Hearing, the Determining Factor
for High-Fidelity Transmission”

HARVEY FLETCHER"*

In two parts—Part 1|

FROM THE ARCHIVES OF BELL TELEPHONE LABORATORIES

This is perhaps the first authoritative study of the requirements for ideal systems for the
transmission of speech and music. Much of our present-day knowledge and practice
stems from this article, which presents conclusions derived from measurements of
hearing on more than 500,000 people during the World’s Fairs in 1939 and 1940.

HENEVER a sound is made by a
w.~sudden impact of one solid body

upon another, a wave train is set
up in the air which contains components
ranging in frequency trom zero to in-
finity. As the impact becomes more sud-
den, the higher-frequency eomponents
earry a greater portion of the total
acoustic energy. An ideal transmission
system from a physicist’s standpoint
might be defined as one which would
transmit such sounds to a distant point
and there reproduce a disturbance in the
air which is a facsimile of that produced
by the original souree. The requirements
for such a system arve very severe and
it is difficult, if not impossible, to attain
them.

The purpose of transmitting sounds to
a distant place is usually so that per-
sons may hear them. Certainly this is
true of broadeast systems, telephone sys-
tems, and sound-pieture systems. Under
sueh eonditions the properties of the
hearing mechanism and the character-
istics of the listening location, vather
than the properties of the sounds trans-
mifted, will very largely determine the
fundamental requivements of the trans-
mission system. This will eertainly be
true if we wish to transmit all kinds of
sounds which can be heard. However, if
we are interested in only a limited num-
ber of sounds, then the characteristics
of these sounds play a greater part in
determining the requirements for the
transnission system.

During the years 1938-1940 a survey
of the hearing eapabilities of persons in
a typieal population was made by the
Bell Telephone Laboratories. This was
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done in connection with the exhibits at
the World’s Fairs at San Francisco and
New York City, sponsored by the Bell
Telephone companies. At these exhibits
records of the hearing of more than one
half million persons were analyzed. The
record expressed the hearving aenity as
a relative hearing loss or gain with re-
spect fo an arbitrary rveference. Meas-
urements at the Laboratories on this rvef-
erence have made it possible to express
these data on an absolute seale and the
results have heen published by Stein-
Lerg, Montgomery, and Garvdner.! Fig-
ure 1 has bheen constructed from data
taken from this paper. The lower eurve
labeled 95 indicates that 95 out of 100
persons in a typical group cannot hear
pure tounes whose frequency and inten-
sity levels lie below this curve. The top
cemrve ndicates that 5 out of 100 cannot
hear these tones until they exceed the

tJ, C. Steinbierg, H. C. Montgomery, and
M, B. Gardoer, “Results of fhe World's
Fair hearing tests,” Bell Sys. Tech. Jouwr.,
vol. 19, pp. 533-562; October, 1940,

intensity levels indicated by this curve,
The middle curve indieates the levels
where one half the group can hear and
the other half cannot hear. The dashed
portions of the eurves indicate regions
whiere no measurements have been made.
Feeling and hurting levels lie some-
where above 120 decibels as indieated by
the field of dots at the top of the ehart.
Our experience with reproduced musie
has tanght ns that it is undesivable and
probably unsate to reproduce for a gen-
eral audienee sounds that have greater
mtensity levels than 120 decibels.

It the listener is in a quiet place, thesa
curves set the limits for the ideal trans-
mission system. This ideal of no noise is
seldom if ever rvealized by listeners.
Measurements of room noise have been
made by the Bell Telephone Laboratories
and from these measurements the aver-
age noise speetrum ean be deduced. In a
paper by Seacord? it was found that 43

2. 1", Seacord, “Room noise at subserib-

er's telephone locations,” J. decous. Soe.
Anr, vol. 12, pp. 183<187; July, 1940.
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deeibels was the average sound level in
residences not having radios playing.
The standard deviation of levels in dif-
ferent residences from this figure was
3.5 decibels, The distribution about this
average value indicated that about one
half the residences have noise levels he-
tween 39 and 47 decibels, and 90 per
cent are in the range between 33 and 52
decibels.

