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NOTES ON THE ORGANIZATION OF NDRC

The duties of the National Defense Research Committee
were (1) to recommend to the Director of OSRD =uitable
projects and rexearch programs on the instrumentalities
of warfare, together with contract facilities for carrying
out these projects and programs, and (2) to administer
the technical and scientific work of the contracts. More
specifically, NDRC functioned by initiating research
projects on requests from the Army or the Navy, or on
requests from an allied government transmitted through
the Liaison Office of OSRD, or on itz own considered ini-
tiative as a result of the experience of it: members. Pro-
posals prepared by the Division, Panel, or Committee for
research contracts for performance of the work involved
in such projects were first reviewed by NDRC, and if
approved, recommended to the Director of OSRD. Upon
approval of a proposal by the Director, a contract per-
mitting maximum flexibility of seientifie effort was ar-
ranged. The business aspects of the contract, including
such matters as materials, clearances, vouchers, patents,
priorities, legal matters, and administration of patent
matters were handled by the Executive Secretary of
OSRD.

Originally NDRC administered its work through five
divisions, each headed by one of the NDRC members,
These were:

Division A — Armor and Ordnance

Division B — Bombs, Fuels, Gases, & Chemieal Prob-
lems

Division C — Communication and Transportation

Division D — Detection, Controls, and Instruments

Division EE — Patents and Inventions

In a reorganization in the fall of 1942, twenty-three
administrative divisions, panels, or committees were
created, each with a chief selected on the basis of his
outstanding work in the particular field. The NDRC
members then hecame a reviewing and advizory group
to the Direetor of OSRD, The final organization was as
follows:

Division 1 — Ballistic Research
Division 2 — Effects of Impaet and Explosion
Division 3 —— Rocket Ordnance
Division 4 — Ordnance Accessories
Division 5 — New Missiles

Division 6 — Sub-Surface Warfare
Division 7 — Fire Control

Division 8 — Explosives

Division 9 — Chemistry

[Yivision 10 — Absorbents and Aerosols
Divizion 11 — Chemical Enginecring
Division 12 — Transportation

Division 133 — Electrical Communication
Division 14 — Radar
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Division 16 — Opties and Camouflage
Division 17 — Physies

Division 18 — War Metallurgy

Division 19 - - Miscellaneous

Applied Mathematics Panel

Applied Psycholoyy Panel

Committee on Propagation
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NDRC FOREWORD

S EVENTS of the years preceding 1940 re-
A vealed more and more clearly the serious-
ness of the world situation, many scientists in
this country came to realize the need of or-
ganizing scientific research for service in a
national emergency. Recommendations which
they made to the White House were given
careful and sympathetic attention, and as a
result the National Defense Research Commit-
tee [NDRC] was formed by Executive Order
of the President in the summer of 1940. The
members of NDRC, appointed by the DPresi-
dent, were instructed to supplement the work
of the Army and the Navy in the development
of the instrumentalities of war. A year later,
upon the establishment of the Office of Sci-
entific Research and Development [OSRD],
NDRC became one of its units,

The Summary Technical Report of NDRC is
a conscientious effort on the part of NDRC to
summarize and evaluate its work and to pre-
sent it in a useful and permanent form. It
comprises some seventy volumes broken into
groups corresponding to the NDRC Divisions,
Panels, and Committees.

The Summary Technical Report of each Divi-
sion, Panel, or Committee is an integral survey
of the work of that group. The first volume of
each group's report contains a summary of the
report, stating the problems presented and the
philosophy of attacking them and summarizing
the results of the research, development, and
training activities undertaken. Some volumes
may be “state of the art” treatises covering
subjeets to which various research groups have
contributed information. Others may contain
descriptions of devices developed in the labora-
tories. A master index of all these divisional,
panel, and committee reports which together
constitute the Summary Technical Report of
NDRC is contained in a separate volume, which
also includes the index of a mierofilm record of
pertinent technical laboratory reports and ref-
erence material,

Some of the NDRC-sponsored researches
which had been declassified by the end of 1945
were of sufficient popular interest that it was
found desirable to report them in the form of
monographs, such as the series on radar by
Division 14 and the monograph on sampling
inspection by the Applied Mathematics Panel.

Since the material treated in them is not dupli-
cated in the Summary Technical Report of
NDRC, the monographs are an important part
of the story of these aspects of NDRC research.

In contrast to the information on radar,
which is of widespread interest and much of
which is released to the public, the research on
subsurface warfare is largely classified and is
of general interest to a more restricted group.
As a consequence, the report of Division 6 is
found almost entirely in its Summary Techni-
al Report, which runs to over twenty volumes.
The extent of the work of a Division cannot
therefore be judged solely by the number of
volumes devoted to it in the Summary Techni-
*al Report of NDRC: account must be taken of
the monographs and available reports published
elsewhere.

Any great cooperative endeavor must stand
or fall with the will and integrity of the men
engaged in it. This fact held true for NDRC
from its inception, and for Division 6 under
the leadership of Dr. John T. Tate. To Dr. Tate
and the men who worked with him—some as
members of Division 6, some as representatives
of the Division's contractors—Dbelongs the sin-
cere gratitude of the Nation for a difficult and
often dangerous job well done. Their efforts
contributed significantly to the outcome of our
naval operations during the war and richly
deserved the warm response they received from
the Navy. In addition, their contributions to
the knowledge of the ocean and to the art of
oceanographic research will assuredly speed
peacetime investigations in this field and bring
rich benefits to all mankind.

The Summary Technical Report of Division
6, prepared under the direction of the Division
Chief and authorized by him for publication, not
only presents the methods and results of widely
varied research and development programs but
is essentially a record of the unstinted loyal
cooperation of able men linked in a common
effort to contribute to the defense of their Na-
tion. To them all we extend our deep apprecia-
tion.

VANNEVAR BUsH, Director
Office of Scientific Research and Development

J. B. CONANT, Chairman
National Defense Research Committee
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FOREWORD

ETHODS NOT involving the human ear have

been developed for the detection and rec-
ognition of underwater sounds. These, how-
ever, generally supplement rather than sup-
plant aural recognition. In the past the human
ear has been most generally used as a detector
of underwater counds, and there is every rea-
son to believe that aural recognition of under-
water sounds will continue to be of large im-
portance in subsurface warfare.

The work deseribed in this report was a por-
tion of the research program originally pro-
posed in 1941, which came to include an in-
vestigation of all the factors involved not only
in the detection of submerged or partially sub-
merged submarines but also in the detection of
surface craft. The matter presented is lim-
ited to a summary of present knowledge of
aural recognition of underwater sounds, and
is closely related to three other reports in the
Division 6 Summary Report Secries; namely,
Volume 6A, Military Occanography, by the
Woods Hole Qceanographic Institution, Volume
7. Principles of Underwater Sound, by Dr. Carl
Eckart, and Volume 8, Physics of Sound in the
Sea, by the staft of the Sonar Analysis Group.
The physical listening devices developed by the
Division are not deseribed in Volume 9 but may
be found in Volume 14 of this series, Sowar
Listening Systems.

The experimental work of the Division was
undertaken principally at its San Diego Labo-
‘atory under the contract with the University
of California. Studies of experimental results
and their application were continued by the
Sonar Analysis Group operating until lately
under a Division contract with Columbia Uni-
versity.

It was most fortunate that in undertaking
an investigation of aural recognition and its
application to subsurface warfare the Division
had available the results of previous research
on performance of the ear. In this connection
special mention should be made of the work
of Dr. Harvey Fletcher and his assoeciates in
the Pell Telephone Laboratories, Drs. S. S.
Stevens and H. Davis at Harvard University,
as well as others who continued to make sub-
stantial contributions to the field of psycho-
acoustics.

