily small fraction e of the errors.  This is not
* possible if the channel capacity is less than H,(x).

Roughly then, I7,(x) is the amount of additional information that must be
supplied per second at the receiving point to correct the received message.
anz‘ocglr.?;: ;:Zigrst p.z::t, ;:onsuler long sequences ot: received message M

P ‘g or.ll,ma message M. There will be logarlthmically
TI,(x) of the M’s which could reasonably have produced each £’ Thi
we have T1{,(x) binary digits to send each T seconds. This can i)e il e
with e frequency of errors on a channel of capacity H,(x). i
\-a’:i‘lz:le)}izcz,n ;%,I::dn can be proved by noting, fir st, that for any discrete chance
II!I(x) S) Z Ily(x)
The left-hand side can be expanded to give
IIII(S) + IIyz(.‘l')

>
Hyu(x) > Hy(x) — 2,6 > @ (x) - @)
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If we identify x as the output of the source, y as the received signal and s
as the signal sent over the correction channel, then the right-hand side is the

i equivocation less the rate of transmission over the correction channel. If

the capacity of this channel is less than the equivocation the right-hand side
will be greater than zero and H,.(¥) > 0. But this is the uncertainty of
what was sent, knowing both the received signal and the correction signal.
If this is greater than zero the frequency of errors cannot be arbitrarily
small.
LExample:
Suppose the errors occur at random in a sequence of binary digits: proba-
bility p that a digit is wrong and ¢ = 1 — p that it is right. These errors
can be corrected if their position is known. Thus the correction channel
need only send information as to these positions. This amounts to trans-

CORRECTION DATA

OBSERVER

RECEIVER CORRECTING
SOURCE TRANSMITTER S EVick

Fig. 8—Schematic diagram of a correction system.
mitting from a source which produces binary digits with probability p for
1 (correct) and g for O (incorrect). This requires a channel of capacity

—[plogp + glog gl

which is the equivocation of the original system.
The rate of transmission R can be written in two other forms due to the

identities noted above. We have
R = H(x) — Hy(x)
H(y) — H:(9)
H(z) + H(y) — H(x, 3).

The first defining expression has already been interpreted as the amount of
information sent less the uncertainty of what was sent. The second meas-
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ures the amount received less the part of this which is due to noise. tI‘he
third is the sum of the two amounts less the joint entropy and therefore in a
sense is the number of bits per second common to the two. Thus all three
expressions have a certain intuitive significance. . .

The capacity C of a noisy channel should be the maximum possible rate
of transmission, i.c., the rate when the source is properly matched to the
channel. We therefore define the channel capacity by

C = Max (H(x) — H,(x))

where the maximum is with respect to all possible information sources usefl
as input to the channel. If the channel is noiseless, 7, (x) = 0. Thfz defini-
tion is then equivalent to that already given for a noiseless channel since the
maximum entropy for the channel is its capacity.

13. THE FUNDAMENTAL THEOREM FOR A DISCRETE CHANNEL WITH
Noise

It may seem surprising that we should define a definite capacity C' for
a noisy channel since we can never send certain information in such a case.
It is clear, however, that by sending the information in a redundant form the
probability of errors can be reduced. For example, by repeating the
message many times and by a statistical study of the different received
versions of the message the probability of errors could be made very small.
One would expect, however, that to make this probability of errors approach-
zero, the redundancy of the encoding must increase indefinitely, and the rate
of transmission therefore approach zero. This is by no means true. If it
were, there would not be a very well defined capacity, but only a capacity
for a given frequency of €rrors, or a given equivocation; the capacity going
down as the error requirements are made more stringent. Actually the
capacity C defined above has a very definite significance. It is possible
to send information at the rate C through the channel with as small a fre-
quency of errors or equivocation as desired by proper encoding. This state-
ment is not tru'e for any rate greater than C. It an attempt is made to
transmit at a hlgher rate than C, say C + Ry, then there will necessarily
be an equivocation 'equzfl to a greater than the excess R, . Nature takes
payment by requiring just that much uncertainty, so that we are not
a,ctually.getting any more than C through correctly,

The situation is indicated in Fig. 9. The rate of information into the

channel is plotted horizontally and the equj . ?
quivocation vy :
above the heavy line in the sh ertically.  Any point

cannot. The points on the line canp
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These results are the main justification for the definition of C and will
now be proved.
Theorem 11. Let a discrete channel have the capacity C and a discrete
source the entropy per second H. If IJ < C there exists a coding system
such that the output of the source can be transmitted over the channel with
an arbitrarily small frequency of errors (or an arbitrarily small equivocation).
If H > C it is possible to encode the source so that the equivocation is less
than I — C + e where e is arbitrarily small. There is no method of encod-
ing which gives an equivocation less than i — C.