Hoth® found that the form of the noise
spectruin was about the same for all
types of rooms. Using his velation, the
spectrum for the average room noise
having a total level of 43 deeibels is
that shown in Fig. 2, lower ecurve. The
ordinates give the spectrnm level. This
is obtained as follows. The intensity I in
a band of frequency width W is meas-
ured. Then the ordinates y ave given hy

y=10log I/WI,

where I, is the veference level of 10-1¢
watt per square centimeter. It has heen
shown? that the masking level could be
obtained directly from the speetrum
level. Using this velation, the eurve
shown in Fig. 2, labeled MasKING Luver,
was obtained. This enrve then gives the
level of pure tones whielt can just be per-
ceived in the presence of average room
noise. This masking enrve is the one
which is shown in Fig. 1 as a cross-
hatehed band. Tt shows the range of the
masking levels for abont 90 per cent of
the residences in a typical group. The
dashed cnrve gives the average. If we
wish to include only the middle 50 per
cent of the vesidences, the top part of
this masking-level hand wonld be low-
ered about 5 decibels,

Transmission Limits

Figure 1 then enables us to set sev-
cral limits for an ideal transmission sys-
tem. If the noise emitfed by the radio
set in a typieal residence is not to he
heard, its level should he below the
average threshold of hearing in the
room. For an average room this is seen
to be determined by the hearing mecha-

3 D. . Hoth, “Room noise spectra at sub-
seribers’ telephone locations” J, Aecous.
Soe. Am., vol. 12, pp. 499-504; April, 1941.

1 H. Fletcher and W. A. Munson, “Rela-
tion between loudness and masking,” J.
deous. Soc, Am., vol. 9, pp. 1-10; July,
1937.
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nism from low frequencies to 200 eps,
and by the room noise from 200 to 6000
tps, and again by the hearing mecha-
nism above 6000 ¢ps. For example, the
fundamental of a 60-eps hum shounld he
kept below a 57-decibel level, whereas
any components of this hum aronnd
1000 cps should be kept below 25-decihel
mtensity level for the average room. It
is seen that for the 5 per cent of the
rooms which ave quietest the limit is set
entively by the hearing-acuity enrve.
I'rom Figure 1 one ean also set the fre-
quency limits for an average listener if
all sounds that ean be heard arve to be
used in the broadeast. This range is from
20 to 15,000 eps for the highest possible
levels, and for any lower levels this fre-
quency range is smaller, as indicated.
Figure 1 also gives the maxinmm levels
snch an ideal system might be called
upon to transmit. This maximum level
is taken as 120 deeibels and the same for
all frequencies. There is an uncertainty
of about 10 decibels coneerning the level
that ean be tolerated by the average
ear, Ounr experienece with reproduced
sounds neav this level indicates that it
is very unlikely that higher levels will
be used even though levels somewhat
higher than 120 decibels may be toler-
ated by an average listener without pro-
ducing permanent injury to the ear. It is
probable that there will seldom if ever
be a demand for such high intensity
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levels in 2 home, but if we are thinking
in terms of an ideal which is set hy
human-hearing ecapabilities the upper
limit must be taken at least as high as
120 decibels. The power P for producing
the maximumn level of 120 decibels varies
from 3 watts for a typieal residential
room to 400 watts for a concert hall such
as the Aeademy of Musie in Philadel-
phia. It may be obtained from the for-
winla

P=0.00012 V /T watts

where ¥ is the volume of the room in
cubie feet and T is the reverberation
time in seconds.

If we utilize the entive intensity level
range from the average threshold in a
room having average noise to 120 deei-
bels level, it will be seen that from 2000
to 6000 cps this vange is approximately
100 deeibels, From 500 to 2000 eps it is
about 5 decibels less than this figure,
while for 100 cps the range is only 75
deeibels, It should be emphasized that
these figures refer to the level range of
single-frequency  tones. When talking
about program maferial where complex
sounds are used which are rapidly vary-
ing in intensity and freqneney, the mat-
ter of measuring intensity level range
is not simple as will be evident from
later disenssions.

A summary of these conelusions is
given by the curves in Fig. 3, which give
the limits imposed by the hearing of an
average person in a room having aver-
age room noise. In using this curve it
must he remembered that the lower lim-
iting curve may be anywhere in the
shaded avea, depending npon the room
noise condifion. This shaded area covers
90 per cent of noise conditions in resi-
dences. TFor an average business office
the lower curve will be raised ahout 15
decibels, and for a factory location the
lower enrve will be raised nearly 35 deci-
hels, leaving a range of only 60 decibels
even if the highest levels that can be tol-
vrated by the ear are nsed.