The preparation of this report was under-
taken by Dr. A. Spector, under the general
supervision of Dr. Lyman Spitzer, Jr., Director
of the Sonar Analysis Group of the Bureau of
Ships. To them the Division expresses its deep
appreciation.

JOHN T. TATE
Chief, Division 6
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PREFACE

OUNDS CARRY well in the sea, better than they
do in air, and enormously better than do
electromagnetic disturbances such as light. Un-
derwater sounds are therefore well adapted to
providing information about relatively distant
objects and events on or beneath the surface of
the sea. Thus, the detection of such sounds has
important uses in subsurface warfare.

The detection of sound requires, in addition
to various types of receiving aad amplifying
equipment, a detector which can recognize when
a particular sound is present. To date, the hu-
man ear has been most generally used as a de-
tector of underwater sounds, and its perform-
ance has received the greatest amount of study.
This volume summarizes present knowledge
concerning the aural recognition of underwater
sounds. Information on the factors affecting
aural recognition, and ability to predict whether
or not a particular sound will be recognized
under various conditions are useful in a num-
ber of ways, as, for example, in the training
and selection of sonar operators, in the design
and operation of gear, and in estimation of the
maximum effective operating range of the sonar
gear in each specific situation.

Research in this field during the war has been
primarily practical in nature. Emphasis has
been placed on specific answers to questions of
operational importance, rather than on a broad
understanding of the basic faetors involved.
For the most effective use of these results, how-
ever, and for planning future research in this
field, a more basic approach is necessary. For
this reason current theory on the performance
of the ear, a subject known as psychoacoustics,
has been introduced into the discussion wher-
ever it seemed profitable. While this theory,
developed by Fletcher, Stevens, and others, has
not yet reached the point where it permits con-
clusive predictions of the behavior of the ear,
it does indicate a certain coherence among the
observations that would otherwise not be ap-
parent. Even where the theory seems incon-
sistent with the observed results, the theoretical
discussion may be profitable in suggesting a new
experimental or theoretical approach.

While the basic theory of the performance of
the ear has been kept in mind in the prepara-
tion of this volume, a deliberate attempt has
been made to focus attention also on the many
practical aspects of the information discussed
here. Thus, in the discussion of the data, many
points are brought out which are not directly
relevant to results on the performance of the
ear, but which bear on the application of these
results to the most effective use of sonar in
subsurface warfare. It is hoped that the re-
sultant volume may be of interest both to the
technical worker in psychoacoustics and to the
engineer interested in the application of psycho-
acoustic data to the design and operation of
equipment, While the discussion is relatively
exhaustive, the general level of the writing has
been made sufficiently elementary so that it
may be understood by those with little experi-
ence either in mathematics or in sonar research.

In reading this volume several important dis-
tinctions should be kept in mind. The most
important is that between “wanted” sounds,
for which the operator is listening, and “un-
wanted” sounds, or interference tending to
mask the wanted sounds. A wanted sound is
frequently called a signal, while the many un-
wanted sounds are grouped together under the
heading background. Whether a particular
sound is classified as signal or background de-
pends on the circumstances. For example, the
sounds produced on board a submarine add to
the background when the equipment mounted
on the submarine is being used for listening to
enemy vessels. When these local sounds are be-
ing monitored by the submarine, however, they
constitute the signal. Similarly, sounds from
a submarine are the signal used by listening
gear on an antisubmarine vessel, but form part
of the background when echoes are used to
measure the range tc the submarine.

A second, less fundamental distinction is that
between local sounds, associated with the sonar
gear and its mounting, and more distant sounds,
produced by sources far away. Local sounds,
including electrical noise in the hydrophone
circuits, motion of water around the hydro-
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phone or ship (if the hydrophone is mounted
on board ship), or noise produced by machin-
ery on board ship, are frequently grouped to-
gether under the heading self-noise, and gener-
ally constitute much of the unwanted noise
background. Sounds from distant objects in-
clude many generally unwanted components,
stuch as noise from whitecaps forming on tne
sea surface, or sound scattered from irregulari-
ties on the bottom. In addition, some distant
sounds, such as the sound generated or reflected
by surface vessels, submarines, torpedoes and
the like, usually are the signals which are to be
recognized. These sounds may be used to pro-
vide information abowl the bearine and nalure
of the sound source, and under certain condi-
tions can be used to determine the speed, range,
course, change of course, and other maneuvers
of the source,

The most important application of sonar
hitherto has involved the use of shipboard-
mounted gear to detect other ships, either on
the surface or submerged. In the discussion of
the observations, given in this volume, this
situation is usually assumed. It should be em-
phasized, however, that the basic results have
a much wider validity. Sound gear can also
be towed, suspended from a buoy, or installed
on or under a harbor bottom. The received
sounds may be presented to the ear not only on
boned ship Lat alse is airerafl of &t shore sta
tions. While the tactical problems are quite
different in each of these cases, the general
behavior of the ear, as analyzed in this volume,
will be the same.

In Part I, comprising Chapters 1 and 2 of
this volume, are presented the relevant facts

on the structure and performance of the ear as
revealed primarily by published psychoacousti-
ral studies before World War II. Part II, con-
sisting of Chapters 3 through 6, analyzes the
data on the masking of sounds producel by a
distant target, while Chapters 7 through 11
which constitute Part IIT deal with the cor-
responding results for echoes. For convenient
practical application, the chief results found in
these two parts are briefly stated in Chapters
6 and 11. Most of the material presented in
Parts IT and TII was obtained during the war,
in part by the British, and in part by the three
following groups under contract with Division 6
of the Natiopal Doleiise Resuuvel Coniolitee:
the University of California Division of War
Research at the U, 8. Navy Electronics Labora-
tory (formerly the U. S. Navy Radio and Sound
Laboratory), San Diecgo, California; Columbia
University Division of War Research at the
U. S. Navy Underwater Sound Laboratory, New
London, Connecticut; and Bell Telephone Lab-
oratories, New York, New York.

This volume has been written by Dr. Aaron
Spector, who has introduced much analytical
discussion which is not available elsewhere.
Final preparation and editing of the material
has been carried out cooperatively by the staff
of the Sonar Anulysis Group., The laboratory
groups whose work is reported here have been
extriomely Belilil (s coammunical il eosalis in
advance of publication and in discussing the
many problems of interest in this subject. Par-
ticular acknowledgement is due to the Uni-
versity of California Division of War Rescarch,
and to Bell Telephone Laboratories.

I.YMAN SPITZER, JR.
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Chapter 1

STRUCTURE

UNDAMENTAL TO ANY discussion of the car
F and hearing are references 1 through 5.
These works, and the literature cited in them,
are the sources for all statements about the
structure and behavior of the ear which are
made in this report and which are not specifi-
ally attributed to some other source. A few
extensions and applications of the fundamental
concepts have been prepared especially for the
present report. These are relatively minor and
are not identified. Although an effort has heen
made to specify the limitations of present
knowledge, it is clearly impossible to discuss
all the details in a condensed summary of this
kind. Careful reading of the original publica-
tions is necessary for a thorough understand-
ing of this subject.

"— OUTER EAR- AOl‘MIDDLE-&L— INNER EAR ——4
EAR

SEMICIRCULAR

ONBL WINDOW

ROUND WINDOW

EUSTACHIAN TuBE

COCHLEA (2 172 TURNS)-
BASILAR MEMBRANE =

AUDITORY NERVE

Fi1cvre 1. Schematic diagram of the ear.

A few standard results of physical acoustics
are assumed without proof in this volume. For
a discussion of these, the reader is referred to
references 6 and 7.

OF THE EAR

The potentialities of the ear as a detector
depend on its nature as a physical mechanism.
A brief account of present knowledge about the
structure and behavior of the car is given in
the following two chapters and the concepts
develeped there are applied in the remaining
chapters of this volume to the data obtained in
studies of sound gear.