The method of proving the first part of this theorem is not by exhibiting
a coding method having the desired properties, but by showing that such a
code must exist in a certain group of codes. In fact we will average the
frequency of errors over this group and show that this average can be made
less than e. If the average of a set of numbers is less than e there must
exist at least one in the set which is less than e. This will establish the
desired result.

AN AN

© H(x)

Fig. 9—The equivocation possible for a given input entropy to a channel.

The capacity C of a noisy channel has been defined as
C = Max (H(x) — Hy(x))

where x is the input and y the output. The maximization is over all sources
which might be used as input to the channel.

Let So be a source which achieves the maximum capacity C. If this
maximum is not actually achieved by any source let Sy be a source which
approximates to giving the maximum rate. Suppose Sy is used as input to
the channel. We consider the possible transmitted and received sequences
of a long duration 7. The following will be true:

1. The transmitted sequences fall into two classes, a high probability group
with about 277 members and the remaining sequences of small total
probability. »

2. Similarly the received sequences have a high probability set of about
2™7® members and a low probability set of remaining sequences.

3. Each high probability output could be produced by about 27#+* inpuyts.
The probability of all other cases has a small total probability.
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“small” and “about” in these

All the ¢s and &'s implied by the words case and Sy to approach the

statements approach zero as we allow T to incr

imizing source. ) s
ma;he situgation is summarized in Fig. 10 \\:here the mp‘u}t1 tseq’lll‘le:3 s
points on the left and output sequences points on the ?g ic.al =
cross lines represents the range of possible causes for a typ

Tl ) te R
Now suppose we have another source prod‘ucmg mfgx;{ma.u;m atb::) Sity
with R < C. In the period T this source will have 2" high pro

i i i anne
outputs. We wish to associate these with a selection of the possible ch

em

M .

2HOIT
HIGH PROBABILITY o
MESSAGES

EH(y)T
HIGH PROBABILITY

= (x)T RECEIVED SIGNALS
REASONABLE CAUSES ®
FOR EACH E o
[ ]
[ ] [

L] 2Hx(y)T
e REASONABLE EFFECTS o

FROM EACH M
L]

Fig. 10—Schematic representation of the relations between inputs and outputs in a
channel.

inputs in such a way as to get a small frequency of errors.  We will set up
this association in all possible ways (using, however, only the high proba-
bility group of inputs as determined by the source So) and average the fre-
quency of errors for this large class of possible coding systems. This is the
same as calculating the frequency of errors for a random association of the
messages and channel inputs of duration 7. Suppose a particular output
1 1s observed. What is the probability of more than one message in the set
of possible causes of y,? There are 277 messages distributed at random in

() 0 e .
fl:” points. The probability of a particular point being a message is
us
ZT(R—II(z))
34

-9

e

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

P = [1 = 21(1:—11(:))12111,,(:)

Now R < H(x) — H,(x) so R — H(x) = —H,(x) — » with positive.
Consequently

P = [1 _ 2‘Tl’y(3)—Tﬂ]21'llv(z)
approaches (as T — o)
1— 27",

Hence the probability of an error approaches zero and the first part of the
theorem is proved. ’

The second part of the theorem is easily shown by noting that we could
merely send C bits per second from the source, completely neglecting the
remainder of the information generated. At the receiver the neglected part
gives an equivocation H(x) — C and the part transmitted need only add e.
This limit can also be attained in many other ways, as will be shown when we
consider the continuous case.

The last statement of the theorem is a simple consequence of our definition
of C. Suppose we can encode a source with R = C + g in such a way as to
obtain an equivocation H,(x) = @ — e with € positive. Then R = H (%) =
C + aand

H(x) — Hyx) =C + ¢

with e positive. This contradicts the definition of C as the maximum of
H(x) — Hy(x).

Actually more has been proved than was stated in the theorem. If the
average of a set of numbers is within ¢ of their maximum, a fraction of at
most /e can be more than /¢ below the maximum. Since e is arbitrarily
small we can say that almost all the systems are arbitrarily close to the ideal.