(Continued on page 49)
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HEARING

(from page 26)

Noise in Theaters

Measurements of noise have also bheen
made in motion-picture theaters. Mueller
found the average level in theaters with-
ont an aundienee to be 25 decibels and
with an audience present it was 42 deci-
bels. This last figure is within 1 decibel
of that given above for the average noise
level in residences. So all the limits men-
tioned ahove for residence room noise
can also be applied to motion-picture
theaters, that is, Fig. 3 gives the limits
if no limitation is to be placed upon the
sounds to be recorded.

Noise measurements made 1in the
Academy of Musie in Philadelphia and
Constitntion Hall, in Washington, D. C.,,
during a quiet listening period indieated
levels about 10 decibels lower than that
given in [Fig. 3 for residences. So at
least for these coneert halls the lower
part of the shaded avea should be used
for determining minimum levels. It will
be seen from Iig. 1 that for the average
person in such quiet intervals in these
concert halls the lower limit is set by the
acuity of hearing rather than by the
andience noise.

The foregoing gives the ideal limits of
frequeney and intensity for high fidelity.
Tt is well known that within these limits
the system must have a sufficiently uni-
form response with different frequencies
s0 that the ear will not detect it from
one having a perfectly uniform response.
Due no doubt to the fact that persons
usually listen in rooms which have res-
onances, it is difficnlt to deteet depar-
tures of 3 or 4 decibels from uniformity
—in fact, it is very diffieult to measure
them. Here again it would be helpfnl if
we had some precise measurements on
this point. Also, it is well known that
the system must be linear with intensity,
that is, the acoustic output must be pro-
portional o the acoustic input. Also
there must be no asymmetry in the vibra-
tion during transmission. Any depar-
tnres from these ideals must not he
Inrger than ean be detected by the aver-
age ear.

Facsimile Requirements

When all of these requirements are
met, a facsimile of the original source
eannot be produced unless another fae-
tor is considered which is sometires
overlooked, namely, the spatial or andi-
tory perspective character of the sound.
Iff we are reproducing a moving sound
sonree it mmst appear to move, and if
the sound source is broad it must ap-
pear that way when reproduced. In
nearly all systems now used thiz factor
is neglected. It can be preserved in two
ways, namely, by a binaural system or
by a stereophonie system. In the former,
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two channels only are required while in
the latter, theoretically an infinite num-
ber is required but practically three give
a good illusion.

In the binaural system two miero-
phones are placed in the ears of a dwmmy
who sits in the position where the listener
would like to sit if he were listening to
the original sound. Two {transmission
lines meeting the requirements above
connect these mierophones to two head
receivers Tespectively, one heing placed
on each car of the observer. With such a
system a complete facsimile of the origi-
nal sound at the dummy is reproduced to
the listener. The Oscar system presented
at the World’s Tair in Chicago by the
Bell System was one meeting the strin-
gent requirements outlined above.

In the stereophonic system an attempt
is made to produece this spatial effect hy
using loudspeakers instead of head re-
ceivers in the reproduction. Suppose
there were interposed belween the souree
of sound and the audience which would
normally listen to it, a sound-transpar-
ent eurtain. A large number of miero-
phones are monnted all over this eurtain,
An ideal line connects each microphone
to a recording unit of a recording sys-
tem, or to a loudspeaker if a simple
transmission system is nsed. The loud-
speakers are spaced over a similar eur-
tain when the sound is reproduced. If
the mierophones and loudspeakers are
close together a enrtain of sound will
be reproduced similar in all respeets to
the original sound. Again three such
channels for most stages will give a suffi-
ciently close approximation that, due to
the limifations of hearing most observ-
ers cannot detect the reproduced from
the original when all the other require-
ments discussed above arve met. Indeed
two channels go a long way toward this
ideal. However, if the sounds were not
confined essentially to the level of the
stage but were permitted to go up and
down as far as they went right and left,
then mnine channels instead of three
would be required. Or if we wished the
sounds to appear to come from all di-
rections around the listeners, then chan-
nels sufficient to cover a sphere sur-
rounding them wonld be necessary.

The question then arises, how much
loss in quality of the reprodnced sound
is experienced as we depart from such
an ideal? To answer this question we
must know the kind of material that is
used in the transmission. Without such
an ideal ftransmission system, there is
always placed some limitation on the
type of material used. In general, this
material may be classified as either
musie, speech, or noise.

T0 BE CONTINUED