SEMI-CIRCULAR
T CANAL

UE.PER GALLERY
.5

SO MIGD JONT——

Ficure 2. Schematie diagram of the outer, mid-
dle, and inner ear,

The ear structures are minute and delicate.
Few of them are accessible to direct observa-
tion when the ear is intact.® Most of our ideas
about the hearing process are consequently
based on less direct lines of evidence, Some
of the more important features of the normal
human ear are illustrated schematically in Fig-
ures 1 through 8. These structures are believed
to behave in the following way during the act
of hearing. Audible sound waves which enter
the external ear and pass through the ear canal
strike the drum meembrane (see Figure 1). The
resulting motion of this membrane is transmit-
ted by the ossicles, a flexibly jointed chain of
three small bones stretching across the middie
car, to the inner ear which is the essential organ
of hearing.* The nerve impulses generated in

a Destruction of the outer ear, or of the ossicles, in-

terferes with hearing; destruction of the inner ear or
of the auditory nerve produces total deafness.

RESTRICTED 1
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2 STRUCTURE

OF THE EAR

the inner ear move along the aunditory neree to
the brain, where they produce the sensations
of hearing.

Present evidence indicates that perceptions
of piteh which are aroused by stimulating the
ear with tones of different frequency are cor-
related primavily with positions of stimulation
pattern on the sensory membranes of the inner
ear. This point of view is generally known as
the place theory. Its adequacy for frequencies
below 100 c¢ycles has not been established. The
fact that a particular place on the sensory mem-
brane is stimulated by a given tene is consid-
ered to result from the selective tuning of the
membrane, so that different tonal frequencies
produce vibration patterns on this membrane
which have their maximum amplitudes at dif-
ferent places, The latter explanation of the
car's behavior is called the resonanece theory.
The place theory and the resonance theory are
supplementary; taken together, they provide a
consistent understanding of the bulk of the
known facts. Continued study mayv require
modification of these points of view, which arve
nonetheless useful at present in organizing the
data and in suggesting further experimental
work. The significance and the application of
these theories can best be understood from an
examination of the data regarding the inner
ear structures; these data are presented in
the following section.

Lo INVER EAR

The inner ear structures are contained in a
coiled bony tube, named the cocllea from its

COCHLEAR CANAL

UPPER GALLERY
LOWER GALLERY

AUDITORY
NERVE —

FiGURE 3. Section through the cochlea.
resemblance to a small snail shell. To shield

the inner car from injury and to insulate it
partly from the effects of sounds which are

not directed to enter it through the external
ear canal, the cochlea is cnclosed within the
wall of the skull. The compact form of the
cochlea probably results in greater mechanical
strength.

A sectional view of the cochlea is shown in
Figure 3. Figures 4 and 5 show how it would
look if unrolled. It is some 31 millimeters in
length, wider at its base than at its apex, par-
titioned along its length by the sensory mem-

8aSAL END APICAL ENC
{HIGH FREQUENCIES) {LOW FREQUENCIES)
{fiky
-.:w.'ﬁld’\‘_

BASILAR MEMBRANE

ARG
LR}
151 TURN 2nd TURN APICAL TURN
- IR s SR
18 mm amm S mm
e 3 mm »l

Ficure 4. Sectional view of the basilar mem-
brane, oval window, and the round window,

branes, and completely filled with clear watery
fluid. The walls of the cochlear duct are rigid
except for two openings at its base called the
aral windme and the round window, from their
shapes. These windows adjoin each other on
the surface of the middle ear cavity. The round
window is scaled by a thin elastic membrane.
The oval window has one end of the chain of
nssicles secured to its margins by means of tis-

BASAL END APICAL END
(HIGH FREQUENCIES) (LOW FREQUENCIES)

SPIRAL LIGAMENT BASILAR MEMBRANE

Ficere 5. Scetional view of the basilar mem-
brane, bony ledge, and the spiral ligament,

sues, in such a manner that motion of the
ossicles is relatively free, although the inner
ear fluid cannot escape; the other end of the
chain of ossicles is attached to the drum mem-
brane. Increase of pressure at the drum dis-
places it and the ossicles inward, shifting the
inner ear fluid and causing the membrane at
the round window to bulge. This motion of the
cochlear fluid stimulates the auditory nerve.
As shown in Figures 1 and 2, the cochlea
is part of a closed system of communicating
tubes, the so-called labyrinth, which contains

RESTRICTED



RESONANCE THEORY OF HEARING 3

several sense organs and is filled with liquid.
Since the walls of the labyrinth are relatively
rigid, except for the round and oval windows,
motion of the middle ear structures causes mass
displacement of fluid within the cochlea only.
The structures of the labyrinth other than the
cochlea are not described here because they arve
conecrned with bodily equilibrium and not with
hearing.

The cochlear canal resembles a spiral stair-
ase wound around a bony central shaft (see
Figure 3). This canal is incompletely divided
along its leneth by a bony ledge; the partition
of the canal into an upper and a lower gallery
is completed by a thin membrane (the basilar
membrane) in which are embedded throughout
its length a great number of fine fibers (the
andi'ory strivgs). The auditory strings lie
parallel to the diameter of the cochlear canal
and are maintained in tension by the spiral
ganient. The basilar membrane does not ex-
tend quite to the apex of the cochlea (see Fige-
ures 4 and 5) : the edees of the membrane, with
the exception of its apical edge, are fastened
to the walis of the cochlear duet. Thus, fluid
may pass from one gallery into the other only
through the gap at the apex of the basilar
membrane,

Since the round and oval windows lie on op-
posite sides of the basilar membrane, the pis-
ton motion of the ossicle at the oval window
will produce displacement of the cochlear fluid,
either by causing it to flow throuxh the gap
at the extreme end of the basilar membrane,
or by moving it along a hydraulic short circuit

Basat enND APICAL END
[-'GH FREQUENCIES) (LOW FREQUENCIES)
MOVING COLUMN BASILAR MEMBRANE

7 LE FLUID

2
S F o ueeer cawLery - >

=1 :-_-;,'v LOWER GALLERY

| L

- (0 [ - — 5§ —»

—— 31 mm — >

Firerre 6. Assumed motion of the inner ear
structures in response to sound.

(illustrated in Figure 6) which is accompa-
nied by bulging of the basilar membrane. The
actual hydraulic path, according to the reso-

nance theory, depends upon the impressed fre-
quency.

12 RESONANCE THEORY OF HEARING

It is assumed that the basilar membrane is
selectively tuned in the manner of a reed-type
frequency meter so that different portions of
the membrane will vibrate in synchronism with
those impressed frequencies to which they reso-
nate. The possibility that sensations of pitch
are associated with the wavelengths of the re-
ceived sounds may be excluded, since the dimen-
sions of the cochlea are so small compared with
the wavelengths of audible sounds. Also, ob-
servation indicates that the auditory nerve and
brain do not directly analyze the frequency of
a stimulus. For example, direct stimulation of
the auditory nerve with alternating current of
any frequency invariably produces the sensa-
tion of pitchless noise.

In the present section, the physical charac-
teristics of the resonant mechanisms of the
inner ear will be examined. Assuming that
the dvniamical behavior of the basilar mem-
brane may be satisfactorily approximated by
considering it as an assembly of loosely coupled
strings, an arrancement resembling a Venetian
blind, it follows that the region of the mem-
brane which responds best to a particular fre-
queney is determined by the combined effect
of several factors: the lengths of the auditory
strings [; their tensions T and their mass per
unit length m, including the effective increase
of mass due to the column of fluid which must
he moved when some portion of the membrane
moves.

In the following paragraphs the dependence
of the resonant frequency on these physical
properties of the inner car is examined. Al-
though the available data do not vield precise
values of the relevant quantities, the investiga-
tion indicates that resonance of the basilar
membrane for perceived sonic frequencies is
not unreasonable physically. Moreover, this
analysis yields a useful if approximate expres-
sion for the position of maximum stimulation
on the membrane, for sonnd of a particular
frequency.