14. DiscussIioN

The demonstration of theorem 11, while not a pure existence proof, has
some of the deficiencies of such proofs. An attempt to obtain a good
approximation to ideal coding by following the method of the proof is gen-
erally impractical. In fact, apart from some rather trivial cases and
certain limiting situations, no explicit description of a series of approxima-
tion to the ideal has been found. Probably this is no accident but is related
to the difficulty of giving an explicit construction for a good approximation
to a random "sequence.
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ve the property that if the signal

imation to the ideal would ha
s the original can still be recovered.

is altered in a reasonable way by the noise, gica)
In other words the alteration will not in general bring it closer to another

reasonable signal than the original. This is accomplished at the cost of a
certain amount of redundancy in the coding. The redundar'lc}’ must be
introduced in the proper way to combat the particular noise strl'lcﬁur'e
involved. However, any redundancy in the source will usually help if it is
utilized at the receiving point. In particular, if the source alrea'dy has a
certain redundancy and no attempt is made to eliminate it in ma}chmg to the
channel, this redundancy will help combat noise. For example;in a nm'seless
telegraph channel one could save about 50% in time by proper encodmg' of
the messages. This is not done and most of the redundancy of English
remains in the channel symbols. This has the advantage, however, of
allowing considerable noise in the channel. A sizable fraction of the letters
can be received incorrectly and still reconstructed by the context. In
fact this is probably not a bad approximation to the ideal in many cases,
since the statistical structure of English is rather involved and the reasonable
English sequences are not too far (in the sense required for theorem) from a
random selection.

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

The content of theorem 11 and its proof can be formulated in a somewhat
different way which exhibits the connection with the noiseless case more
clearly. ' Consider the possible signals of duration T and suppose a subset
of then} is selected to be used. Let those in the subset all be used with equal
Rrobablhty, and suppose the receiver is constructed to select, as the original
§1gnal,'the most probable cause from the subset, when a perturbed signal
is received. We define N(7, g) to be the maximum number of signals we
can clfoos'c for the subset such that the probability of an incorrect inter-
pretation is less than or equal to q.

Theorem 12: Lim log N(Z,_q_)
T T

vided that g does not equal 0 or 1.

.In other words, no matter how we set oyr limits of reliabili
d%stinguish rcl'iably in time T enough messages to correspond t ty,b we can
bits, '\\:hen T is sufficiently large. Theorem 12 can be com Oda (?Ut o
definition of the capacity of a noiseless channel given in sccg;el ey

= C, where C is the channel capacity, pro-

3 -

‘e

15. ExAMPLE oF A DiscRETE CHANNEL AND ITS CaraciTy

A simple ef(ample of a discrete channel is indicated in Fig. 11. There
are thr?eposmble symbols. The first is never affected by noise. The second
and third each have probability p of coming through undisturbed, and ¢

of being changed into the other of the pair. We have (letting a = — [p log
< P .
TRANSMITTED g RECEIVED
SYMBOLS q SYMBOLS
5 .

Fig. 11—Example of a discrete channel.
p + g log q] and P and Q be the probabilities of using the first or second
symbols)
H(x) = —Plog P — 2Qlog Q
H,(x) = 2Qa

We wish to choose P and Q in such a way as to maximize H(x) — H,(x),
subject to the constraint P 4 20 = 1. Hence we consider

= —Plog P — 2Q log Q — 20a 4+ A (P + 2Q)

U .
aT——l——logP-i—X—O
au
a—Q——Z 2log Q —2a+ 2\ =0.
Eliminating A
log P =logQ+ «a
P=Qea=oﬁ
8 1
P=—— = a0
E A B

The channel capacity is then




Note how this checks the obvious values in the cases p = 1 and p= .
In the first, 3 = 1 and C = log 3, which is correct since the channel isthen
noiseless with three possible symbols. If p = 1,8=2andC = log 2.
Here the second and third symbols cannot be distinguished at a'll. and act
together like one symbol. The first symbol is used with probability P =
3 and the second and third together with probability 4. This may be
distributed in any desired way and still achieve the maximum capacity.

For intermediate values of p the channel capacity will lie between log
2 and log 3. The distinction between the second and third symbols conveys
some information but not as much as in the noiseless case. The first symbol
is used somewhat more frequently than the other two because of its freedom
from noise.

16. Tue CEANNEL Caracity IN CERTAIN SPECIAL CASES
If the noise affects successive channel symbols independently it can be
described by a set of transition probabilities .;. This is the probability,
if symbol 7 is sent, that j will be received. The maximum channel rate is
then given by the maximum of

_Z P; pi; log Z Pipi; — Z P; pijlog pi;
1 3% ) 1 %]
where we vary the P; subject to SP; = 1. This leads by the method of

Lagrange to the equations,

;?:flogzi;:m=u s=1,2,--. .

Multiplying by P, and summing on s shows that k= —C. Let the inverse
of p.; (if it exists) be /,, so that Z Mypii = 8;. Then:

;,- byt paj log pu; — log Z Pipu = ~CD hy .
Hence: ‘
; Pipu = 5D [c ,Z b + Z ha Dj l°g ?-j]
or, "
P; = “; I exp [C Z hot + Z} e log ).
This is the system of equations for determining the maximizing values of

P, with C to be determined so that 3 Pi=1. When this is done C will b
will be

the channel capacity, and the P, the <o) 1i
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