RESTRICTED
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The basic expression for the resonant fre-
quency f of a string under a tension T dynes,
of length I, and with a mass m per unit length
is

A

‘,=2l‘ m (00
This ignores the effects of damping, which
would diminish the value of the resonance fre-
queney somewhat. Such damping would be
expected from the effects of friction and vis-
cosity in the various parts of the car. Damp-
ing, together with the fact that adjoining audi-
tory strings are coupled by the ground sub-
stance of the basilar membrane, should result
in a broadened, rather than a sharply detined,
response; there is evidence that this occurs,
particularly for large amplitudes (see Figures
2 and 3 of Chapter 2), The advantage of damp-
ing is that sensations of sound are extinguished
soon after the stimulus is removed.

The relation between the position ¢ of a
string on the basilar membrane and the fre-
quency to which it responds may be estimated
from the mechanical constants of the inner ecar
(sce Figures 4, 5, and 6). It seems reasonable
to infer from these constants that the apical
cnd of the membrane is tuned to low frequen-
cies; and the basal end, to high. The auditory
strings at the apical end, for example, arve ap-
proximately five times as long as those at the
basal end: the width of the membrane decreas-
ing fairly uniformly from about 0.50 milli-
meter at the apex to about 0.10 millimeter at
the base. The length, in centimeters, of an
auditory string may therefore be represented
as follows:

= (3.0X 10 — (1.3 X 10 *r s, (2)

where s is the distance of the string from the
apex of the basilar membrane in centimeters;
thus, at the basc of the membrane, s equals
3.1 centimeters.

The tension exerted by the spiral ligament
on the shorter basal strings is believed to ex-
ceed that exerted on the apical strings since the
ligament is not a uniform structure. It consists
of a few frail fibers at the apical end and thick-
ens gradually toward the basal end of the mem-
brane. The simplest relation to try, in the
absence of more definite information, is one

which makes the tension increase linearly with
distance from the apex, that is,

T = as, (3

where s is subject to the same restriction as
before and a is a constant. Equation (3) is,
of course, somewhat arbitrary; lack of infor-
mation concerning T is perhaps the greatest
gap in our knowledge of the physical parame-
ters affecting the resonance of the inner ear.

The effective mass of an auditory string de-
pends on the liquid loading and may be taken
as proportional to the mass of the moving col-
umn of fluid. The mass of piano strings is in-
cereased in similar fashion, without adding sig-
nificantly to their rigidity, by coiling copper
wire on them. As indicated in Figure 6, the
length of such liquid columns is very nearly
2(3.1  s), and the expression for the mass per
unit length of a string may therefore be written

m o= b (3.1 ~), h

where b is assumed here to be a constant,
depending on the density of the cochlear fluid.
As shown in the next section, there is some
reason to believe that b may vary somewhat
along the membrane. In view of the lack of
specific information about T, this complication
is not considered here.

If the motion of the ossicle at the oval win-
dow is sufficiently slow, pressure above and
below the membrane will remain equal. Hence,
it will not be displaced from its ecquilibrium
position along its length, and cochlear fluid wil]
pass from one gallery to the other through the
gap at the apex of the membrane, producing
simultaneous displacement of the round win-
dow. For sufficiently rapid displacements of
the ossicle, or for high enough frequencies of
vibration, the cochlear fluid has considerable
impedance. Hence, when the ossicle thrusts
inward, the pressure in the upper gallery will
exceed that in the lower, and the membrane
will be displaced as shown in Figure 6. Those
portions of the membrane with natural fre-
quencies equal, or nearly equal, to the im-
pressed frequency will move with greater am-
plitudes since their motions can remain in
phase with the driving force. While general
forced motion of the entire membrane is to
be expected, especially for sounds of high in-
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tensity, relatively small amplitudes should be
found at all points whose natural frequency
differs from that of the stimulus tone.

By substituting equations (2), (3), and (4)
into equation (1), and denoting the fractional
distance from the apex to the basc of the mem-
brane, that is, /3.1, by the letter », we obtain

{
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The constant \'a/b has the dimensions centi-
meters per second. A numerical value of 1,300
has been assigned to this quantity to give the
best agreement with the observed data (sece
Figures 9, 10, and 17 in Chapter 2). Since
equation (5) has been derived from several
quite approximate assumptions, it cannot be
regarded as rigorous. However, it should give
results correct to within an order of magni-
tude. Comparison with the data in Section 2.2
and 2.3 shows that this equation has, in fact,
the proper form. It may therefore be regarded
as a semi-empirical relationship which provides
a useful summary of a large number of obser-
vations., For example, when .« increases by
equal increments, f grows by successively larger
amounts. In other words, the positions on the
basilar membrane corresponding to two fre-
quencies which differ by a constant number of
cycles are closer together for high frequencies
than for low. Furthermore, when » is 0.5, f
equals 2,200 cycles per second, that is, the cen-
ter of the basilar membrane is tuned to a fre-
quency a little over 2 kilocycles. Both these
conclusions are in agreement with observation
(see Section 2.2.1).

The resonance theory of hearing thus pro-
vides a correlation, given by equation (5), be-
tween the position of an auditory string and
its resonance frequency. This prediction is in
good agreement with observation. However, if
this theory of the ear’s structure is to be re-
garded as creditable, it must provide acceptable
answers to several other questions.

For example, are the estimated tensions in
the auditory strings of reasonable magnitudes?
Is the required rate of change of tension be-
tween neighboring strings immoderately large?
If certain simplifying assumptions are made,
orders of magnitude may be computed for these

two quantitics. The computations are given in
the following subsection,

1;2:) Tension in Basilar Membrane

Solving equation (1), we obtain
T = Af*1m. (6)

It the required tension is unduly large, this
fact would show up most clearly at the higher
frequencies. It will be assumed, therefore, that
f equals 10 kilocycles, which is within an octave
or so of the highest audible frequencies, From
equation (5) it follows that x equals 0.85 for
a frequency of about 10 kiloeycles; hence s, the
position of the string, is about 2.6 centimeters
from the apex of the membrane, or about 0.5
centimeter from the oval window. The length
of a string at this position is, from equation
(2), approximately 1.6 X 10 * centimeter.

In addition, m must be evaluated; this quan-
tity is the mass M of the liquid column loading
the string, divided by the length ! of the string.
The evaluation of m is not a simple matter
but depends on the solution of the hydrody-
namical equations, taking into account the
physical properties both of the cochlear canal
and of the basilar membrane. An upper limit
may be derived by assuming that all the fluid
in the cochlear canal between the oval window
and vibrating section of the membrane vibrates
to and fro. This neglects the effect of viscosity
and also neglects the possibility that at the
higher frequencies the wavelength of sound in
the cochlear canal may be less than the total
length of the canal. On this simple assumption,
the total volume of the oscillating fluid is
24 (3.1 — &), where 4 is the cross section of
each of the two canals, and (3.1 — s) is the
length in centimeters of the vibrating column.
The factor 2 takes into account the fact that
the liquid in both canals takes part in the oscil-
lation. To find the total mass, this volume must
be multiplied by the density , of the cochlear
fluid. This density is 1.034 grams per cubic
centimeter at body temperature and may be
set equal to unity for these calculations.

This oscillating mass has a cross-sectional
area A which is considerably greater than the
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area lAs of the vibrating region of the mem-
brane (see Figure 6), As a result, the maxi-
mum fluid velocity is less than the maximum
velocity of the membrane by a factor [As/A.
Since the mass is important through its con-
tribution to the kinetic energy, the effective
mass is roughly equal to the oscillating fluid
mass multiplied by (las/4)= This rather sim-
ple approach is, of course, not rigorous but
gives the same general result as a more de-
tailed analysis of the potential and kinetic en-
ergies of the system.

To find the mass loading per string, the total
vibipating masy musl be divided by the nwmloer
of strings which are set vibrating by a pure
tone, This number is about equal to 100 for
a tone of moderate loudness (see “Beats” in
Section 2.1.2), Thus we have finally

R Ol —~ [7AC) o
FA T 1] '

If we substitute equation (7) into (6), let
Aequal 6 10 square centimeter, and As equal
3 - 107 centimeter (see “DBeats” in Section
2.1.2)), we find at a frequency of 10 kiloeyeles,

SO AT — .
1001
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107 X 6 X 10 ?

= 2.1 dvnes

corresponding to a foree of about 2.5 milli-
grams. Since the cross section of a single
string in the membrane is about 10 7 square
centimeter, the total stress is 2.5 X 107 dynes
per square centimeter, or about 0.17 ton per
square inch,

This re<itit may be comppred with the bhreak-
ing strength of spider thread, 15 tons per
square inch, and of silk, 32 tons per square
inelh, Singe squalion (F) wives an upper limil
for m, the stress found from the resonance
theory appears very plausible. Furrthermore,
the rate at which the estimated tension changes
along the length of the membrane, in other
words, the quantity « in equation (3), is fairly
small, totaling about 1 dyne per millimeter (25
dynes per 26 millimeters).

122 Hydrodynamic Theory

For the sake of simplicity the discussion here
has been built around the most clementary
form of the resonance theory. A more general
treatment will be found in reference 9. Con-
sideration is given there to the hydrodynamic
equations appropriate to the situation in which
a pressurce pulse is initiated at one end (the
oval window) of a liquid-filled tube with three
rigid walls and one flexible wall, corresponding
to the bony structure of the cochlear duct and
the yielding structure of the basilar membrane.
Thy suulyeis jodieatos thiat the pressure gladi
ents associated with successive cycles of a
stimulus tone are propagated along such a tube
with a speed of about 50 m per sec. This low
velocity arises from various viscous and fric-
tional factors and is in fair agreement with
the velocity of approximately 20 meters per
second derived from the functional response
of the ear. Furthermore, this theory indicates
that the amplitudes of the traveling wave will
be greatest at specific points of the basilar
membrane, and that the positions of these
points are associated with the f{requencies of
the impressed tones. The agreement between
the predicted and observed positions is inferior
to that obtained with equation (5) which may
be due to somewhat uncertain knowledge of the
constants neceded for the development of the
analysis and also 1o the effects of various sim-
plifying assumptions.

The time required for a disturbance, moving
at a velocity of 2,000 centimeters per sec, to
pass over the distance of 3.1 centimeters be-
tween the oval window and the apex of the
membrane is about 1.5 milliseconds. Hence,
the high-frequency content of a complex acous-
tie disturbanee made up of all freguencies is
sensed about 1.5 milliseconds ecarlier than the
low-frequency content.

The ened erpany of equilibritm ave cssentially
plumb-bobs suspended in the fluid of the semi-
circular canals. When these are displaced, a
sense of disequilibrium is produced. Pressure
variations in the cochlear fluid are transmitted
to the semicircular canals, since the cochlea is
but one of a group of communicating tubes
composing the labyrinth. Ordinarily, pressure
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changes in the cochlea, produced by incident
sounds, cause no motion of the equilibrium re-
ceptors in the semicircular canals, because the
pressures at any point are independent of di-
rection. This ceases to be {rue in the case of
rotational, or vortex, motion; and it has been
pointed out' that vertigo and reflex motion of
the head in response to very loud sounds is
probably associated with the production of
eddies in the cochlea,

L3 SENSORY AND NERVOUS
STRUCTURES

Thus far we have spoken of the basilar mem-
brane as though it alone were responsible for
the perception of tones. Actually, the motion
of the membrane which is produced by tonal
stimulation causes a localized disturbance of
sensory cells attached to the upper surface of
the membrane, and this disturbance of a par-
ticular group of sensory cells causes specific
fibers in the auditory nerve to respond.

The arrangement of the sensory structures
supported by the basilar membrane is shown in
Figures 7 and 8. A sequence of about six thou-
sand adjoining arches projects from the sur-
face of the basilar membrane into the upper
gallery  (Figure 4). These are called Corti
arches after their discoverer. They are uni-
formly spaced over the entire length of the
basilar membrane. Each of the arches is
formed from two stiff bristles which are joined

-
& aUDITORY  STRINGE

" BASILAR

“ORYLEDGE

FIGURE 7. View of the basilar membrane through
tie surface of the upper gallery, showing the
Chrtt arches.

at their upper ends to form a fairly rigid truss.
One leg of each arch is supported on the mar-
gin of the bony ledge; the other rests on the
basilar membrane. The base of an arch mea-
sures about a quarter the width of the mem-

brane; in other words, the arches increase in
size along with the auditory strings. Thus, as
the auditory strings vibrate, the arches rock
back and forth, pivoting upon the leg which
rests on the bony ledge. The exact function

@—— MOTION OF —i

HAIRLETS
wrrn Qe EAY

BRI

P
i Y

: Tk e S WS

S T ALl ] il
= o Pl TR HaR
thi [

LOWER GALLERY

Ficvre B, View of the basilar membrane show-
ing the Corti arches and hair colls.

which the Corti arches play in the mechanism
of hearing is not certain.

As shown in Figure 8, cach of the arches is
flanked by four sensory cells. These cells form
two rows running the length of the basilar
membrane. The outer row, which rests on the
basilar membrane, is three cells deep; the inner
row, which rests on the bony ledge, is only one
cell deep. These sensory cells are called hair
cells because of the tiny hairs which project
from their upper surfaces. The hair cells are
the end organs of hearing; that is, the fibers
of the auditory nerve terminate in the hair cells
(sce Figures 3 and 8).

Thus, the auditory nerve resembles a tele-
phone cable supplying a distribution board with
about 25,000 terminals (6,000 arches with four
hair cells per arch). The nerve trunk enters
the cochlea through the bony shaft around
which the cochlear duct is coiled. Its individual
fibers branch out to the hair cells through the
bony ledge of the cochlear canal (see Figures
3 and 8).

All the hairlets which project from the free
ends of the hair cells are embedded, as shown
in Figure 8, in a soft structureless membrane
(the tectorial membrane) lying above the hair
cells. One margin of the tectorial membrane is
secured to the bony ledge; the other margin is
free. The hairlets, being embedded in the tec-
torial membrane, cannot follow the rocking
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motion of the hair cells and Corti arches which
is produced by vibration of the auditory
strings; instead they are bent to a degree which
depends upon the amplitude of motion of the
basilar membrane. It is believed that this bend-
ing of the hairlets and possibly the compres-
sions and elongations which they suffer stimu-
late the fibers of the auditory nerve. Thus
“hearing” may be compared to a highly differ-
entiated sense of touch.

This description of the action of the hair
cells is in agreement with several experimental
observations. When the row of three outer hair
cells is congenitally missing (in animals with
hearing apparatus similar to that of man) and
the row of inner hair cells is intact, the animal
is partly deaf. In such cases it is necessary to
raise the level of a tone about 30 to 40 decibels
above the normal threshold of audibility before
that tone can be heard. This implies that the
row of three outer hair cells responds to faint
sounds and that the inner hair cells respond
only to loud sounds. If the hair cells are thought
of as mounted upon a lever with its fulerum
located on the margin of the bony ledge (see
Figure 8) it will be observed that the three
outer hair cells, which are situated on the long
arm of the lever, will undergo a larger displace-
ment than will the inner hair cells, for any
given amplitude of motion of the basilar mem-
brane.

The converse observation to that described
above is the following. By continued exposure
to loud tones, animals with inner ear structures
like that of man can be partly, but permanently,
deafened to the tones to which they are exposed.
The extent of this deafening never exceeds 30
to 40 decibels; that is, the experimental animals
can always hear such tones subsequent to ex-
posure if the intensity level is raised the stated
amount above normal threshold. In other words,
the receptors for the fainter sounds are distinct
from those which respond only to loud sounds.

e ELECTRICAL ACTIVITY

Two methods are commonly used to deter-
mine the sensitivity of animals to sound. In the
first place, they may be conditioned to associ-
ate some pleasant or painful experience with a

particular sound which invariably accompanics
that experience in the experimental situation.
After repeated association of this kind, the test
animal gives the same observable response,
such as flight or salivation, to the sound that it
would normally give to the experience with
which the sound is connected. By diminishing
the intensity of the test sound until no response
to sound is obtained, the auditory threshold of
the experimental animal can be determined.

The sccond method is more direet and pro-
vides some results which are probably not ob-
tainable through use of the first. It is based on
the observation that stimulation of the ear by
sound produces a measurable change of elec-
trical potential at the cochlea. These cochlear
potentials may be detected by placing one elec-
trode on the surface of the head and the other
in contact with the cochlea, after it has been
exposed surgically, These changes of potential
are of the order of microvolts, and amplification
is required for detailed study. The cochlear
potentials are strongest when one electrode
makeas contact with the cochlea but they can
be detected almost anywhere on the head if
sufficient amplification is used. Wave form, and
changes of wave form or intensity, of sound
waves which are used to stimulate the ear are
very faithfully reproduced by the cochlear po-
tentials. Thus, speech entering the ear of an
experimental animal is intelligibly reproduced
by an amplifier and loudspeaker circuit which
is actuated by the cochlear potentials. Standard
indicating instruments for such studies are the
cathode-ray screen and the wavemeter. The
cochlear potentials obviously furnish a very
powerful tool for investigating such effects as
the change of auditory acuity which is produced
by long exposure to loud tones.

When an alternating current is passed
through the head under appropriate conditions,
sensations of tone are produced whose pitch
corresponds to the frequency of the current.
This phenomenon is termed the electrophonic
effect. Formally, at least, it is the inverse of
the cochlear potentials which are produced by
conversion of mechanical energy into electrical.

Several other matters related to the cochlear
potentials are worth discussing at this point.
To begin with, the cochlear potentials must be
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distinguished from the potentials associated
with the activity of the fibers in the auditory
nerve. When a nerve fiber, including the audi-
tory nerve fibers, responds to a stimulus, this
action is accompanied by the development of
a potential along the fiber which is never ob-
served in the quiescent state of the nerve. Such
potentials are therefore called the action po-
tentials of the nevrve, When the auditory nerve
is severed from the cochlea, the action poten-
tials can no longer be initiated by means of
sound. However, chemical or mechanical stimu-
lation may be substituted. Under these condi-
tions, action potentials and cochlear potentials
continue to be observed independently of each
other, In other words, the auditory nerve is not
essentially a passive cable which transmits the
cochlear potentials to the brain; its role in the
hearing process can be understood only in
terms of its behavior as a nerve.

Nerve fibers, including the fibers of the audi-
tory nerve, respond to chemical, mechanical,
and electrical stimulation. They do so only
when the stimulation exceeds a threshold value.
This threshold differs from nerve to nerve, it is
different for the various fibers of a given nerve,
and it depends upon the previous stimulation
which a given fiber has received. Furthermore,
the strength of the action potential which de-
velops when the response threshold of a nerve
is exceeded is independent of stimulus inten-
sity; in other words, a nerve discharge either
occurs at full strength or it does not occur at
all. Nerve response is therefore “all or none”
in character and is frequently compared to the
firing of a gun. Nerve discharge resembles gun-
fire in one other respect; the fiber needs time
to “reload,” or, more exactly, it enters a re-
fractory phase after discharge and cannot dis-
charge again until it recovers its sensitivity.
The duration of this refractory period is about
1 millisecond (10 * second) ; hence the maxi-
mum rate of discharge of any nerve fiber is
about one thousand per second. The cochlear
potentials, on the other hand, are cont.nuous
functions of the stimulus and can follow the
latter to very high frequencies.

The origin of the cochlear potentials and the
part they play in hearing are uncertain at the
present time. However, they mirror the me-

chanical events occurring in the cochlea ac-
curately and are therefore useful in studying
these events. FFor example, comparison of action
with cochlear potentials shows that the nerve
fibers which are stimulated by a given tone fire
in synchronism and that they are excited during
the rarefaction of the sound wave, that is, when
the basilar membrane moves up against the
tectorial membrane,

U3 OUTER AND MIDDLE EAR

The foregoing discussion of the structure of
the ear has emphasized the inner ear, since this
is the organ where different frequencies are
distinguished and where mechanical oscillations
are converted into nerve impulses. For a better
understanding of the auditory process, how-
ever, information on the other parts of the ear
is also important. The structure and behavior
of the outer and middle ear are therefore dis-
cussed in this section,

QOuter Ear

The outer ear acts as a collector of sound.
[t does s0 mostly by scattering energy into the
external ear canal, since its dimensions are not
large enough, relative to the wavelengths of
audible sounds, to permit efficient reflection.
Since scattering increases with increasing fre-
quency, the external ear is a more efficient col-
lector for high-frequency sounds than for low-
frequency sounds, and, because of its shape and
position, is a more efficient collector for high-
frequency sounds directed toward the face than
it is for those directed toward the back of the
head.

This fact can be demonstrated readily with
the aid of a high-quality watch. The tick of
such a watch is rich in high-frequency sound.
If the wat~h is held beside the head, it will
sound louder when in front than it does when
behind the This effect can be augmented
by holding t... .upped hind, concave forward,
near the ear. In this case there is a considerable
increase in loudness, when the watch is held in
front, at the ingtant that the edge of the cupped
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hand is brought into contact with the ear. This
is a resonance effect and is similar in origin to
the roaring sounds heard when a scashell is
held to the ear.

In other words, resonances in the external
ear can amplify the loudness of some sounds or
render them audible when they would otherwise
be too faint to hear. Thus, measurements have
been made' at a fixed position in space, later to
be occupied by the head of the subject, of the
sound pressure produced by a standard source.
These measurements were repeated within the
auditory canal when the subject's head was
brought to the test position. The sound pickup
was a narrow flexible tube whose free end could
be inserted into the ear canal. The other end of
this probe tube was used to drive a condenser
microphone. For tones between 1 and 5 kilo-
eveles, the pressure within the ear canal ex-
ceeded the free-field pressure. The greatest
amplification, for tones with frequencies of 2 to
3 kiloceveles, was between 9 and 15 decibels.

These measurements have recently been re-
peated in an echo-free chamber,’* and differ-
ences hetween the free-field and auditory canal
pressures as large as 20 decibels are reported
for the case of 3-kiloeycle tones. The resonance
frequency and degree of amplification are found
to vary from subject to subject and probably
depend upon the shape and the size of the ex-
ternal ear. In other words, the ear canal
behaves as though it were a closed tube with
rigid walls and a length of about 2 centimeters.
For comparison, the average depth of the ear
anal is about 2.7 centimeters, and its diameter
about 0.7 centimeter, Furthermore, it has been
found' that the resonance frequency of the ear
canal may be changed by filling it with hydro-
gen or oal gas. These obscervations lend sup-
port to the view'! that reduction of deafness
foll witg surpéry §s ulflen an ineldental by-
product and is largely due to a change in the
resonance frequency of the outer ear, thereby
improving response in some frequency regions
and diminishing it in others,

1.5.2 Middle EFar

The ear drum is shaped somewhat like a
loudspeaker cone and has very little inertia.

It normally seals off the middle ear, which is
essentially an air-filled cavity, from the ex-
ternal atmosphere. Differences of static pres-
sure across the drum (such as are produced
by rapid changes of altitude) constrain its mo-
tion and affeet the responsiveness of the car to
sound.

The middle ear communicates with the throat
through the Fustachian tube (sce Figures 1
and 2). This tube opens during the act of swal-
lowing, or yawning and thereby equalizes the
pressures acting on the drum menbrane. For a
discussion of injuries produced by failure to
maintain cquality of middle ear an¢ external
pressures, in the case of submariners making
practice escapes from a depth of 100 feet below
the surface, see reference 15,

If the pressures exerted upon the round and
oval windows were equal, they would cancel
each other’s effects, and motion of the basilar
membrane would not occeur. These pressures
are unequal, however, because the force acting
on the drum is transmitted to the oval window
through the ossicles and to the round window
by an air path. Since the drum has an area
about twentyv-five times that of the oval window,
and since the ossicles are equivalent to a lever
with a mechanical advantage of about 1.5, the
pressure at the oval window is approximately
forty times greater than at the drum. Similarly,
the pressure at the drum is probably about ten
times higher, for a 2-kilocycle tone, than that
in the incident sound wave, owing to resonance
amplification in the ear canal.

Since the motional impedance of air is less
than that of the inner car fluid, the middle and
outer ears act as impedance matching devices.
Measuiements ol the vverall impedance of the
car show that the match to that of air is good
ifg e edon belwaeen $Ol g 1.500 gieles mee
second.

Several mechanisms in the ear reduce some-
what the amplitude of response to loud sounds.
In the first place, the ossicles cease to move as
a unit when high-intensity sounds reach the
car; and for large displacements of the ear
drum there is considerable sliding and friction
at the joints in the chain of ossicles. Nonethe-
less, the amplitude of motion of the ossicles
continues to increase with intensity.
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In the sccond place, the ossicles are con-
trolled, as shown by the arrows in Figure 2, by
the action of two antagonistic museles. These
are tensed by reflex action in the presence of
loud sounds and thereby diminish the amplitude
of motion. Measurement shows that the pro-
tective action of the middle ear muscles is con-
fined to frequencies below 1 kiloeycele,

The middle ear mechanism becomes progres-
sively less responsive to increasingly intense
sounds. Indeed, the ossicles may disarticulate
in the vieinity of the pain threshold. The tilts
and relative positions of the ossicles tend to
change as the amplitude of their motion in-
creases, Thus, the mechanism of the middle ear
is nonlinear, as illustrated in Figure 9. Here,
the heavy curve represents the transfer charac-
teristic of the middle ear. 1t will be scen that
the transmitted displacements do not keep pace
with the applied displacements.

For the sinusoidal input wave sketched on
the vertical axis, the transmitted disturbance
has the form shown on the horvizontal axis. The
output wave is seen to he flattened, with respect
to the input, but the positive and negative half
eveles are symmetrical about the horizontal
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FiGUre 9. Nonlinear transfer characteristic.

line. This distortion of wave form, due to non-
linearity of the transfer characteristic, intro-
duces higher frequencies into the transmitted
disturbance which are odd harmonics (odd in-
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tegral multiples) of the input frequency and
which are not present in the input.

When the transfer characteristic is asym-
metrical, as well as nonlinear (sce Figure 10),

loall \ m_

QuUTPLT
DIEPLACEMENT

Frorre 100 Asymmetrical and nonlinear trans-
fer characteristic,

the transmitted wave contains the even har-
monics of the fundamental input frequeney in
addition to its odd harmonics. Observations
cited under “Aural Harmonies” in Seetion 2.1.2,
indicate that the ear generates both the odd and
even harmonics of single-frequency sounds in-
cident upon it.

Although the ligaments from which the
ossicles are suspended in the middle ear cavity
generally prevent lateral vibrations of this
chain of bones for low-intensity sounds, this is
probably no longer true for large displacements
and introduces a further source of distortion.
It should be pointed out, in conclusion, that the
middle car is probably not the only locus of dis-
tortion. Thus, the ear drum very likely vibrates
in segments, when the incident intensity is
high, instead of moving as a unit, and the vibra-
tion frequencies of such segments will be
higher than that of the drum membrane as a
whole. Similarly, the tectorial membrane, even
though it is relatively flaccid and does not
hinder transmission of pressure changes to the
basilar membrane, tends to load the latter dif-
ferently during positive and negative half
cycles of the incident disturbance.
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Chapter 2

BEHAVIOR OF THE EAR

FINVHE FUNDAMENTAL BEHAVIOR of the ear de-

pends on the structural factors discussed in
the preceding chapter and sheds further light
on the problems already discussed. The present
analysis is more immediately concerned with
what rather than how we hear and gathers to-
gether data which will be useful in connection
with problems studied later in this volume. The
chief points around which the present chapter
is developed are: the faintest wanted sounds
audible in the presence and absence of inter-
fering, or unwanted, sounds; sensations of
pitch and loudness; the auditory effects of
sounds containing many component frequen-
cies; and the sensed effects produced by vary-
ing the durations of the sounds and their com-
ponents,

Zo THRESHOLD FOR TONES

FFour major types of threshold may be dis-
tinguished. Of these, three kinds of absolute
threshold are described in Section 2.1.1. (An
absolute threshold is the critical level of a
sound when no background is present.) A
fourth variety, the threshold in the presence of
masking tones, is defined and discussed in Sec-
tion 2.1.2. Thresholds for pure tones are con-
sidered first in the present section, whereas
comilex saunds are considérdd in Seetion 295

2! Absolute Threshold

The first of the three absolute thresholds is
called the audibility threshold, or the absolute
audibility threshold, and refers to the smallest
rms pressure which a pure tone must have in
order to be heard by an average, normal ear,
provided the surroundings are quiet, so that the
listener experiences no interference from un-
wanted sounds. The second kind of threshold
refers to excitation of the hearing mechanism
by methods other than varying the air pressure
in the ear canal. The third kind of threshold,
variously termed the threshold of pain or the

threshold of feeling, refers to sensations of a
nonauditory character which are produced by
very intense airborne sounds.

It should be understood that all these thresh-
olds actually refer to the midregions of zones
within which certain phenomena become more
or less well defined and do not specify anything
more than average values. Consequently it is
important to state in all cases the conditions of
measurement and the variability of observer
response,

AUDIBILITY THRESHOLD

Figure 1 shows the audibility threshold at
rarious  frequencies for three experimental
situations. These thresholds indicate the re-
sponse of acute ears when the static pressure is
about 760 millimeters. Since these results were
obtained from a large number of observers,
individual peculiarities, which are character-
istic of outer ear resonances, have been aver-
aged out. It is interesting to note that the
threshold of hearing is much the same at static
pressures corresponding to an altitude of
36,000 feet above sea level.!

The general shape of the threshold curve im-
plhtes that the overall response of the ear mecha-
nism as a whole, consisting of the outer, middle,
and inner portions eoupled together, regembles
that of a broadly tuned resonator whose peak
response lies in the interval between 1 and 7
kilocycles. That this response characteristic is
not associated exclusively with only one por-
tion of the ear is indicated by the effect of sur-
gical changes in the shape of the outer ear
canal (see Section 1.5.1) and also by the fol-
lowing set of observations made in cases in
which the experimenter had direct access to the
middle ear cavity.® Increasing the effective
stiffness of the chain of ossicles by inserting a
tuft of compressed cotton between them in-
creased the acuity of the ear to high frequen-
cies, This would be expected from the fact that
the natural frequency of a mechanical reso-
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THRESHOLD FOR TONES 13

nator increases when the stiffness, or coeflicient
of restoring force, is increased (sce cquation
(1) in Chapter 1, for example). In addition,
when the subjects reclined on their sides and
a drop of mereury was placed on the round

sponse is mass controlled at high frequencies
(response falls for high accelerations due to
inertia) and stiffness controlled at low fre-
quencies (when inertia is unimportant, the role
of stiffness is more prominent). For frequen-
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F1cUre 1. Audibility thresholds at different frequencies. (Courtesy John Wiley and Sons.)

window, the increase of mass increased acuity
for low frequencies. Similar results have been
obtained in animal experiments in which tissue
was grafted over the round window and the
cochlear potentials measured before and after
the graft was made.”

The results of impedance measurements
made upon the ear' also indicate that its re-

cies at which the effeets of stiffness and mass
are balanced, or nearly so, the system is in
resonance,

Curve 1 in Figure 1 was obtained by deter-
mining the pressure at a stated position with
respect to a source of single-frequency sound.
After the level of the sound in this free field
had been measured, the heads of the observers
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14 BEHAVIOR OF

THE EAR

were placed at the reference position, facing
the source, and their ability to hear the gen-
erated tones was noted, This curve, as well as
curves 2 and 3 in the same figure, shows that
the faintest audible tones are those with fre-
quencies in the neighborhood of 3 kilocycles.
At this frequency, the faintest audible sounds
have a free-field pressure of about 80 decibels
below 1 dyne per square centimeter, as shown
by the right-hand scale. This corresponds to an
rms pressure p, of 10 ' dyne per square centi-
meter, in other words, 20 log (1/10 1Y) 80
decibels. Since the intensity is equal to p,*/pe,
where p, the density of air at 760 millimeters
and 20 C, is 1.2X10 * gram per cubic centime-
ter, and ¢, the velocity of sound propagation
under the same conditions, is 3.4~ 10" centime-
ters per second, it follows that the power sup-
plied to the minimum audible field amounts to
(10 )= [(1.2 X 10%) (3.4 <X 10%)], or 25X
10-'" erg per second per square centimeter. This
is equal to 2.5 X 10 '" watt per square centi-
meter.

Since the intensity (2.5 X 10 " erg per second
per square centimeter) may also be expressed
as the quantity 2+°f*A%c, where f, the fre-
quency of the tone, is 3 kiloeyceles, 4 is the peak
displacement amplitude, and the other symbols
have the significance already stated, the maxi-
mum displacement of an air particle in the
threshold sound field may be readily computed.
Thus

25X 10" =

PN [NTERER T 2 1O 303 b 104
or
A =2 X 10 " em.

Attempts to measure the displacement of the
vardrum at threshold have given roughly this
same value at frequencies between 1 and 10
Kiliwyelrs Thus Uhe e xinaue dizplocoment o
threshold is at most of molecular dimensions.

It may also be shown® that the intensity of
the noise generated by the random thermal
motion of the air particles is of the order of the
intensity of the faintest audible 3-kilocycle
tone. Thus, a further increase in the acuity of
the ear in the region between 1 and 5 kilocycles
would not make it possible to hear fainter
wanted sounds, since these would be drowned
out by the thermal noise in the air and in the
structures of the ear.

The irregular shape of curve 1 in the regions
centered at 1 and 6 kilocyeles is due to the fact
that the intrusion of the observer changes the
distribution of energy in the sound field. These
irregularities in curve 1 are associated with the
effects of diffraction around the head and
shoulders of the observer. The diffraction pat-
tern changes with the frequency of the source
and the orientation of the head relative to the
source. Thus, when the sound is propagated
toward the side of the head (that is, directed
upon the ear) instead of toward the face, the
minimum audible field for a 3-kilocycle tone is
nearly 100 decibels below 1 dyne per square
centimeter and is proportionately lower than
indicated by curve 1 for frequencies above and
below 3 kiloeycles.

Curve 2 shows the effect of correcting for
diffraction and has been computed by assum-
ing that the head is immersed in a random, or
nondirectional, sound field. Since the sound
shadow cast by the head is negligible for low
frequencies, curves 1 and 2 do not diverge ap-
preciably before the source frequency exceeds
500 cyeles per second. In general, curve 2 is
lower than curve 1 because more sound reaches
the car at an optimal orientation in the case of
the random sound field.

Curve 3 indicates the absolute threshold de-
termined with a headphone applied to one ear.
This monaural threshold was obtained by de-
termining the pressure in the enclosure formed
by the tightly applied headphone. Such pres-
sty i daurbroata g depy diffleult to ke o
the low values required. The threshold pressure
was actually found by a theoretical computa-
tion, based on knowledge of the volume of en-
dosed air and the displacements of the head-
phone diaphragm. This method involves two
asivmplings o the fest plaee. Joskags of air
along the headphone seal is neglected, which is
probably not justified at the lowest frequencies.
In the second place, the method assumes that
the sound pressure is a linear function of the
clectrical current fed into the headphone, since
the displacement of the headphone diaphragm
is assumed proportional to the current; this
assumption may not be legitimate for the entire
range of sound pressures used.

The shape of curve 3 is in general the same
as that of curve 2, but the monaural pressure
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THRESHOLD FOR TONES 15

measurements are, on the average, about 15
deeibels above the binaural field measurements.
There are many factors which tend to produce
this shift, but it is not known whether they
account for all the difference between curves 2
and 3. Thus, scattering of sound into the ear
anal by the outer ear structures (see Section
1.5.1) inereases with increasing frequency, and
resonances in the outer ear also tend to amplify
the pressure at the eardrum with respect to
the pressure measured in the free field.
Furthermore, unless echoes from the walls of
the test enclosure are completely eliminated,
they may return toward the sides of the head
in a manner different from that by which they
reach the pickup used in the free-field calibra-
tion. Such echo effeets have been found capable
of depressing the free-field threshold by 3 to
5 decibels.

Differences between curves 2 and 3 at fre-
quencies below 1 kiloeyele are not likely to be
due to the factors mentioned above. On the
other hand, there are at least three effects
known to occur at these low frequencies which
would be expected to produce differences be-
tween the headphone and free-field thresholds;
namely, reflex tensing of the middie ear
muscles, physiological noise, and acoustic leak-
age. Reflex tensing of the middle ear muscles
occurs in the case of loud sounds, and this ten-
sion increases the acoustic impedance of the
ear for frequencies below 1 kilocyele. Since
the headphone pressure measurements are made
by determining the clectrical energy fed to the
receiver at threshold and also about 60 decibels
above threshold, the possibility that the middle
ear muscles are in different states of tension at
these two levels means that the acoustic power
used to move the eardrum is not a linear fune-
tion of the electrical power fed to the head-
phone.

The term “physiological noise” refers to me-
chanical vibrations set up in the space enclosed
by the tightly fitting headphone due to pulse
actions, motion of air through the head cavities
during the act of breathing, and similar phe-
nomena. Such noise would tend to drown out
the wanted sound and elevate the low-fre-
quency threshold.

Even when the headphone cap fits fairly

tightly, leakage of air along the seal is likely
to be greater during the long period of a low-
frequency tone than during the short period of
# high-frequency sound. This leakage will tend
to make the actual pressure change in the car
canal smaller than the computed changes.

Two additional aspects of these threshold
measurements should be mentioned at this
point: (1) the difference between monaural
and binaural thresholds and (2) the element
of observer variability. It has been shown" that
the total energy vequired to reach threshold by
means of a tone led to one ~«r is equal to the
sum of the energies of tones led independently
to both ears. Furthermore, this equality is in-
dependent of the numerical ratio in which the
cnergy is divided between the two ears. In fact,
the frequencies as well as the intensities of the
tones led to the two ears may differ from each
other over a fairly wide range and the binaural
threshold will still be reached at the same
value of the total intensity, provided the two
cars are fairly well matched with respect to
acuity. These observations imply that the asso-
ciative centers in the brain integrate the nerve
discharges produced by stimulation of both
cars, and there is other evidence supporting
this view (see Section 8.1.3). In addition, the
results just quoted indicate that the binaural
threshold should lie some 2 to 3 decibels below
the monaural threshold.

As to observer variability, it should be noted
that the positi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>